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Abstract: This article presents a new class of ring-resonator-loaded waveguide notch filters with a
broad tuning range, low cost, and improved performance. The proposed approach employs a com-
plementary asymmetric split-ring resonator coupled to a microstrip transmission line and excited
in a rectangular waveguide. An equivalent circuit model is proposed to explain the working princi-
ple of the proposed notch filter. The adjustment of the operating frequency is based on the additive
manufacturing of a metallic copper patch allocated on the microstrip transmission line, which ena-
bles extensive tuning capabilities and consistent performance with minimum variations across the
tuning window. For demonstration purposes, a filter employing a WR-28 waveguide and photoli-
thography-manufactured resonator is prototyped and experimentally validated. The measured re-
sults indicate a broad 8 GHz tuning range with a consistent insertion loss, ranging from 23.4 to 31.4
GHz. An inverse regression model is constructed using measurement data obtained for tuning
patches of various sizes, which allows for determining the relationships between the operating fre-
quency and the copper patch size. The resulting calibration curve enables rapid filter tuning to the
required frequency by inserting metallic patches of the model-predicted size.

Keywords: additive manufacturing; complementary asymmetric split-ring resonator; inverse
modeling; resonator-loaded waveguide; tunable filters; waveguide filters; WR-28

1. Introduction

The rapid growth of the telecommunications sector as well as the growing need for
more effective, flexible multi-channel and multi-standard systems are driving the demand
for tunable notch filters, which are key parts of RF communication systems [1-3]. These
new applications are associated with requirements for high-performance devices, which
are supposed to feature small sizes and low weights, exhibit a wide range of operating
frequency tuning, and have efficient tuning mechanisms [4]. Electrical, magnetic, and me-
chanical tuning methods have been employed in the literature to create tunable planar
and 3D filters [5]. The majority of research efforts have been focused on planar tunable
notch filters based on substrate-integrated waveguides (SIW), coplanar waveguides
(CPW), and cavity resonators [6-11].

A notch filter with a tuning range of 3.3 GHz to 3.6 GHz, or approximately eight
percent of the fundamental resonant frequency, was designed in [6] using substrate-inte-
grated frequency-adjustable cavity resonators. In [7], a tunable notch filter was reported
that uses an open-ended CPW resonator etched onto a SIW to provide a tuning band of
3.5 GHz to 4.1 GHz. In [8], a notch filter that can be tuned from 3 GHz to 3.6 GHz using
an evanescent mode cavity was designed; this represents a tuning range of about 18 per-
cent. With the use of GaAs pseudomorphic high-electron-mobility-transistor (pHEMT)
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varactors, a novel category of tunable monolithic microwave integrated circuit (MMIC)-
based quasi-absorptive notch filters was constructed in [9]. It has a strong isolation notch
with a center frequency that is adjustable from 8.7 GHz to 10.5 GHz. In [10], a tunable
notch filter was designed by tuning the coupling between a microstrip line and an SIW
resonator over the range of 2.8 GHz to 3.4 GHz. The approximate tuning range for this
method is 19.4 percent. Due to their insufficient power management, low stopband rejec-
tion at high frequencies, and complex integration, the aforementioned tunable filters are
unsuitable for high-performance applications. More efficient tuning processes and tuna-
ble notch filter architectures are required to address the aforementioned limits and issues
shared by many state-of-the-art technologies.

