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ABSTRACT In satellite communication systems, Low Pass Filters (LPFs) are used to remove harmonics
generated from the power source, minimize interference, and enhance the signal-to-noise ratio. Through the
filter design process, various aspects must be considered such as the insertion loss, bandwidth, weight, and
size. A stepped Impedance filter is a typical topology to realize the LPFs. The stepped impedance filter
design process goes through multiple design steps starting from the normalized prototype design and ending
with the realization of the filter sections. The filter realization significantly depends on the host guiding
structure. This paper, presents, for the first time, a systematic design approach for the stepped impedance
filter based on ridge gap waveguide technology. An accurate mathematical model for calculating a virtual
cutoff for the ridge gap waveguide is introduced, which is deployed in the proposed design methodology.
Moreover, a prototype of the stepped impedance filter is fabricated and measured, with measured results
closely aligning with simulations.

INDEX TERMS Low pass filter (LPF), ridge gap waveguide (RGW), stepped impedance filter, transverse
resonance method.

I. INTRODUCTION

Communication systems have evolved significantly since the
deployment of the initial Intelsat satellite series in the late
1960s. Over the past four decades, satellite systems have
broadened their scope from conventional fixed telecommuni-
cation to encompass mobile, navigation, and remote-sensing
applications [1], [2]. These satellites’ payloads include
critical microwave components like orthomode transducers,
couplers, antennas, and filters. Filters, depending on the
service objectives and applications, span various frequency
ranges. Navigation and mobile satellite systems primarily
operate in the L (1-2 GHz) and S-band (2-4 GHz), while
remote sensing applications predominantly utilize the C-
band (4-8 GHz). In video/audio transmission, the growing
demand for high-quality services has led to the expansion of
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the frequency band towards the Ku-band (12-18 GHz), with
exploration into higher spectral bands (20-30 GHz) [3], [4],
[S].

Many different applications, including satellite commu-
nications and ground stations, frequently employ stepped
impedance filters [6], [7], [8]. The frequency specification
of the low-pass filter must meet a variety of requirements
depending on the application. The filter’s major aspects
are the pass-band frequency range, the high rejection level,
and the deep in-band matching level. These challenging
requirements need significant effort to develop a variety
of innovative solutions providing different compromises.
Rectangular waveguide filters are considered among the
highly visited low-pass configurations due to the matching
level, the low loss, and the simplicity of construction.
However, the realization challenges become significant at
high-frequency bands due to the difficulty of ensuring proper
electrical contact between the fabricated parts [9].
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RGW is a promising mm-wave technology first introduced
in 2009 [10] as a TEM guiding structure that results in
minimal dispersion. It is based on the concept of hard
and soft surfaces [11], which provides numerous benefits
such as self-packaging and a wide range of bandwidth.
Moreover, it exhibits excellent electrical characteristics in
terms of losses at higher frequencies as the signal is
propagating inside an air gap [12]. The operational bandwidth
of the gap waveguide relies on the stop band of the cell
structure featuring an artificial magnetic conductor surface.
Consequently, optimizing unit cells to achieve the broadest
stop band becomes essential. Diverse unit cell designs have
been explored, resulting in bandwidth ratios around 2:1 in
some studies, while others have achieved ratios surpassing
3:1 [13], [14], [15]. Whether employed to contain ridge
leakage or package transmission lines, the bandwidth of these
periodic cells serves as a pivotal metric to evaluate their
performance. The evolving landscape of RGW unit cells
underscores their critical role in the realization of efficient
waveguide systems.

This technology has been tested and validated in numerous
publications, such as hybrid couplers, magic tee, phase
shifter, circulators, and antennas [17], [18], [19], [20], [21].
However, few published articles proposed filter design in
general and low-pass filters specifically. Recently, various
band-pass filter designs have been presented and validated
through measurements [22], [23], [24]. The hosting guides
for most of these articles are groove gap waveguide [24] or
Inverted-Microstrip Ridge Gap [25], [26]. This technology is
used to provide diplexers as well as filters in high-frequency
bands [27], [28]. All the previously published filter designs
addressed the design of bandpass filters through multiple
cavities, whereas no single design addressed the design
procedure needed for low-pass filters based on the stepped
impedance technique.

