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Abstract: W-band filters play a crucial role in modern millimeter-wave communication and radar
systems, finding applications in 5G/6G networks, automotive radar, and passive imaging. With the
growing demand for higher data rates and efficient wireless communication, W-band filter devel-
opment has gained significant attention in recent years. Various design techniques and fabrication
technologies have been explored for improved performance and integration possibilities. This paper
presents a planar substrate-integrated waveguide (SIW) dual-mode cavity filter as a solution to
the challenges faced by previous designs in terms of integration, size, and cost. The dual-mode
cavity coupling principle and design parameters are analyzed to optimize the filter’s performance. A
W-band 4th-order dual-mode filter prototype is designed and fabricated on a 0.127-mm-thick RO5880
substrate, and a finline waveguide-to-microstrip transition structure is employed for compatibility
with the test instrument. Simulation and experimental results demonstrate that the proposed filter
exhibits low insertion loss, good in-band standing wave performance, and improved out-of-band
suppression. Moreover, a visible high-frequency out-of-band transmission zero is implemented to
enhance the steep roll-off characteristics in the high-frequency out-of-band region.

Keywords: dual-mode cavity; millimeter-wave communication; PCB; SIW; W-band filter

1. Introduction

W-band filters are indispensable components in modern millimeter-wave communica-
tion and radar systems, playing a critical role in diverse applications such as 5G networks,
automotive radars, and passive imaging. With the ever-increasing demand for higher data
rates and more efficient wireless communication, the development of W-band filters has
garnered significant attention over the past decade. Researchers have explored various de-
sign techniques and advanced fabrication technologies in pursuit of improved performance
and integration possibilities [1–4].

Notably, some pioneering works, such as those referenced in [1–3], have successfully
leveraged 3D print technology to create W-band filters with low-loss characteristics. Ad-
ditionally, Ref. [4] demonstrated the use of laser micro-machine processing, achieving
promising results in terms of low loss. However, one notable limitation of these early
designs lies in their 3D structure, posing challenges when attempting to integrate them
with planar circuits and chips [5–11].

To address the integration issue, efforts have been made to explore planar-based
fabrication techniques. For instance, in [12], a pseudo-elliptical response filter at the
W-band was fabricated using thick SU-8 photo-resist technology, which represented an
advanced film processing approach. Despite its progress, the total thickness of the filter
remained relatively large compared to planar circuits. Similarly, Ref. [13] introduced W-
band gap waveguide bandpass filters using the micro-electro-mechanical systems (MEMS)
technique, showcasing promising low-loss properties and ease of integration with planar
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circuits. However, these filters still exhibited a substantial size, which could be a concern in
certain applications. Another approach, involving a silicon-based W-band bandpass filter
with a micromachined air-cavity resonator [14], faced similar challenges, emphasizing the
importance of compact and efficient filter design.

Addressing the limitations of previous works, Ref. [15] proposed a SIR interdigital
W-band bandpass filter based on TSV Technology. Despite its ingenuity, the fractional
bandwidth of this filter proved to be impractical for real-world systems. In an attempt to
create an on-chip W-band filter with compatibility for active chips, Refs. [16,17] introduced
a design based on thin cavities in CMOS processing. However, insertion loss remained
an issue due to the low-quality factor of the resonant cavity. While GaAs-based on-chip
filters presented higher quality factors [18,19], their reliance on high-mode single-mode
SIW cavities meant substantial spatial requirements and cost considerations.

In addition to size-related challenges, on-chip components often come with significant
costs. Seeking cost-effectiveness and compatibility with other planar circuits, Ref. [20]
proposed a compact planar W-band filter based on EBG Packaging and LTCC processing.
Nevertheless, the filter’s loss remained a concern. This prompted the development of
low-cost W-band SIW bandpass filters using commercially available printed-circuit-board
technology [21], which exhibited notable improvements in cost and compatibility. However,
the single-mode design still resulted in relatively large filter sizes.

To overcome the limitations of existing approaches and achieve a breakthrough in
compact design, Refs. [22,23] introduced the use of a quarter-mode substrate-integrated
waveguide cavity. While this approach aimed to miniaturize W-band packaged filtering
circuits, the quarter-mode SIW waveguide introduced higher losses compared to full-mode
SIW cavities. Ref. [24] introduced an interesting idea to design a W-band SIW filter using
the high mode; however, it still lacks experimental verification. Seeking a balance between
compact size and performance, Refs. [25–27] explored improved TM dual-mode cavities
for W-band filters. Nevertheless, the traditional waveguide used in this method had a large
vertical height and limited compatibility with planar circuits.