This paper presents the design and development of a novel type of resonator-loaded
waveguide notch filter suitable for high-frequency applications. The primary objective is
to achieve a wide tuning range while improving its performance and cost-effectiveness.
The filter under consideration employs a rectangular waveguide (WR-28) to stimulate a
microstrip transmission line (MTL) that is connected to a complementary asymmetric
split-ring resonator (CAS-SRR). WR-28 waveguides are commonly utilized in high-fre-
quency applications due to their low loss and great power-handling capabilities. Dual-
polarized lens antennas [11], microstrip-to-waveguide end-wall probe transfer [12], and a
Ka-band active imaging system [13] are a few examples. In this study, WR-28 is employed
as the primary component in the construction of a tunable filter that demonstrates a broad
frequency range. The CAS-SRR resonator is another part of the proposed filter, and it is
an enhanced version of the magnetic LC (MLC) resonator presented in an earlier study
[14]. These resonators have previously been utilized to build a tunable filter with a fre-
quency range of 2.67 GHz to 3.52 GHz using varactors [15]. They have also been used as
a dual-notch microwave sensor with a frequency range of 4 to 12 GHz [16], as well as
negative permittivity metamaterials with a frequency range of 12 to 18 GHz [17]. This
study involves the coupling of CAS-SRR with MTL and its optimization for resonance in
the Ka-band (26.5 GHz to 40 GHz). The selection of the Ka-band frequency range is pri-
marily motivated by its wide variety of practical applications in various domains. For ex-
ample, the frequency spectrum spanning from 28.5 GHz to 32 GHz has been employed
for the purpose of enabling wireless personal area networks with high capacity [18]. In
the context of 5G radio systems, outdoor microcellular channel measurements have been
conducted using a frequency of 32 GHz [19]. The identification of skin burn injuries with-
out the need for invasive procedures has been successfully achieved by the utilization of
millimeter-wave reflectometry and imaging within the Ka-band frequency range [20].
Communications with ultra-reliable low latency have been facilitated throughout the fre-
quency range spanning from 26 GHz to 32 GHz [21]. When compared to micro [22] and
nanoscale [23] devices that are already available in the Ka-band frequency range, the res-
onator used in this work is significantly larger. The selection of a bigger structure is moti-
vated by the desire to reduce manufacturing complexity and cost. The operational princi-
ple of the filter under consideration is explained through the utilization of the lumped-
element-based equivalent circuit model. Various tuning strategies for the proposed filter,
based on a numerical simulation, are suggested. Subsequently, the additive manufactur-
ing tuning methodology was experimentally verified by a comprehensive process of data
interpretation and analysis. The proposed topology offers several advantages over the
conventional SIW [24], CPW [25], and MMIC structures [26], including a wide tuning
range and low manufacturing cost. Its competitive performance is corroborated through
benchmarking it against a number of state-of-the-art designs reported in the literature.

The remaining parts of the paper are structured as follows. In Section 2, the concept
and design procedure of a complementary resonator-loaded waveguide notch filter is in-
troduced. Section 3 discusses the proposed tuning approaches. The experimental valida-
tion of a prototype device is in Section 4. Section 5 concludes the work.


http://mostwiedzy.pl

A\ MOST

Electronics 2023, 12, 4486

3 of 16

2. Complementary Resonator-Loaded Waveguide Filter

This section discusses the proposed structure of a notch filter, which is based on load-
ing a rectangular waveguide with a complementary resonator to realize a transmission
zero. Designing a notch filter in a rectangular waveguide is based on the interference prin-
ciple. Destructive interference can be generated at a desired frequency by incorporating a
resonant structure within the waveguide, producing a notch in the frequency response.
The resonant structure’s dimensions and configuration, including its length, width, and
height, are meticulously engineered to produce the appropriate notch frequency and at-
tenuation level. In the proposed design, a microstrip transmission line (MTL) is coupled
to a complementary asymmetric split-ring resonator (CAS-SRR) and used as a resonant
structure in a rectangular waveguide (here, WR-28). The WR-28 is primarily utilized for
high-frequency transmission between 20 GHz and 40 GHz. It offers a stable and efficient
method of steering electromagnetic waves in this frequency range.