In this article, we propose, for the first time, a sys-
tematic design approach for low-pass filters based on
RGW. We present an approximate mathematical equation
to calculate the propagation constant inside the ridge gap
waveguide. This equation is derived through the transverse
resonance method, accounting for ridge and bed of nail
discontinuities. The proposed mathematical model provides
initial parameters for designing an RGW low-pass filter.
To validate this equation, two filters were designed for
different bands, namely the X and Ka bands. The X-band
filter is fabricated and measured using a ridge waveguide
transition showing a good matching level of about -16.8 dB.
Moreover, the insertion loss is in the range of 0.7 dB, and the
rejection is below 40 dB.

The paper is organized as follows: Section II presents
the proposed mathematical model to obtain the propagation
constant. In Section III, we present the design procedure.
Afterward, the fabricated prototype is illustrated along with
the comparison between the simulated and the measured
results. Section IV criticizes and compares the proposed
design with other RGW filter designs in the literature.
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TABLE 1. Unit cells dimensions.

X-band | Value (mm) | Ka-band | Value (mm)
Apin 6.5 Apin2 1.96
b 3.2 ba 2.32
gap 0.2 gapy 0.36
Wpin 3 Whpin, 0.78
Hpin 3 Hpin, 1.96

Finally, the contributions are summarized in the conclusion
section.

Il. MATHEMATICAL MODEL OF THE RGW FILTER
SECTIONS

The proposed filter design is based mainly on the idea of
a stepped impedance filter, where sections of high and low
characteristic impedance are alternately used [29]. This is
approximated in a circuit utilizing alternating capacitive and
inductive impedances. A stepped ridge structure can perform
the same concept, where small gaps and large gaps represent
high impedance (inductive) and low impedance (capacitive)
respectively. Therefore, it is required to calculate the ridge
width and gap. In the next subsection, we are going to define
the shape and dimensions of the unit cell used in this RGW
structure. Afterward, a mathematical model is proposed to
give accurate initial values for the ridge dimensions and the

gaps.

A. UNIT CELL

The main objective for the RGW is to create a parallel plate
stop band using a periodic structure. The cell dimensions
selection is controlled by the filter operating bandwidth as
well as the rejection band. This will be explained in a later
section, where the filter specifications will be addressed.

1) X-BAND

The unit cell used here is a cube-shaped pin (Hpin = Wpin)
with dimensions shown in Table 1. The dispersion diagram
for the unit cell of this periodic structure is shown in Figure 1
(a). This diagram is calculated using the Eigenmode Solve in
CST Microwave Studio where it shows that the pass band is
from 10 GHz to 30GHz.

2) KA-BAND
The other unit cell is in the shape of a cuboid where

(Hpinz # Wpin2) and the dimensions are in Table 1, and its
passband is from 30 to 60 GHz.

B. PROPAGATION CONSTANT CALCULATION

In designing the equiripple low pass filter, the propagation
constant 8 should be determined. Afterward, the number of
steps should be determined based on the required rejection.
In addition, the required level of the ripple will guide
the normalized prototype used in the design. Finally, the
electrical length of the inductors and capacitors sections are
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FIGURE 1. Dispersion diagram for the X-band unit cell.
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FIGURE 2. Equivalent model, (a) Schematic and (b) Transmission Line.

determined using the following equations [29],

1= 1

Bl = Z ey
. CZ;

Bl = 7 @

such that Z, is the filter impedance, L and C are the
normalized element values of the low-pass prototype that
can be obtained from the normalized design tables. In order
to implement such a filter in RGW waveguide technology
we need to determine the ridge width, ridge gap, capacitive
and inductive gaps, and lengths. An efficient model is
proposed, where good initial values for the aforementioned
parameters are calculated. In our model, we calculate a virtual
cutoff propagation constant k. using the transverse resonance
method such that the side walls here are assumed to be a
perfect open circuit.

