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Abstract: - In this work, using SRR meta-resonators, a band-stopping waveguide filter (WGF) in C band (4-7.5
GHz) is designed and fabricated by using both CNC milling and SLA methods, and the effect of the fabrication
methods on the filter performance is experimentally evaluated. The filter order for each case is increased from 1
to 7 and meta-resonators are used as many as the number of filter degrees. To determine the performance of the
WGFs, some results such as frequency response, center frequency, fractional bandwidth (FBW), and quality
factor (Q) values are given comparatively for each filter order. Also, the simulated and measurement results are
in good agreement with each other. The measured results show that the performance of the WGFs fabricated by
the CNC milling method is partially better than the filter fabricated by the SLA method. This decrease in SLA
performance is thought to be due to the production methods. However, The WGF with the SLA method is
nearly 50% lighter in weight than that produced with the CNC method. As a result, the SLA fabrication method
is experimentally demonstrated to be a good alternative to conventional fabrication methods such as CNC
milling.
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1 Introduction be solved. WGFs have advantages over other filter
Developing communication techniques has led to types regarding high power hqndling and low IQSS
more miniaturized and more complex devices. For performance. However, the biggest problem with
this reason, efforts to produce communication these filter types 1s their large size, [2]- _

equipment in smaller sizes without losing their Conventional WGFs are obtained by placing
performance are increasing day by day, [1], [2], [3], post and iris structures in a waveguide (WG). In
[4]. Filters, which are indispensable elements of the order to reduce the size of WGF filters, different
communication industry, are one of the equipment d;electnc maFerlals haye been added to t'he WG,
that need to be miniaturized. In particular, the size dlffergnt cavity techniques have been trlqd, and
and weight problems of conventional waveguide elect.rlcal sizes have been redgced to prov'lde the
filters (WGF), which are used extensively in areas required performance at the desired frequencies, [3],
such as radar, satellite communications, etc., must [4]. Recently, in addition to these techniques, meta-
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resonators, an application of metamaterials, have
been used to create WGFs. Meta-materials are
structures that enable the material to exhibit the
opposite behavior of its dielectric properties with
designed geometries [5], and have recently been
used in many different areas of communication
systems, [6], [7], [8], [9]. Meta-resonators allow the
creation of desired LC values that determine the
operating parameters of the filter with different
geometries and allow filter design in a much easier
way. Depending on the type of designed meta-
resonator (Complimentry Split Ring Resonator
(SRR)/Split Ring Resonator (SRR)), band-pass and
band-stop WGFs can be obtained. The fact that they
are easier to design and fabricate than conventional
filters and that they allow flexibility in the
parameters that determine the filter performances
make them stand out in this field, [10], [11], [12].

In addition, WGFs, which are traditionally
produced mostly by CNC milling, can be very
costly compared to the lower manufacturing
tolerance to meet the desired parameters. For this,
different fabrication methods such as 3D printing
should be evaluated in terms of both cost and
weight. Therefore, stereolithography (SLA) additive
manufacturing  techniques  offer  remarkable
alternatives. This is because the surface roughness
of the part produced in this fabrication method is
low compared to other methods. The parameters that
most affect the performance of passive microwave
components such as filters, WGs, and antennas are
metal conductivity and surface roughness, [13],
[14], [15]. It is well-known that structures produced
using additive manufacturing methods with lower
surface roughness such as SLA can be easily used in
WGFs design by metal coating, [16], [17], [18].
After the proposed structure is produced by 3D
printing, a homogeneous metal coating process
should be applied to the entire surface. During this
coating process, the thickness of the metal layer
should be thicker than the skin depth. To prevent
oxidation and tarnishing after metal coating, the part
should be protected with a thin layer after mapping
for a longer life, [19].

In this study, a meta-resonator based band-stop
waveguide filter at C-band (4-7.5 GHz) is designed
and evaluated by comparing simulation and
measurement results. The proposed WGF are
fabricated using both the CNC method and SLA
technique, and the performances of the fabrication
methods on the filter are tested and experimentally
assessed. The filter order for each case is increased
from 1 to 7 and meta-resonators are used as many as
the number of filter degrees. In order to determine
the performance of the filters, some results such as
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frequency response, center frequency, fractional
bandwidth (FBW), and quality factor (Q) values are
given comparatively for each filter order. In
addition, the CNC Milling and SLA fabrication
methods used to obtain the proposed structure are
explained in detail. The simulated results are
verified with measured results and it is concluded
that 3D printing techniques can be considered as an
alternative solution to conventional methods.
Moreover, the study is organized as follows: Section
2 presents the design and fabrication of the SRR-
based band-stop WGFs. In Section 3, the simulation
and measurement results are analyzed and the
results of the study in the conclusion (Section 4) are
discussed in detail.