The constituting components and the overall filter architecture are shown in Figure
1. Figure 1a shows the electromagnetic fields of the WR-28 with the lateral dimensions a =
7.11 mm and b = 3.56 mm. The waveguide’s dimensions determine the modes that are
possible inside the waveguide, and the cutoff frequencies of certain modes depend on the
medium’s permittivity, €, and permeability, u. The cutoff frequency, fm: for each mode

can be calculated as [27]
c mr\ (nrY
Som ere,u(aj (bj @

where m and n are integers that define the mode number and c is the speed of light in free
space. The dominant mode for rectangular waveguides (a > b) is the transverse electric (TEn)
mode. It is worth noting that for a rectangular waveguide, the lowest cutoff frequency oc-
curs for the TEw mode, where m =1 and n = 0. “TE” indicates that only the electric field is
perpendicular to the wave propagation vector. Furthermore, “1” indicates that there is one
half-wave variation along one axis (m = 1), indicating that the electric field has one node
along one axis and that the wave is propagating along that axis. In addition, “0” indicates
that there are no variations along the other axis (1 = 0), so the electric field does not have
nodes along the other axis. Since the TE1w mode has the lowest cutoff frequency, it can sup-
port electromagnetic waves at the lowest frequencies for this waveguide geometry. In many
practical situations involving rectangular waveguides, it is therefore the dominant and
foundational mode for the system’s operation. According to (1), the cutoff frequency for the
unloaded WR-28 waveguide’s dominant mode is 21.09 GHz. In Figure 2, the simulated
transmission, Sz, for the unloaded WR-28 shows the same cutoff frequency.

In order to achieve a notch response, a resonator is placed in the middle of a 50 mm
long WR-28, as illustrated in Figure 1b. For the sake of illustrating the presented concept,
a specific resonator, designed on a RO4003C substrate (7.11 mm x 3.56 mm x 0.813 mm),
is considered in this paper. The width of the resonator corresponds to the dimension per-
pendicular to the direction of wave propagation, whereas the length of the resonator de-
termines the spatial extent of the resonant structure along the direction of wave propaga-
tion. The resonator’s height corresponds to the dimension normal to the cross-section
plane of the waveguide. It affects the distribution of the electromagnetic fields within the
resonator. On the top layer of the RO4003C substrate, a 50 Q) MTL is printed, as shown in
Figure 1c. The characteristic impedance (Zc) of the MTL is calculated using the following
equations [28]:

e+1 & -1 s, )
£, = r2 + ’2 1+12— 2)
t
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where e =2.67 is the effective dielectric constant of the MTL, sx = 0.813 mm is the height
of the substrate, = 1207 Q is the impedance of the wave in free space, and the extracted
width of the MTL is t =1.88 mm. A complementary asymmetric split-ring resonator (CAS-
SRR) is etched in the substrate’s ground layer. The CAS-SRR is defined by five independ-
ent variables, si, sz, 53, s4, and ss, as illustrated in Figure 1d. The dimensions of the CAS-
SRR are s1 = 3.31 mm, s2 = 2.89 mm, s3 = 1.14 mm, ss = 0.67 mm, and s5 = 0.21 mm. The
simulated transmission coefficient, Sz, and reflection coefficient, S11, for the MTL-coupled
CAS-SRR-loaded WR28 are shown in Figure 2. According to the simulation results, the
resonant frequency of the transmission zero is 32.88 GHz (with a depth of -29.0 dB). The
stopband of the proposed filter exhibits a 3dB bandwidth of 2.44 GHz. The surface current
distribution within the MTL and CAS-SRR are shown in Figure 3. There are circulating
surface currents within the CAS-SRR at its resonant frequency. The current flows in one
direction in one half of the ring and in the opposite way in the other half. The CAS-SRR’s
opposing currents provide a significant magnetic response. At the resonant frequency, the
magnetic field produced by these currents interacts with incident electromagnetic waves.
The attenuation of electromagnetic waves at the resonance frequency of the CASRR is at-
tributed to its magnetic response, allowing other frequencies to pass through with mini-
mal interference. This frequency-selective characteristic is employed in the design of a
notch filter.