Given these challenges and the demand for an economical, compact, and low-loss
W-band filter, our research proposes a solution in the form of a planar substrate integrated
waveguide (SIW) dual-mode cavity. Through harnessing the benefits of planar integration
and meticulous design, we strive to lay the foundation for more effective and practical
W-band filtering solutions. Based on an investigation of publicly available literature, there
is limited use of commercial PCB processes for designing planar substrate integrated waveg-
uide (SIW) filters in W-band. Literature reference [21], which employs the fundamental
mode of SIW for filter design, stands as a representative example. As an improvement,
our design employs a compact dual-mode cavity. For the first time, we achieved and
validated a low-loss SIW dual-mode filter in the W-band using cost-effective commercial
PCB processes. In comparison to costly advanced fabrication methods, this approach offers
significant cost advantages. Furthermore, due to its potential for direct integration with
planar circuits, it holds promising application prospects.

The subsequent sections of this paper are structured as follows: Section 2 delves into
the analysis of the coupling principle and design parameters of the dual-mode cavity.
Section 3 introduces the design process of the W-band dual-mode filter, including its
assembly with transition structures and subsequent verification through measurement.
Finally, the conclusion of this article is presented in Section 4.

2. Analysis of Dual Mode SIW Cavities
2.1. Dual-Mode Cavity Coupling Principle

Higher-order modes often accompany degenerate modes, and in most cases, degener-
ate modes are orthogonal to each other, with no energy exchange. However, when certain
perturbations are introduced at appropriate positions, energy coupling between degenerate
modes can be achieved. Therefore, in filter design, one can choose to excite only one of
these modes to suppress its degenerate mode or fully utilize the degenerate modes to
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realize a dual-mode filter. The advantage of exciting only one mode is that the design
is simpler and can be carried out following the steps of designing a single-mode filter
discussed in the previous chapter. However, compared to dual-mode filters, achieving the
same selectivity characteristics would require more cavities, resulting in increased cascade
losses and overall larger filter size.

On the other hand, dual-mode filters can make full use of the degenerate modes of the
cavity to achieve better selectivity characteristics. Reducing the order directly reduces the
number of cavities and minimizes cascade-related losses. However, dual-mode filter design
is much more complex due to the coupling issues compared to regular filters. Therefore,
this section will discuss how to design dual-mode filters using the higher-order modes of
the SIW resonator.

Normally, degenerate modes are orthogonal to each other, with no energy coupling
between them. According to reference [28], the condition for energy coupling between
modes is provided as ∫ ⇀

H1 ·
⇀
H2dV 6= 0, (1)

where vector H1 and vector H2 represent the magnetic field vectors of the two modes,
respectively. The volume integrals are over entire effecting regions. The presence of a finite
conductivity metal surface on the cavity wall causes losses, and this can be represented by
the term in Equation (2) ∮ →

H1 ·
→
H2dS 6= 0. (2)

The surface integrals are over entire effecting surface regions. There is energy trans-
mission at the coupling gap, satisfying Equation (2), which can be treated as an equivalent
lossy surface. Therefore, even if an ideal conductor is used in the actual fabrication, the
coupling condition can still be met. This makes it possible to adjust the coupling gap
to excite dual-mode modes. An analysis was conducted on a cavity with two coupling
gaps, with coupling gap 1 serving as the input end, fed by a waveguide, and coupling
gap 2 simulated as an impedance boundary to mimic actual loading conditions, as shown
in Figure 1. From the simulation results, it can be concluded that when the input and
output ends are co-axially arranged, it is impossible to achieve energy coupling between
degenerate modes. When the input and output ends are not co-axially arranged, dual-mode
excitation is related to the boundary conditions at the coupling gap. When the boundary
condition at the coupling gap is purely reactive or open or short-circuited, the coupling
gap experiences total reflection with no energy loss, so dual-mode excitation is not possible.
From the perspective of field distribution, the electric field distribution in space is stable
over time, forming a single-mode field with only amplitude variation, as shown in Figure 1.
When the boundary condition at the coupling gap is set to a maximum impedance value,
impedance-matched, or short-circuited, the electric field distribution near the boundary is
strongest, and it approaches zero for short-circuited conditions. Capacitive and inductive
boundary conditions also have different characteristics. When the boundary condition at
the coupling gap is set to an appropriate impedance, dual-mode excitation can be achieved.
From the perspective of field distribution, the dynamic effect of the electric field is rota-
tional around the center over time, which indicates the superposition of two different field
distributions. It can be regarded as the result of the superposition of the field excited by
port 1 and the field excited by port 2. Thus, the conditions for exciting dual-mode modes
are non-coaxial input and output and appropriate boundary impedance, both of which are
essential. As the cavity has a selection function, the actual mode coupling situation also
depends on the resonance frequency.
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Due to the symmetry in the structure of the circular cavity, the input and output end
angles can be flexibly controlled to achieve mutual coupling between dual-mode filters.
Therefore, a circular cavity is chosen for the design in this case.