2 Design and Fabrication of the SRR
based Band-Stop Waveguide Filters

2.1 The Design of the Proposed Filters

The proposed filter structure consists of two parts;
the novel WG structure and SRR meta-resonators.
Firstly, the WG structure is designed using the WR-
159 (4.90-7.05 GHz) rectangular waveguide. The
internal dimensions of the WR-159 WG are
determined as 20.193x40.386x100 mm?> (axbx]).
CPR-159G model flange is used as flange type. In
order to place the meta-resonators within the WR-
159 waveguide, groove parts inside the waveguide
are added with the thickness (tsus=1.57 mm) of the
meta-resonator, which is made by RT/Duroid® 5880
substrate. The designed SRR meta-resonators with
rectangular geometry and the placement of meta-
resonators within the WR-159 waveguide are
depicted in Figure 1. Accordingly, RT/Duroid®
5880 material with a dielectric constant of 2.20 and
a loss tangent (tand) of 0.0009 is preferred because
of its low loss. In Figure 1(a), the dimensions of the
SRR structure are accurately designed with the help
of an “optimizer” in the simulation program with a
center frequency of 6 GHz. The design parameters
of SRR meta-resonators are given in Table 1. The
equivalent circuit model of the designed SRR meta-
resonator structure can be expressed as a parallel LC
circuit. In this study, all simulations are carried out
numerically in CST Microwave Studio (MWS) in
Figure 1(b). The filter with two ports is excited by
waveguide port and boundary.
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SRR with rectangular geometry
a

E—-

(a)
WR-159 waveguide

(b)
Fig. 1: (a) The designed SRR meta-resonators with
rectangular geometry, and (b) the placement of SRR
meta-resonators within the WR-159 waveguide

Table 1. The design parameters of SRR meta-

resonators
Meta- Dimensions
Parameters
resonator (mm)
| 5.909
) g 4.7
SRR with
rectangle w 22.578
come
& wy C1 1.65
C2 1.65

2.2 The Fabrication of the Proposed Filters
and Measurement Setup
The proposed WGEF structure fabricated by the CNC
Milling method is depicted in Figure 2. The
designed structure is precisely manufactured by
First MCV-800 brand CNC milling machine. To
avoid any electromagnetic (EM) leakage outward
from the inside, the upper part of the structure is
fabricated with a 45-degree inclination, and the
structure is tightly assembled with the help of
screws. On the other hand, the filter fabrication
obtained using the 3D printing method takes place
in two stages. These are the fabrication of the
designed CAD model by the SLA printing method
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and metal coating of all surfaces of the structure.
First of all, the proposed structure is produced with
an Elegoo Saturn 3 Ultra 12k model SLA printer
using liquid resin. In the SLA printing process, the
print settings are important for the part to be printed
properly. In this study, the print settings are made
with the Chitu Box program. The two most
important parameters in the print settings are layer
height and normal exposure time, which are set as
0.05 mm and 2.5 s, respectively. After the SLA
printing process is completed, the metal coating
process of the surfaces of the part is performed. In
the WGFs shown in Figure 2(b), the coating process
consists of three parts: pretreatment, metal coating
process, and varnishing process. All coating

processes are carried out by spraying method and
finally, varnish is applied to prevent oxidation
(Figure 2(b)).

(c) (d)
Fig. 2: (a) The proposed filters fabricated by CNC
Milling, (b) the filters fabricated by
stereolithography ~ and  metal  plating, (c)

measurement setup, and (d) the designed SRR meta-
resonator etched with LKPF device

The meta-resonator structure is etched via the
LPKF ProtoLaser U4 model LKPF device. The
central frequency of the filter at the desired value (at
6 GHz) depends on the technical specifications of
the engraving device being sufficient. If the SRR
meta-resonator dimensions determined in the design
are not adhered to in the fabrication, the LC load
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values in the equivalent circuit of the meta-resonator
may shift undesirably. For this reason, the meta-
resonator in Figure 2(d) is accurately fabricated.
Furthermore, the measurement setup is depicted in
Figure 2(c) and the S-parameters for the different
filter orders are measured between 4-7.5 GHz using
a vector network analyzer (VNA). The S-parameters
are measured at the Industrial and Medical
Applications Microwave Research and Application
Center (EMUMAM) of Akdeniz University. In all
measurements, an HP Hewlett Packard brand 8720C
model network analyzer (VNA) operating in the
range of 50 MHz-20 GHz is used. In addition, the
Short-Open-Load-Through  calibration  (SOLT)
calibration method is utilized to eliminate
systematic errors in the measurement setup. This
method is also known as a reference method that
can demonstrate the accuracy of measurement
methods.