By modifying the geometrical parameters of the resonator (MTL and CAS-SRR), the
filter's performance can be enhanced to meet specific design requirements. Figure 4 illus-
trates a parametric analysis of the essential design parameters. There is a substantial change
in the filter’s resonant frequency as the MTL thickness, t, varies. This property will be used
for the post-fabrication tuning of the proposed filter in Section 4. The parametric analysis
for the line widths of the complementary asymmetric split-ring resonator is shown in Figure
5. Increasing the width of the CAS-SRR’s lines tends to decrease the resonant frequency,
whereas decreasing the width tends to increase the frequency. A larger capacitance and in-
ductance are produced by a wider line, which influences its resonant behavior.

i

i S5 T’* 1—4I32 S1

(€) (d)

Figure 1. Resonator-loaded waveguide filter: (a) distribution of electromagnetic fields inside wave-
guide for transverse electric mode; (b) perspective view of the rectangular waveguide with the res-
onator configuration; (c) top layer of the resonator with the microstrip transmission line (MTL); (d)
bottom view of the resonator with complementary asymmetric split-ring resonator (CAS-SRR).
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Figure 4. Parametric analysis for the critical design parameters (t, s1, s2, s4) of the resonator.

Figure 2. Normalized S—parameters for the unloaded and MTL-coupled CAS-SRR-loaded WR28.

Figure 3. Surface current distribution, (a) microstrip transmission line at resonant frequency (32.88
GHz); (b) complementary asymmetric split-ring resonator at resonant frequency.
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The working principle of the proposed notch filter can be described using an equiv-
alent circuit that represents its essential electromagnetic properties [29]. The equivalent
circuit model based on the lumped elements of the proposed notch filter is shown in Fig-
ure 6. The terminal impedance of the rectangular waveguide is expressed by Zin = Zout = 50
ohm. The inductive behavior of the MTL is represented by Li = 3.11 nH. The electric cou-
pling between the MTL and the metallic ground is denoted by C1 = 0.008 pF. The CAS-
SRR structure exhibits capacitive behavior due to the presence of gaps in its geometry.
This capacitance is represented by the lumped capacitance, C2=0.163 pF, in the equivalent
circuit model. Similarly, the CAS-SRR’s metallic elements facilitate magnetic coupling,
which is represented in the equivalent circuit by a lumped inductor, L2 = 0.88 nH. The
Advanced Design System (ADS) 2023 software is used to calculate the exact values of the
inductors (L1, L2) and capacitors (Ci, C2). ADS offers optimization tools for adjusting com-
ponent values (inductors and capacitors) to obtain desired filter characteristics. The pro-
posed equivalent circuit model of the WR-28-loaded resonator is simulated in ADS, and
the results are shown in Figure 7. An analysis of the lumped-element-based equivalent
circuit model in ADS results in a resonant frequency of 32.90 GHz with a notch depth of
-29.1 dB. The equivalent circuit model’s stopband has a 3dB bandwidth of 1.25 GHz. The
agreement between the normalized simulated |52 of the WR-28-loaded resonator, ob-
tained from a full-wave electromagnetic analysis in the CST Microwave Studio, and the
analysis of the lumped-element-based equivalent circuit model in the ADS, is fairly satis-
factory, as depicted in Figure 7. The resonant frequency of the notch filter based on the
WR-28-loaded resonator can be tuned using an additive manufacturing-based procedure,
which will be elaborated on in Section 3.

33

3251

32

Resonant Frequency [GHz]

0.2 0.4 0.6 0.8 1
Design Parameters [mm]

Figure 5. Parametric analysis for line widths of the complementary asymmetric split-ring resonator.
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Figure 6. Equivalent circuit model for the resonator-loaded waveguide filter. The values of the
equivalent lumped elements are Zin = Zouwt = 50 ohm, L1 = 3.11 nH, L> = 0.88 nH, C1 = 0.008 pF, and C2
=0.163 pF.
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Figure 7. Comparison of normalized transmission coefficients (1S5211) for the 3D model in CST and
lumped element equivalent circuit in ADS.