2.2. Design Parameters Analysis

First, the excitation of individual cavity modes was studied. To better explain the
design parameter, the configuration of the dual-mode filter with two cavities is illustrated
in Figure 2. The whole filter is centrally symmetric. R1 represents the radius of circular
cavity 1, which is the distance from the center of the cavity to the center of the ground vias.
alfa1 denotes the angle between the centerline of the input port of circular cavity 1 and the
centerline of the coupling port of cavity 1 and cavity 2. The vertex of the angle is the center
of cavity 1, and the same vertex applies subsequently. alfa1_1 corresponds to the aperture
size of the input port of cavity 1, which is the angle formed by the via centers of the two
nearest grounded vias to the port and the center of cavity 1. These two ground vias are
symmetrically distributed with the input port center line as the axis. alfa1_2 represents the
aperture size of the coupling port of cavity 1 (coupling port of cavity 1 and cavity 2), which
is the angle formed by the centers of the two nearest points to the coupling port and the
center of the cavity. depth1 indicates the length to which the input coplanar waveguide
(CPW) extends into the interior of the cavity. A positive value of depth1 indicates an inward
extension into the cavity, while a negative value indicates the opposite direction. When
the end of the slot coincides with the connecting line between the centers of the adjacent
two grounded vias, it indicates that depth1 is 0 mm. W_mcp refers to the width of the
microstrip line guided out, which corresponds to the width of the 50-ohm microstrip line in
this design. Figure 3 shows the response of the dual modes of a single cavity under weak
coupling conditions with varying alpha1. Weak coupling excitation was primarily intended
to eliminate the influence of other factors, such as external coupling. It is evident that when
the input and output are not co-axially symmetrically distributed, the coupling between
degenerate modes increases with the increase in the input-output angle alpha1. When the
relative bandwidth is below 6%, the alpha range can be selected between 110◦ to 130◦ based
on the simulation results. From the field distribution plots of the low-frequency pole and
high-frequency pole in Figure 4, it is evident that the two modes are orthogonal degenerate
modes. Furthermore, a transmission zero point can be observed in the vicinity of the upper
sideband, labeled as Z1. This creates a steep transition band, which is a characteristic
feature of dual-mode filters. From the field distribution plot of the transmission zero point
in Figure 5a, it can be seen that this field is a spatially stable single-mode field, with the
output port located exactly at the wave node. Hence, it does not excite another mode from
port 2. From a frequency perspective, this frequency point coincides with the resonance
frequency of the cavity’s first higher-order mode, TM110. Moreover, it can be observed
from the subsequent study that the frequency of the transmission zero point is independent
of the external coupling strength and the opening size of the coupling gap between the
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cavities, as shown in Figure 5. Additionally, the impact of alpha1 on out-of-band suppression
can be observed from Figure 5b. The second transmission zero point Z2 appears, and its
position on the frequency axis increases with alpha1. The appearance of this pole was
analyzed in the previous chapter. The frequency of this point coincides precisely with the
position of the wave node, making the output energy zero. The position of this frequency
point is solely determined by the angle alpha1 between the excitation end and the coupling
end, irrespective of other parameters. The field distribution is shown in Figure 5b. By
adjusting the position of Z2, the out-of-band suppression of the upper sideband can be
significantly improved. If Z2 is located close to the passband, it improves the out-of-band
suppression near the passband, making it suitable for filter designs requiring high near-end
suppression. It is also possible to adjust Z2 to suppress the TM020 parasitic resonance
closest to the TM010 mode, thereby achieving good out-of-band suppression at the far end
of the high-frequency sideband. However, the trade-off for doing so is that the near-end
suppression is relatively poor.
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indicates the inward extension of input CPW into the cavity.
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For the design of in-band poles, the coupling between dual-mode cavities is complex,
making it challenging to calculate precise coupling coefficient parameters. Therefore, a
parameter sweeping method can be considered to observe the variation in each parameter’s
impact on the in-band poles and thereby improve the effectiveness of the final design. From
Figure 6, it can be observed that R1 primarily influences the resonator’s frequency and has
almost no effect on the coupling strength. It only slightly affects the relative positions of
the in-band poles. When R1 changes, the entire passband and stopband undergo vertical
shifts, and the resonant frequency fnm can be calculated using Equation (3) [29]