It is worth mentioning that the RGW dominant mode is
quasi-TEM mode. Accordingly, assuming the propagation
constant is exactly equal to the free space wave number leads
to a poor filter design. The proposed novel methodology can
provide a more accurate evaluation of the phase constant
value, which leads to a better filter initial design. The effect
of the first pin is taken into consideration as a capacitive
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FIGURE 3. Load admittance calculations, (a) Section II, (b) Section I, and
(c) Input admittance.

discontinuity. The physical variables defining the RGW are
separately indicated in the diagram 2 (a). When applying
the transverse resonance method, operation at cutoff is
assumed, and the fields have no z dependence. An excellent
approximation to represent the RGW as six parallel-plate
waveguides along the X direction with spaces g1, g2, and b.
Therefore, it can be analyzed as six transmission lines, as in
Figure2 (b). The lengths of the transmission lines are,

lh = (a1 —W)/2 3)
bh=(a—a —Wy,)/4 4
I3 =W;/2 5

where the length of the second transmission line is assumed to
be half the way between the two pins. This approximation is
valid in the proposed model as the open circuit is assumed
to be perfect at this point. Moreover, the characteristic
impedance of each transmission line can be expressed as
follows,

ke 1
Yor = —(3) (©6)
o b
ke 1
Yoo = —(—) (7N
ol g
ke 1
Yo3 = ——(—) ®)
ol g1
and the capacitive discontinuities are calculated as [31],
B 8nb gl
— = l — 9
Y, I n(csc b ) ©
B b
22 P s B52 (10)
Yoo ke 2b

At the cutoff ¥;;, = 0. Referring to Fig 3, the load
admittance Yz, is the parallel combination between the
open-circuited sub and the capacitor B>,

Y12 = jBy + jY,» tan(ke 1) (11)
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TABLE 2. Initial dimensions.

Variable | Length (mm) | Variable | Length (mm)
Wr 2 a 11
gl 1 g2 3.2
lot 1.27 11 1.9
loo 1.85 l12 1.95
los 1.87 l13 2
loa 1.9 l14 2.05
los 1.95 U5 2.1
800 :
[—Analytical == si - TEM

600 -

B (rad/m)
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FIGURE 4. Propagation constant verification for row of cells in the
X-band.

and the load admittance Y7 is the parallel combination
between Y7, and capacitor B

. Yo +jY,1 tan(k, [
Vi =B+ Yo bt 1) g
Yo1 +jYL2 tan(ke 1y)

and the input admittance will be,
Y Y3 tan(k, [
Y, — ¥, K1 +j. 03 tan(ke 13) (13)
Yo3 + jY12 tan(ke 13)

Therefore, by enforcing the input admittance to be zero

Yi» = 0, we will obtain a transcendental equation as
follows,
B B(Bz+t (kl))t (ke 1)
— — — (— 4+ tan(k. Ip)) tan 1
Y02 Yol Y02 ‘ ¢

B> Yo
+ — +tan(k. L) + — tan(k. [1)
Yoo Y

0. 0.

Y3
YL tan(k, 13)[

ol

Y1 B
— — (= +tan(k. b)) tan(k. l})| =0
Yoo (Y02 + tan(k, 2)) an(k, 1)i|

(14)

Accordingly, we can solve this transcendental equation and
obtain k.. Finally, the propagation constant § is obtained by
the following equation:

B = k2 —k2 (15)

This equation is verified through several calculations
of the propagation constant using CST Microwave studio
Eigenmode solver as shown in Figure4. This figure compares
the value of the propagation constant obtained from the CST
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FIGURE 5. Design procedure for RGW LPF.

model, the proposed model, and the air propagation constant.
The proposed model accurately predicts the value of 8 for
ridge gap waveguide structure. This model offers a good
initial point for the phase constant which will be used for
designing the LPF, as it will be explained in the following
section.