3 Simulation and Measurement

Results
The frequency responses of the proposed band-stop
waveguide filters for various filter orders are given
in Figure 3. Accordingly, simulated and
measurement results have good agreement with each
other. In general, the performance of the CNC-
fabricated filter is slightly better than that of the
SLA-fabricated filter in all filter orders. This is
thought to be due to losses due to the thin varnish
used on the metal coating to prevent oxidation.
Apart from this, another reason may be the small
amount of EM leakage that occurs in the mounting
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areas of the WGF. All filters designed in this study
have a center frequency of 6 GHz and are band-stop
filters with approximately 6-7% FBW. As the filter
degree increases from 1 to 7, the selectivity of the
filter increases and this is a desirable result.
However, as the filter order increases, both the
number of meta-resonators used and the
electrical/dielectric losses increase, which is a
drawback.

The EM losses increase depending on the filter
degree, as expected. Compared to the 6 GHz center
frequency obtained in the simulation results, the
measured center frequencies from both SLA and
CNC milling methods shift very slightly. This is due
to manufacturing defects of the meta-resonator and
these defects are negligible. As can be seen from
Table 2, the FBW values are 7.23%, 6.88%, 6.36%,
and 6.15% for the 1%, 3™ 5% and 7" order filter
values, respectively. The WGFs bandwidths are
approximately the same, and different types of SRR
geometry (ring, crescent) should be used to obtain
filters with different bandwidths rather than the
filter degree. Furthermore, the measured Q values
range between 14.97-19.11 for the CNC milling
method and 15.43-19.78 for the SLA method.
Finally, the measured reflection coefficient values at
6 GHz are very close to the simulated reflection loss
for both methods and therefore both two fabrication
methods can be used in real applications. To briefly
compare these two methods, the SLA method is
more advantageous than the CNC milling method in
terms of cost and low-weight. The CNC milling
method is more resistant to heat and mechanical
effects.
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Fig. 2: The frequency responses of the proposed band-stop waveguide filters fabricated with CNC milling and
SLA methods, (a) 1% order filter, (b) 3™ order filter, (c) 5* order filter, and (d) 7™ order filter
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Table 2. The performance comparison of the proposed band-stop waveguide filters

fo(GHz) |S11|max (dB) |S21|min (dB) FBW (%) Q (fo/BWadg)
£ £ £ £ £ £ £ £ £ £
S| 25 24| &| 85| - | & | 85 5| & | B4l E~| & | B4 E-
=] o O T < B o O T < =] o O T < B o O T < =] o O T <
S 52 54 S 5= 5 = 5z 5 - S 52 5 - S 52 54
(@] a N n O o N n O an N a O a N a O a N
E|87 87| E| BF| £ | E| 8% E°| E| BF| 87| E | EF &7
20 = s 20 = s @ s s @ b s R I~ s
n=1 5.95 5.98 5.97 -0.18 -0.44 -0.33 -31.93 -24.00 -25.95 7.23 5.23 5.06 13.83 19.11 19.78
n=2 6.00 6.02 5.99 -0.19 -0.33 -0.26 -62.12 39.56 38.48 8.15 6.68 6.48 12.26 14.97 15.43
S —
§ n=3 6.05 6.03 6.00 -0.21 -0.36 -0.22 -53.60 -47.01 59.99 6.88 6.11 5.88 14.53 16.37 17.00
o =
= n=4 6.01 6.03 6.00 -0.19 -0.42 -0.24 -79.89 -62.11 65.32 6.57 5.68 5.58 15.22 17.59 17.92
L _
T n=5 6.00 6.03 6.01 -0.20 -0.42 -0.22 -46.02 -67.73 -74.19 6.36 5.49 5.41 15.71 18.23 18.48
n=6 5.97 6.03 5.99 -0.18 -0.41 -0.18 -50.95 85.58 64.09 7.39 5.32 5.79 13.53 18.78 17.27
n=7 6.00 6.03 6.00 -0.19 -0.40 -0.22 -59.86 65.64 -60.27 6.15 5.31 5.70 16.25 18.84 17.54

4 Conclusion

In this study, a band-stop WGF for C-band
applications is designed, fabricated, and measured
using SRR meta-resonators. The same filter is
manufactured using CNC milling and SLA methods,
which is one of the 3D printing methods, and the
effect of the fabrication methods on the filter
performance is evaluated. SRR meta-resonator
geometry with rectangular geometry providing
narrow bandwidth is preferred in the design and
fabrication. The structures at 1, 3%, 5™ and 7™ filter
orders are evaluated and it is observed that the filter
order leads to an increase in selectivity in the
frequency response. In all filter orders, the structure
fabricated by CNC milling gives partially better
results than the structure fabricated by SLA, which
is thought to be due to the varnish used for
protection on the metal coating used in the SLA
technique and a small amount of EM leakage also
plays a role in these losses. In addition, the structure
produced by the SLA method is about 50% lighter
in weight than the structure produced by the CNC
milling method. This result is of considerable
importance for some applications where weight is
important. In conclusion, according to the results
obtained from this study, the SLA fabrication
method is experimentally demonstrated to be a good
alternative to conventional fabrication methods such
as CNC milling.
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