3. Resonator-Loaded Filter Tuning

To produce the required filter response, tuning approaches for rectangular wave-
guide filters largely focus on altering the orientation of the resonator inside the waveguide
[30]. As illustrated in Figure 8, the orientation of the proposed resonator inside the wave-
guide (here, WR-28) can be modified by changing its position or rotation. Adjusting the
position of the resonator along the height (y-axis) of the waveguide can change the cou-
pling and interaction between the resonator and the propagating mode. Figure 9 shows
the normalized transmission response of the WR-28 waveguide, which has been loaded
with the substrate of the filter. There is no resonance because the MTL and CAS-SRR are
not present in the substrate, and the WR-28 acts as a bandpass filter. Figure 10 shows the
normalized transmission response of the filter with various resonator positions along the
height of the WR-28. The resonant frequency of the filter decreases from 32.88 GHz to
25.43 GHz as the height of the resonator inside the waveguide increases from 0 to 2.708
mm. Rotating the resonator within the WR-28 changes the relative orientation of its elec-
tric and magnetic fields with respect to the waveguide walls. This can affect the coupling
and interaction of the resonator with the waveguide mode, influencing the filter response.
Figure 11 shows the normalized transmission response of the microstrip transmission line
printed on the substrate, depicting different rotations along the z-axis of the WR-28. When
the rotation angle of the MTL within the waveguide is varied from 0 degrees to 45 degrees,
an observable change in the resonant frequency occurs, shifting from 35.63 GHz to 39.76
GHz. The normalized transmission response of the filter is shown in Figure 12 with a va-
riety of resonator rotations along the z-axis of the WR-28. When the rotation angle of the
resonator within the waveguide is changed from 0 degrees to 60 degrees, it results in a
shift of the resonant frequency from 30.30 GHz to 33.17 GHz. The insertion loss within the
passband (ranging from 22 GHz to 28 GHz) of the filter exhibits a rise as the angle of the
resonator progresses from 0 degrees to 60 degrees. The insertion loss at a frequency of 25
GHz is 0.05 dB at an angle of 0 degrees, 0.18 dB for an angle of 15 degrees, 0.82 dB for an
angle of 30 degrees, 2.5 dB for an angle of 45 degrees, and 5.7 dB for an angle of 60 degrees.
Both the positioning and rotation of the resonator inside the WR-28 have a limited tuning
range, and experimental verification of those features requires auxiliary tuning compo-
nents (such as slides and disks) as well as a complex tuning mechanism.
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Figure 8. Resonator-loaded waveguide filter: (a) front view of the rectangular waveguide with cen-
tered resonator position along the y-axis; (b) side view of the rectangular waveguide with resonator
rotated at angle 45° with respect to the x-axis.
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Figure 9. Normalized transmission coefficients (15211) for the substrate-loaded WR-28.
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Figure 10. Normalized transmission coefficients (|S211) for the resonator-loaded WR-28 with differ-
ent positions along the y-axis.
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Figure 11. Normalized transmission coefficients (IS211) for the MTL-loaded WR-28 with different
rotation angles along z-axis.
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Figure 12. Normalized transmission coefficients (|S211) for the resonator-loaded WR-28 with differ-
ent rotation angles along z-axis.

The additive manufacturing approach proposed in this work, based on copper
patches, offers a simple, efficient, and reliable solution. In this method, the transmission
response of a filter is modified by adding a copper patch to the resonator. The resonant
frequency of the filter is extremely sensitive to the microstrip transmission line’s geomet-
ric dimensions. A copper patch can be used to modify the geometric dimensions of the
microstrip transmission line. The resonant frequency of the filter begins to decrease when
the patch size becomes larger than the width of the microstrip transmission line. For tun-
ing purposes, a square copper patch (di mm x d> mm) is placed at the center of the resona-
tor on the microstrip transmission line, cf. Figure 13. The resonator is inserted in the WR-
28 at a position of 0 mm to determine the effect of the copper patch size. The square copper
patch is 0.1 mm thick, and its size was increased from 2 mm to 4 mm. The transmission
coefficient, Sz, is evaluated using CST Microwave Studio. Figure 14 shows the influence
of the copper patch size on the resonant frequency of the filter.
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Figure 13. Resonator loaded with a square copper patch allocated on the microstrip transmission
line.
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Figure 14. Normalized transmission coefficients (|S211) for the resonator loaded with square copper
patches.