1Il. DESIGN PROCEDURE OF THE PROPOSED FILTER

The design procedures for a stepped impedance LPF in RGW
can be summarized as shown in the flow chart FigureS.
The first step in designing an LPF is determining the filter
specification in terms of the pass band, the reject band,
the required rejection, and the filter cut-off. Then, the filter
order and required ripple level should be determined to get
the values for the corresponding capacitors C and inductors
L. Afterward, a unit cell is designed to cover the pass
and the rejection band of the LPF. The next step is to
assume initial values for the ridge width W,, ridge gap g,
and distance between the ridge and the bed of nails aj.
Consequently, the equation can be solved and the required
virtual cutoff can be obtained. Accordingly, the values for
the characteristic impedance of the ridge and the low and
high impedances can be found using the parallel plate
waveguide approximation [30]. A good initial point for
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FIGURE 6. RGW filter design, (a) Filter section and (b) Filter variables.

the high and low impedances is three times and half the
value of the characteristic impedance respectively. Finally,

the lengths of the capacitive and inductive sections can be
calculated.

IV. FILTER DESIGN EXAMPLES

In this section, we will verify the above procedure by
providing two LPF examples in two different bands (X and
Ka) using CST Microwave Studio. The filter shape is shown
in Figure6 (a), and the design parameters are the ridge width,
lengths for the inductive and capacitive sections, and the

distance between the ridge and first unit cell which are
indicated in Figure6 (b)

A. FILTER SPECIFICATIONS & EQUATION VALIDATION

The X-band filter is designed to have a passband of
[10-13.5] GHz and a rejection of [14.5-27] GHz, while
the other filter passband is [30-35.3] GHz and rejection of
[36.3-40] GHz. The proposed filter is a low pass filter,
as shown in Figure 1 the dispersion diagram indicates
the propagation is from 10 GHz to 30 GHz. Accordingly,
an additional cut-off frequency is added due to the host
guiding structure, where all response curves start at 10 GHz
such as in Figure 7 (a) and 9 (d). A 19th-order Chebyshev
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FIGURE 7. Equations verification case for, (a) X-band and (b) Ka-band.

corrugated filter has been designed to obtain the steep slope
between the passband and the rejected band. The design of the
LPF uses alternating sections of high and low characteristic
impedance lines. This can be realized in the circuit model as
alternating capacitors and inductors to represent the required
impedances. The values of the normalized prototype (L
& C) are obtained based on the filter response and order
and they are mentioned in Appendix A. These capacitors
and inductors are then realized in ridge gap waveguide
technology using posts with different heights as shown in
Fig.6.

The lengths for these posts can be calculated using
equations (1) and (2), where the virtual propagation constant
(B) is determined after solving the transcendental equation.
Afterward, the ridge dimensions are calculated by solving
the transcendental equation (14), and then a capacitor post
is connected to this ridge. The final LPF design is shown
in Figure6 and the values for the initial design parameters
for the X-band filter are in Table 2. The filters are designed
and simulated using CST Microwave Studio, the response
of the filters is shown in Figure7. It is clear, that the
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TABLE 3. Comparison of the proposed filter and other published filters.

