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Abstract—This brief presents a fifth-order W-band waveguide
bandpass filter with a Chebyshev response, operating at center
frequency of 90 GHz and having fractional bandwidth of 11%.
The filter is fabricated by micro laser sintering process which is
a powder bed based additive manufacturing technology. Use of
this technology allows the filter to be made accurately with high
resolution and good surface quality in one piece. This results in
better performance in term of insertion loss and reproducibility.
For the purpose of comparison, two similar filters are presented
in this brief with the same structure and specification, one made
from stainless steel and the other made from stainless steel coated
with copper. Both filters are tested and have excellent agreement
between measurements and simulations.

Index Terms—3-D printing, micro laser sintering process,
stereolithography, W-band, waveguide bandpass filter.

I. INTRODUCTION

SING additive manufacturing technologies to fabricate
microwave components has become of interest in recent
years. Both metallic and non-metallic materials are used in
additive manufacturing fabrication processes, but non-metallic
materials generally need to be coated with a conductive
layer using a surface metallization process to achieve a good
electrical conductivity.
Using additive technologies allows components with com-
plex structure to be fabricated at low cost with high accuracy.
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Many different types of additive manufacturing technolo-
gies are available such as stereolithography apparatus (SLA),
fused deposition modelling (FDM) and selective laser sinter-
ing (SLS) [1]. Fabrication of microwave filters operating at
both low and high frequencies (0.5 GHz to 100 GHz) using
the stereolithography-based 3-D printing technique is well
proven to work with good results as shown in [1]-[11]. Other
microwave components produced by stereolithography-based
3-D printing are antennas with examples reported in [12]-[16].

Stereolithography-based 3-D printing makes use of pho-
todefinable plastic materials; so printed filters must be sub-
sequently coated with conductive materials using surface
metallization process. This results in an increase in complex-
ity of the fabrication process and cost. However, using the
micro laser sintering process allows metallic materials to be
used directly. Using a metallic fabrication process increases
the strength of components, as well as insuring wider working
temperature range and better thermal expansion properties.

This brief describes a W-band waveguide bandpass filter,
which is fabricated by micro laser sintering, also known
as selective laser sintering or selective laser melting. Using
this technique allows the filter to be manufactured with high
accuracy, high resolution and good surface quality.

The filter reported here operates at center frequency of
90 GHz with bandwidth of 10 GHz, and to the best of author’s
knowledge this is the highest frequency filter fabricated by
micro laser sintering process. The waveguide bandpass filter
design is reasonably conventional, using coupling matrix the-
ory to design a filter based on five rectangular resonators which
are coupled using inductive irises [17], [18]. In addition to the
waveguide filter, the standard UG387/U flange was included
in the fabrication process enabling accurate connection to
measurement system.

There are many different types of conductive powder materi-
als that are commonly used in the micro laser sintering process
such as stainless steel, molybdenum and tungsten. Stainless
steel used in fabrication process of both filters with one being
coated with copper to compare insertion loss.

II. BANDPASS FILTER DESIGN

The filter is constructed with five coupled rectangular res-
onators operating in the TEj9; mode. The couplings between
the resonators as well as input/ output coupling are realized
using inductive irises. The filter is specified in terms of
the Chebyshev bandpass response with center frequency of
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90 GHz, bandwidth of 10 GHz (fractional bandwidth of 11%)
and return loss of 20 dB over the passband. Using coupling
matrix theory [17], the filter specification is translated into
coupling matrix elements, which are then translated into phys-
ical dimensions according to the procedure in [17] and [18].

A coupling routing diagram of the filter can be seen in
Fig. 1 (a). The un-normalized non-zero coupling coefficients
between resonators are M1y = Mys = 0.0961, My3; = M34 =
0.0706 and the external quality factor of the first (Q.1) and
the last (Q,,) resonators are calculated to be Q.1 = Q. =
8.76 [17], [18].

The physical dimensions which correspond to the coupling
and Q values are found by the standard technique. Looking at
Fig. 1 (b), it can be seen that coupling between resonators is
realized by the width of irises, which are denoted by D; = Dy
and D, = D3 and set by coupling coefficients M1y, = M45 and
M>3 = M3y respectively. The input/ output coupling is realized
by adjusting the width of the iris denoted by E, which is set
by external quality factors Q.1 = Q.,. Simulations and final
optimization of the filter are carried out in CST Microwave
Studio [19] to get the frequency response close to the ideal.

Fig. 1 (c) illustrates the external design of the W-band
waveguide bandpass filter, along with its external dimensions
in millimeters. Fig. 1 (d) shows a cross section view of the
filter with the resonators and all internal couplings between
resonators shown. The screw holes, alignment pin holes and
precision alignment pin holes are included in both input and
output UG387/U waveguide flanges. The filter and flange
are designed in the hexagonal shape in order to facilitate
fabrication by the micro laser sintering process.