As the copper patch size increases from 2 mm to 4 mm, the filter’s resonant frequency
decreases from 32.16 GHz to 23.48 GHz. This concept will be experimentally verified in
the following section, where we will discuss the patch preparation and positioning as well
as an inverse model developed for filter calibration.

4. Experimental Validation

For experimental validation, the proposed resonator was fabricated using the photo-
lithographic technique on a RO4003C substrate. The accuracy of this fabrication method
is about 20 um. Furthermore, the smallest detail (line width, gap, etc.) cannot be smaller
than 0.2 mm. The sensor has been designed to adhere to this requirement. To measure the
transmission response, Szi, the fabricated resonator is mounted inside the WR-28, and the
waveguide is connected to the Anritsu MS4644B vector network analyzer (VNA) using
2.92 mm end-launch connectors, cf. Figure 15. The simulated and measured transmission
response for the proposed filter is compared in Figure 16. The simulated and measured
resonant frequencies of the optimized CCSCRR sensor are 32.88 GHz with a notch depth
of -29.9 dB and 31.43 GHz with a notch depth of -13.5 dB, respectively. The simulated and
measured stopband bandwidths are 2.44 GHz and 4.82 GHz, respectively. The discrep-
ancy between the simulated and measured resonant frequencies is 1.58 GHz, and it can
be attributed to fabrication tolerances, such as variations in dimensions, material proper-
ties, surface roughness, alignment, and positioning.
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Resonator position WR-28 connected
while mounted to VNA using
inside the WR-28 2.92 mm connectors

Figure 15. Measurement setup: (a) WR-28 loaded with resonator; (b) closed WR-28 connected to
VNA; (c) the top layer of the fabricated resonator with the MTL; (d) the bottom layer of the fabricated
resonator with CAS-SRR; (e) the MTL with the copper patch; (f) patch size measurement.
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Figure 16. Comparison of simulated and measured transmission (Sz1) coefficients for the WR-28
unloaded and loaded with the resonator.

For additive-manufacturing-based tuning, copper tape with conductive adhesive is
used for the patch preparation, and the dimensions of the copper patch are drawn using
a permanent marker and scale to provide distinct and visible lines. The copper tape is
placed on a cutting surface, making certain that it is flat and does not move throughout
the cutting process. With minimal pressure, a sharp utility knife is used to score the des-
ignated lines. Applying mild pressure along the scored line snaps the copper patch. Be-
cause of its thinness (0.1 mm), the copper patch split neatly along the scored line. Using
this method, ten square copper patches are prepared for each of the three sizes (2 mm, 3
mm, and 4 mm). To measure the size of each patch, the patch is placed on a sheet of paper
with a millimeter scale. The image is captured, refined, and enlarged to occupy the com-
puter screen. The actual size (d) of each patch is measured as [31]:

d=10d/d, 4
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where ds (the mean of the length and width) is the measured on-screen patch size and dn is
the on-screen distance corresponding to 1 cm on the paper scale. The actual sizes of all thirty
samples were measured using (4), and the closest sizes we achieved for the target patches
were 2.05 mm, 3.01 mm, and 3.99 mm. These three patches are used to tune the filter by
loading them on the resonator’s microstrip transmission line. The initial transmission re-
sponse of the filter due to the interaction with these three copper patches is shown in Figure
17. The roughness of the copper tape can have significant effects on the filter's performance,
including increased losses, impedance variations, and frequency shifts. To minimize rough-
ness-related issues in the filter, each copper patch is measured ten times from various posi-
tions, using the microstrip transmission line’s center as a reference point. Table 1 shows the
mean resonant frequencies of the filter as a result of its interaction with the copper patches,
as well as the standard deviation in the resonant frequency measurements across all runs.
The data in Table 1 are used for developing an inverse regression model that allows direct
identification of the copper patch size required to achieve a certain target resonance fre-
quency, fi.
The analytical form of the calibration is assumed to be

d=F(f,a)=a,+af +a,f’ (5)

where d is the copper patch size (in mm) required to obtain the resonant frequency fi. The
model parameters, a = [a0 a1 2], are found by solving linear regression problems, d; =
F(fija), j=1, ..., p, where dj and f:, are the patch size and the sensor’s resonant frequency
for p calibration points here, as shown in Table 1.