Reference. f, (GHz) IL[dB] RL [dB] Rejection [dB]  Dimensions \2) Technology
[28] 59.7 1.7 9 -60 19.72 x 5.8 GGW
[32] 39.7 1.1 19 -30 3.17 x 0.86 GGW
[33] 30 1.4 15 -90 4.7 x 1.5 MS-RGW
[34] 30.7 2.3 11 -40 3.32 x 1.29 MS-RGW
[35] 14.8 1.35 10 -65 3.29 x 2.26 MS-RGW
[36] 31 2.3 6 -60 0.7 x 0.7 PRGW
[27] 11.6 1 10 70 14.9 x 4.08 RGW
[37] 35 1 12 -40 1.7 % 1.1 RGW
[38] 21 1.37 14.18 -25 2.93 x 1.93 MS-RGW
[39] 12 1.29 25 -20 0.52 x 0.29 PRGW
[40] 2.5 0.8 18 - 0.15 x 0.08 Microstrip
[41] 11.8 2.24 18 - 0.3 x 1.07 SIW
This Work 13.5 0.7 16.8 -40 2.3 x 2.25 RGW
This Work 35.3 0.7 18 -40 1.8 x 1.5 RGW
cutoff is very close to the intended value f, = 13.5 and TABLE 4. Final dimensions.
fe = 35.3 GHz with an acceptable matching level and _ .

.. H th b dified further b Variable | Length (mm) | Variable | Length (mm)
I‘F‘,_]eCtIOI:l. owever, the response can be modified further by Wr 7% . 1233
fine-tuning the parameters as we will discuss in the next g1 1.27 g2 32
subsection. lc1 0.939 i1 22

oo 2.350 T2 2.1844
Tos 25 T3 2.66
B. FINAL TUNING & TRANSITION DESIGN
_ : N Iy 2.54 I 27
The previous values of the filter are optimized to enhance Ics 2.6 U5 2.8

the matching level of the filter and the optimized values
are in Table 4. It is worth mentioning that, the gap for the
capacitive cell is not as the gap for the ridge of the RGW. The
values for the inductive and capacitive gaps are 3.175 mm
and 0.508 mm respectively. Moreover, a transition from a
ridge gap waveguide to a single ridge waveguide is designed
as shown in Figure8 (a). The values of the LPF with the
transition are optimized, so the final response is shown in
Figure8 (b) & (c). The optimized values are shown in Table 4,
which are very close to the initial values produced from the
introduced design procedure. The return loss of the X-band
filter is about 20 dB, with an insertion loss of 0.7 dB in the
passband, and the rejection band is from 14 GHz to 27 GHz
with a 60 dB rejection value. It is worth mentioning that, the
higher insertion loss of this filter is due to operation near the
dispersion bandwidth of the unit cell. However, the Ka-band
filter return loss is roughly 18 dB with 0.7 dB insertion
loss and the rejection value is beyond 40 dB from 36 GHz
to 40 GHz. The overall dimensions for the X-band and
ka-band filters are (2.3 x 2.25)A* and (1.8 x 1.5)\%
respectively.
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V. MEASUREMENTS AND VALIDATION

The x-band low pass filter with the two transitions is
fabricated using a computer numerical control milling
machine with an accuracy of 0.5 mil, as shown in Fig 9 (a).
Moreover, a ridge waveguide calkit is used to measure the
response for the filter with the transition as shown in Fig 9
(b). The cutoff of the designed adapters is about 6.36 GHz
and can achieve better than -20 dB on the intended band.
The measured scattering parameters versus the frequency
of the overall structure are illustrated and compared to the
simulated curves in Figure9 (c). The transitions are measured
back to back and the insertion loss obtained is about 0.6 dB.
Therefore, the insertion loss for the proposed filter will be
in the range of 0.7 dB. The deviation between the simulated
and measured cutoff is due to the fabrication tolerances. It’s
possible that a human error occurred during the assembly
process, which could have arisen from aligning the structure
and the ridge. Moreover, placing the upper plate on the filter
section may not give the required gap between the LPF center
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FIGURE 8. LPF with transition, (a) 3D view, (b) Response for X-band, and
section and the upper plate. However, the measured rejection
response is still below 60 dB.