III. MICRO LASER SINTERING FABRICATION PROCESS

Micro laser sintering is an additive manufacturing process,
which is by far the most accurate sintering fabrication process
to 3D print solid metal structures. Using the micro laser sin-
tering process enables parts with complex 3D micro structures
to be produced at reasonable costs, where conventional addi-
tive manufacturing processes reach their limits. In the process
the model structure is divided into layers, and each layer is
printed by applying a thin layer of metal powder to a build
platform and then, using a laser beam, the powder is selec-
tively fused according to the required layer structure. Once
a layer is constructed, the building platform is lowered, and
next layer will be constructed with same process as in previous
layers. The process continues until all layers are constructed
on top of each other according to 3D model structure [20].
The accuracy of micro laser sintering makes this fabrication
process attractive for fabricating high frequency waveguide fil-
ters, as it enables the production of small filters with complex
structures and high strength.

Two similar filters with the same structure and specification
were made to compare insertion loss. Both filters made from
stainless steel with one being coated with copper. The filters
were fabricated by 3D Micro Print Gmbh [20], using their
micro laser sintering process in an inert argon atmosphere.
The laser source was an IR fiber laser with a 50 W laser
average power. The laser spot diameter is focused down to

(© (d)

Fig. 1. Illustration of the fifth-order waveguide bandpass filter. (a) Coupling
routing diagram of the filter. (b) Internal structure of the filter showing internal
dimensions. The dimensions in millimeter are: Lf = 6.48, L1 = Ls = 1.317,
L, = Ly = 1582, Lz = 1636, E = 1.7, Dj = Dy = 1.374,
Dy = D3 = 1.291, a = 2.54 and b = 1.27. (c¢) Completed filter, showing
external dimensions. The dimensions in millimeter are: L = 21.4, H = 19.05
and W = 22. (d) A cross section view of the filter showing internal couplings
between resonators.

30 wm and was operated in continuous wave mode. The fil-
ters are made from stainless steel powder material with one
being coated with a Sum thick copper layer by electroplating
the surface. The type of stainless steel was 1.4542 (17-4PH)
according to ASTM 564, which is a chromium nickel cop-
per alloyed stainless steel, containing 17% chromium, 4%
nickel, 4% copper and 0.3% niobium. The powder particle
sizes were smaller than dgg Spum and had electrical conduc-
tivity of 1.25 x 107 S/m. The thickness of each layer in the
process was set at Sum. The print took about 16 hours, but
this could be considerably reduced by optimizing the build
process further.

Fig. 2 (a) shows photograph of the filter on the support struc-
ture after fabrication. Fig. 2 (b) provides a photograph of the
fabricated filter made from Stainless Steel and Fig. 2 (c) shows
the fabricated filter made from stainless steel after being
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Fig. 2. Photograph of the fabricated W-band waveguide bandpass filter.
(a) Filter on support structure after fabrication process. (b) Fabricated fil-
ter made from stainless steel. (c¢) Fabricated filter made from stainless steel,
coated with copper.

electroplated with Sum thick copper layer with electrical
conductivity of 5.96 x 107 S/m.

IV. MEASUREMENT AND DISCUSSION

The S-parameter measurements of both filters are performed
on Keysight E8361C PNA network analyzer. Fig. 3 shows pho-
tograph of the measurement setup. Here the filter is placed
between two waveguide flanges of the network analyzer,
aligned using four precision alignment pins of the waveg-
uide flanges and tightened using four screws on each side.
Fig. 4 and Fig. 5 show the measured and simulated results of
both W-band waveguide bandpass filters, where the measured
results are denoted with solid lines and simulated results with
dashed lines. Looking at the stainless steel filter in Fig. 4 (a),
it can be seen that the measured center frequency, shifts down
by 1.66 GHz and a minimum return loss of 24.41 dB across
the whole passband. Looking at the copper coated filter in
Fig. 5 (a), it can be observed that the frequency shift is only
0.9 GHz and a minimum return loss of 26.56 dB across the
whole passband. The lower return loss of 15.2 dB at 84.6 GHz

Fig. 3. Photograph of the measurement setup with the filter being placed
between two waveguide flanges of the network analyzer.
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Fig. 4. Measured and simulated results of the W-band waveguide bandpass
filter made from stainless steel. (a) Measured and simulated results over the
whole W-band. (b) Expanded view of S»| over passband.

in Fig. 5 (a) is caused by slight deviation of the cavity sizes
from the design and can be improved by tuning filter. To be
clear, there has been no tuning of the filters and these excellent
responses show the high quality of the 3D printing.