The least-square solution to the above regression problems is equivalent to minimiz-
ing E(a), defined as

E(a)= H[dl wd, T =[F(f,a).. F(ﬁp,a)}rH 6)
The analytical solution is given as
a=[A"A] A'[d,..d,] @)

where the kth row of A is [1 fux fi2], k=1, ..., p. In our case, as p = 3, the model is interpola-
tive and the matrix A is square. The model coefficients are (cf. Figure 18)

F(f;,a)=19.285-0.938f,+0.012 f? @®)

To validate the tuning, four target resonant frequencies were selected, 24 GHz, 26
GHz, 28 GHz, and 30 GHz, and the corresponding copper patch sizes (3.88 mm, 3.54 mm,
2.69 mm, and 2.24 mm) were extracted from the inverse model (8). The respective patches
were prepared using the procedure described before with a size error of less than 0.05
mm. The actual resonant frequencies obtained for the considered cases were 23.97 GHz,
25.85 GHz, 28.25 GHz, and 30.07 GHz. In each case, no more than five independent patch
placement attempts were made. The filter characteristics of the tuned filter can be found
in Figure 17.

As a matter of fact, given the standard deviations of the calibration process, it is
straightforward to compute the maximum number of patch placement attempts, which is
necessary to ascertain whether the actual resonant frequency of the filter will be within
the tolerance, df, of the target value, fi, with a probability Pr. For example, given df = 0.2
GHz and P:=90%, six attempts are sufficient for the target frequency of 24 GHz, and only
three trials are necessary for the remaining frequencies, which corroborates the robustness
of the proposed tuning approach. The proposed filter and its tuning methodology offer
competitive performance, especially in terms of the tuning range, as demonstrated by
benchmarking it against state-of-the-art loaded waveguide designs reported in Table 2.
The proposed filter is specifically developed to operate within the Ka-band frequency
range, which is widely utilized in many practical applications such as radar systems, air-
craft communication, radio communication, and satellite communication. The proposed
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filter has the capability to be implemented at the transmission or receiving end of the high
frequency communication systems, effectively attenuating the signal at a resonant fre-
quency of 32.23 GHz. The out-of-band rejection of the fabricated filter ranges from 2 dB to
3 dB, which is comparable to the performance of other state-of-the-art filters within the
same frequency range [32—43]. Furthermore, this resonant frequency can be adjusted to
accommodate various frequencies. The minimum insertion loss for the fabricated filter is
2.0 dB, which is achieved at 25 GHz. After the implementation of copper patches for post-
fabrication adjustment, there was a noticeable increase in the insertion loss. A patch size
of 2.23 mm yields a minimum insertion loss of 2.88 dB at a frequency of 26.6 GHz. A patch
size of 2.67 mm results in a minimum insertion loss of 2.60 dB at a frequency of 26.2 GHz.
A patch size of 3.87 mm results in a minimal insertion loss of 2.37 dB, which occurs at a
frequency of 29.9 GHz. A patch size of 2.05 mm results in a resonance frequency of 31.27
GHz, a notch depth of —20.3 dB, and a bandwidth of 5.54 GHz, with a stop band of 3 dB.
A patch size of 2.23 mm leads to a resonance frequency of 30.07 GHz, a notch depth of -
17.1 dB, and a bandwidth of 6.48 GHz. A patch size of 2.67 mm produces a resonance
frequency of 28.25 GHz, a notch depth of -16.0 dB, and a bandwidth of 6.48 GHz.

Table 1. Measured results for calibration of resonator-loaded filter.