Vi. PROPOSED FILTER PERFORMANCE EVALUATION
As mentioned previously, this is the first time a low-pass
filter is introduced using RGW technology. Thus, Table 3
compared bandpass filters implemented using gap waveguide
technologies and two low pass filters implemented using STW

and microstrip technologies. The parameters for these filters
81998

FIGURE 9. Fabricated unit, (a) RGW LPF with transitions, (b) Measuring
setup, (c) Measuring setup.
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are summarized in Table 3, where f, denotes filter central

frequency, and IL, RL are insertion and the return losses in
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FIGURE 10. Equivalent circuit model.

the passbands, respectively. Table 3 also gives the overall
dimensions in wavelengths in the free space \,. Moreover,
the rejection value for the proposed filters is compared
as well. It is worth mentioning that the other filters are
bandpass filters, so the rejection for the higher harmonics
is not mentioned. The values for the out-band rejection in
the table are calculated for 3% after the pass band. In the
proposed design, the 60 dB mentioned is the second harmonic
rejection value. It is indicated in Table 3 that the size is
a clear drawback in most gap waveguide filters [28], [32],
[27]. While it could be argued that some published filters
are smaller in size [36], it is important to acknowledge that
these filters need to be implemented using multiple layers.
Furthermore, the PRGW filters exhibit more demanding
assembly and increased losses [34], [36]. Some proposed
filters outperform them in terms of in-band characteristics,
i.e., insertion and return losses [33]. However, the insertion
loss and overall dimension of the filter are relatively
high.

The proposed filter achieves a deeper matching level with
a wider passband and can suppress up to the second harmonic
as shown in the X-band filter. It is worth mentioning that some
RGW filters achieve good insertion loss values and relatively
small size [37]. However, the matching level is not sufficient
and the designed filter has a very narrow passband of
[34.7-35.3] GHz with rejection up to 36 GHz.

Regarding other technologies, the SIW and microstrip low
pass filter show an outstanding performance in terms of return
loss and size [40], [41]. However, microstrip-fed networks
suffer from high dielectric losses and surface waves at high
frequencies [42].

As a result, the suggested structure is a promising option
for developing high-quality filters as it satisfies the demands
for favorable in-band features and easy production.

VII. CONCLUSION

This paper introduces a novel methodology for designing
low-pass filters utilizing RGW technology. It presents a
systematic approach and mathematical model for estimating
the virtual propagation constant within the ridge gap waveg-
uide. The equations are validated by designing two-stepped
impedance low-pass filters using the RGW technology in
the X and Ka bands. The ka-band filter return loss and
insertion loss are about 18 dB and 0.7 dB respectively.
Meanwhile, the X-band filter is constructed and evaluated
using a ridge waveguide transition, the fabricated unit
achieves a good matching level of approximately 16.8 dB.
Moreover, the insertion loss falls within a certain range of
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TABLE 5. L & C values.

Variable | Value (F) | Variable | Value (H)
Ch 0.8736 Lo 1.4773
Cs 1.8914 Ly 1.7716
Cs 2.0251 Lg 1.8294
Cr 2.06 Lg 1.8471
Co 2.071 Lio 1.8515

0.7 dB, and the rejection is lower than a certain threshold.
In a comparative analysis with previously published filters
implemented through various technologies such as RGW,
Microstrip, and SIW, the proposed filters excel in terms of
return loss and insertion loss, standing out among recent
publications.

APPENDIX

STEPPED IMPEDANCE FILTER

The equivalent circuit for the proposed low pass filter consists
of nine inductors and ten capacitors, culminating in a 19th-
order filter as shown in Figure 10. This configuration is
symmetric around the fifth capacitor/inductor Cy and Lio.
The specific values for the capacitors and inductors are
detailed in Table 5. To implement the effect of the capacitors,
posts with a length /. and height %, are incorporated into the
Ridge Gap Waveguide (RGW). Similarly, the inductors are
realized using posts with a length /; and height 4;. This design
approach ensures that the capacitive and inductive elements
are effectively realized in the RGW structure, optimizing
the filter’s performance within the desired frequency range.
The values for the lengths of each section are calculated
using the following equations

g1 =2 (16)
-

pr =2 (17
1= 2
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