64 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 66, NO. 1, JANUARY 2019
TABLE I
COMPARISON WITH OTHER WAVEGUIDE BANDPASS FILTERS
/. (GHz) FBW IL (dB) RL (dB) Manufacturing techniques feoffset Reference
107.2 6.34% 0.95 >11 SLA 7.2% [1]
100 4% 0.5~0.8 >15 Laser micromachining 0% [10]
87.5 11.5% 0.3~0.5 >18 SLA 2.78% [10]
88.47 9.7% 0.97~1.1 >15 SU-8 process 1.7% [21]
102 5% 1.2 >10 SU-8 process 2% [22]
100 10% 0.6 >18 CNC milling 0% [23]
92.6 4.53% 0.5 >14 CNC milling 0.02% [24]
92.45 4.83% 1.1~1.3 >10 DRIE 1.86% [25]
95 3.68% 3.49 >18 Hot embossing 0.52% [26]
75.5 5.3% 8 >8 SLM 2.72% [27]
88.34 12.1% 1.94 >18 MLS 1.84% T.W. (stainless steel)
89.1 11.07% 1 >15 MLS 1% T.W. (copper coted)
fe: center frequency of the filter; FBW: fractional bandwidth; IL: passband insertion loss; RL: passband return loss; f: offset:
frequency shift; T.W.: this work.
0 frequency shift, the model could be adjusted accordingly to
compensate during the remanufacturing.
= -10¢ Careful examination of the expanded view of S;; in
= 20 Fig. 4 (b) shows an average insertion loss of around 1.94 dB
o - S
= over the passband for the measured results, which is 1.34 dB
@ 30 higher than the simulated results. The expanded view of S»;
E in Fig. 5 (b) shows an average insertion loss of around 1 dB
1 . .
S -40 over the passband for the measured results, which is 0.47 dB
» e :; {2:2:3:23; higher than simulated results. Note, the copper plated filter has
-50 | - - = 511(simulated) 0.94 dB lower measured insertion loss in comparison to the
o0 i =2 ZHeln Ak filter made from stainless steel showing the advantages of the
) 80 20 100 110 copper coating.
Frequency(GHz) The typical surface roughness values of the filters measured
@) with Mitutoyo SurfTest SV-3000 CNC surface roughness tester
5 is about 2 pm. This reduces effective conductivity of stain-
less steel to 3.19 x 10® S/m and copper to 14.97 x 10® S/m.
According to calculations [19] this results in additional loss
05! L emmmeEy of 0.456 dB for the filter that is not coated with cop-
sl % per and 0.453 dB for the copper coated filter, however
7 ' this loss is already reflected in the CST simulated results.
T . C
= Ay ! The loss in the waveguide jointing the filter to the flanges
» (0.075dB) is also included in the simulations. In addition,
small misalignments during measurements also contribute to
~A5T the difference in insertion loss but show up in the return
=——cMimeasiiied) loss. The 20 dB return loss contributes about 0.1 dB to the
= = = 521(simulated) . .
2 T 2 2 insertion loss.
84 88 92 96 The additional difference in insertion loss between simula-
Frequency(GHz) tion and measurement is probably caused by a combination
(b) of factors including the estimate of the conductivity of the
stainless steel and copper which may not be as specified
Fig. 5.  Measured and simulated results of the W-band waveguide band-  due to impurities’ surface Contaminates’ or oxidation. There

pass filter made from stainless steel coated with Sum thick copper layer.
(a) Measured and simulated results over the whole W-band. (b) Expanded
view of S over passband.

The unwanted frequency shifts in the filters is believed to
be caused by small dimensional inaccuracies, as a result of
expansion in length of resonators, which could be corrected
by remanufacturing. It has been found that such an expan-
sion of dimensions is repeatable and as both filters have small

may be effects because of the granular nature of the sur-
face formed from the powder as well as changes from the
specified stainless steel conductivity because of the manufac-
turing process. Because of the high frequency and the small
skin depth, the loss is highly dependent on these surface
effects. A further detailed study is required here to under-
stand these losses. The insertion loss can be improved by
electroplating the surface (as we have seen), laser polish-
ing, chemical polishing and using higher conductivity powder
materials.
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Table I provides a comparison of measured performance of
waveguide bandpass filters that are fabricated using different
types of manufacturing technique.

V. CONCLUSION

A metal 3D printed W-band waveguide bandpass filter fab-
ricated by micro laser sintering process has been presented in
this brief. This is the highest frequency metal 3D printed filter
so far reported. Good agreement between the measured and
simulated results demonstrate that micro laser sintering pro-
cess can be used to fabricate filters with complex structures,
that operate at high frequencies accurately. The micro laser sin-
tering technique not only offers accuracy, but it also enables
the whole structure, including flanges, to be made in a single
piece. In addition, using electroplated copper demonstrates, it
can improve the insertion loss of the filter considerably.
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