Measured Resonant Frequency, fo (GHz)

Copper Patch Size d (mm)
PP Mean Standard Dev.
2.05 31.02 0.44
3.01 26.77 0.27
3.99 23.68 0.26
1 "3dB
Bandwidth y, 4
6.48 GIIz e
L 3dE
0.8 Bzmd\\?dlh &
5.74 Gz Bandwidth
— 5.54GHz U1
\
ﬂ 06 - 4
=
Q
N
g 04l Copper Patch 2.05 mm
g5 Copper Patch 2.23 mm| | i
Z. Copper Patch 2.67 mm| | | i
= = Copper Patch 3.01 mm| I i W u u )
0.2 r |= = Copper Patch 3.55 mm oA %2102373(&13& 8
= = Copper Patch 3.87 mm 218_2;9C('g2
= = Copper Patch 3.99 mm 07 Gz
-17.13 dB

0 it _— it L L L
5 10 15 20 25 30 35 40

Frequency [GHz]

Figure 17. Measured transmission (S21) coefficients for WR-28-loaded resonator and the copper
patches.

w B

Patch size Fi (fr ,a)
o

24 25 26 27 28 29 30 31 32 33
Resonant frequency ft [GHz]

N
[O%)

Figure 18. Inverse model (5) obtained to calibrate the notch filter discussed in the work. The error
bars represent standard deviation of the filter resonant frequency obtained for ten independent ex-
periments (patch placement).
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Table 2. Comparison with state-of-the-art microwave filters.

Ref. Technology Call\i[l:;;;on Electr:\c:zll Size P;ES(Z‘E;d Filter Order Tl:g;i i/i;ge
[32] Silicon Varactors No 0.027 0.77 4 1.16-1.47 (23.5)
[33] Varactors No 0.038 0.2 4 1.8-2.3 (18.7)
[34] SIW No 1.61 3.22 3 7.55
[35] Dielectric Insets No 0.031 0.4 3 9.91-12.18 (20.6)
[36] Dual Mode SIW No 1.75 2.4 4 10
[37] Rectangular SIW No 1.97 1.52 4 10.01
[38] T-septum SIW No 0.016 2.61 3 10.6
[39] CSRR Loaded SIW No 1.09 15 3 10.8
[40] Compressible Bellows No 0.29 0.25 4 11.73-12.19 (3.8)
[41] Metallic Sheet No 0.293 0.5 5 14.81-16.21 (9.0)
[42] Tuning Screws No 0.378 2.5 4 17.05-18.15 (6.2)
[43] CMOS No 0.048 2.5 2 30/80

This Work Copper Patches Yes 0.98 2.02 1 23.68-31.02 (26.8)

5. Conclusions

This paper presented a new technique for the rapid prototyping and tuning of rec-
tangular waveguide-loaded notch filters. In our approach, we used a complementary
asymmetric split-ring resonator and a microstrip transmission line to create a resonator
that is loaded in the WR-28 to achieve a notch filter at 32.88 GHz. A rapid tuning of the
filter resonant frequency is developed using an additive-manufacturing-based approach
involving square copper patches. The procedure for the manual preparation of the copper
patches and measuring their sizes was thoroughly investigated. Using the measurement
data, an inverse regression model was developed to render a calibration curve for tuning
the filter to a resonant frequency of choice. The proposed filter exhibits a broad tuning
range of 8 GHz, which is substantially higher than for the state-of-the-art tuning ap-
proaches, such as the translations or rotation of resonators in rectangular waveguides. The
presented approach is simple, low-cost, generic, and applicable to the post-fabrication
tuning of a variety of resonator-loaded waveguide filters. Due to the intricacy of the filter’s
geometry and resonator positioning, it was difficult to achieve a precise control over the
center frequency and bandwidth. By optimizing the filter's geometry, the resonator’s di-
mensions, and other design parameters, the paper addressed the design challenges. Fu-
ture research will concentrate on further increasing the filter’s performance by optimizing
the design, minimizing the insertion loss, and boosting the overall efficiency.
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