fnm =
pnm·c

2πr
√

εrµr
, (3)

where Pnm is the mth root of the first kind Bessel function Jn, c is the speed of light in a
vacuum, εr stands for relative permittivity, and µr stands for relative permeability, and the
specific correction for the equivalent radius r of the cavity is as follows

r = R1− dv/2 + 0.268(dvn)
0.326, (4)

where R1 is the actual radius of the SIW cavity, dv is the aperture, and dvn is the normalized
aperture spacing.
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Figure 6. Influence of R1 on S−parameters.

Generally, for R1, the initial value should be chosen slightly higher than the passband
frequency due to the coupling’s effect on the resonant frequency.

The strength of external coupling is mainly controlled by the aperture angle alpha1_1
at the input end, as shown in Figure 7. When alpha1_1 is small, the positions of the poles are
relatively far apart, resulting in poor standing wave levels. As alpha1_1 increases, the pole
positions approach each other, leading to improved in-band standing wave performance.
However, the rectangular coefficient and out-of-band suppressions slightly deteriorate.
When alpha1_1 is at an appropriate level, the standing wave levels are better. Afterward,
further increasing alpha1_1 brings the pole positions even closer, and excessive external
coupling may cause pole merging, leading to deteriorated standing wave levels. As
alpha1_1 increases, the resonant frequency decreases, causing the overall passband to shift
downwards. From the perspective of out-of-band suppression, with the increase in alpha1_1,
the external coupling becomes stronger, leading to a worse rectangular coefficient and
out-of-band suppression.
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The impact trend of the slot depth into the cavity (depth1) on out-of-band suppression
and in-band standing waves is similar to that of the aperture alpha1_1, as shown in Figure 8.
As depth1 increases, the rectangular coefficient and out-of-band suppressions slightly
deteriorate. The difference lies in the effect on the relative positions of the poles. When
alpha1_1 increases, the middle pole moves in the direction of higher frequency, while an
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increase in depth1 results in the opposite effect. Therefore, by combining alpha1_1 and
depth1 while ensuring appropriate external coupling, the relative positions of the poles
can be adjusted to maintain a flat in-band standing wave. Additionally, depth1 has almost
no impact on the resonant frequency of the resonator, which means it does not affect
the center frequency of the passband, distinguishing it from alpha1_1, as analyzed in the
previous chapter.
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The coupling between cavities mainly depends on the coupling aperture angle (al-
pha1_2), as shown in Figure 9. When the coupling increases, the low-frequency in-band
poles move downwards, while the frequency position of the high-frequency poles remains
unchanged, resulting in an overall increase in bandwidth. The middle pole moves towards
the direction of the high-frequency poles. With the increase in alfa1_2, the out-of-band
suppression will degrade slightly.
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3. Simulation Results and Experimental Analysis

Based on the design foundation described above, a W-band 4th-order dual-mode filter
(Figure 2) with a passband from 91 to 95 GHz was designed. The substrate used was
RT/DURIOD5880, with a thickness of 0.127 mm and a relative dielectric constant of εr = 2.2.
The dimensions of the filter are listed in Table 1.
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Table 1. Filter dimensions (unit: mm or deg).

alfa1 alfa1_1 alfa1_2 D h depth1 R1 w_mcp

filter 1 127 60 53 0.4 0.508 −0.22 1.41 0.38

Due to the test instrument’s port being a WR-10 waveguide, we designed a finline
waveguide-to-microstrip transition structure with its length L3 = 5 mm. Figure 10 illustrates
a back-to-back finline waveguide-to-microstrip transition structure. Simulation results, as
shown in Figure 11, indicate that this structure can cover a frequency range of approxi-
mately 80–110 GHz. The simulated insertion loss at 93 GHz is 0.75 dB. However, actual
measurements usually show higher losses than simulated results, so the measured insertion
loss for the back-to-back transition structure is expected to be greater than 0.75 dB. Ref. [18]
tested a similar back-to-back transition structure in the W-band below 85 GHz and found
measured insertion losses ranging from 0.94 to 1.4 dB in the frequency range of 75–85 GHz.
Therefore, we conservatively estimate an insertion loss of 0.94 dB for the back-to-back
transition structure in the following analysis.
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Figure 12 presents the layout of the tested filter containing the waveguide-to-mi-
crostrip transition structure. The substrate is concealed to display the backside metal pat-
tern more clearly. The blue color represents the front-side metal, and the green color rep-
resents the backside metal. The core dimensions of the SIW filter are L0 × W0, which is 6.8 
mm × 5.95 mm. During the test, the layout shown in Figure 12 is placed inside the wave-
guide cavity manufactured from the waveguide cavity diagram in Figure 13. Figure 13a 
depicts the lower half of the cavity, where L1 is the total length of the cavity, L2 is the length 

Figure 10. A back-to-back finline waveguide-to-microstrip transition structure. The grey represents
the WR-10 waveguide; the yellow corresponds to the front side metal; the blue is indicative of the
back side metal; the green represents the Rogers 5880 substrate.
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Figure 12 presents the layout of the tested filter containing the waveguide-to-microstrip
transition structure. The substrate is concealed to display the backside metal pattern more
clearly. The blue color represents the front-side metal, and the green color represents the back-
side metal. The core dimensions of the SIW filter are L0 ×W0, which is 6.8 mm × 5.95 mm.
During the test, the layout shown in Figure 12 is placed inside the waveguide cavity manu-
factured from the waveguide cavity diagram in Figure 13. Figure 13a depicts the lower half
of the cavity, where L1 is the total length of the cavity, L2 is the length of the filter, and the
microstrip line extended from the SIW filter. Figure 13b illustrates the upper half of the cavity.
Two small air cavities with a size of L4 ×W4 × h2 are left for the input and output CPW and
microstrip line. For the convenience of fabrication, right angles are replaced with fillets of
radius 0.3 mm. The distance between the two air cavities is denoted as L5.
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Figure 13. Waveguide cavity processing diagrams are used to load the structure shown in Figure 12.
(a) The lower half of the cavity. (b) The upper half of the cavity. L1 = 22 mm, L2 = 9.07 mm,
L3 = 5.2 mm, W4 = 2.92 mm, L4 = 2.66 mm, and h2 = 0.9 mm. The dimensional tolerance for the WR-10
waveguide fabrication is less than or equal to ±0.005 mm.

It is worth noting that the air cavity reserved above the microstrip line and coplanar
waveguide will produce parasitic resonances. As the filter operates at high frequencies,
these parasitic frequencies are likely to fall within the filter’s passband. To address this
issue, we separate the air cavity into two smaller ones, each with dimensions W4 × L4 × h2.
After verification, when W4 = 2.92 mm, L4 = 2.66 mm, and h2 = 0.9 mm, our design
requirements are met. Figure 14 shows a picture of the cavity loaded with the proposed
filter and transitions. We conducted the testing using a network analyzer in the test setup
shown in Figure 15. The measured results after de-embedding the transition structures are
compared to the simulated results of the proposed filter in Figure 16.
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From the simulation results, it can be observed that the insertion loss within the
90.6–95.6 GHz range is less than 1.5 dB. Specifically, within the 91–95 GHz sub-range,
the insertion loss is less than 1 dB, and S11 within the passband is smaller than −15 dB.
Additionally, there is a transmission zero in the high-frequency out-of-band region. Due to
the short wavelength of the W-band, it is sensitive to dimensions, resulting in measured and
simulated frequency deviations due to factors such as relatively larger processing errors in
the PCB manufacturing process. Furthermore, the inclusion of non-ideal structures like
waveguide-microstrip transitions in the test setup has a significant impact on the S11 curve,
leading to substantial differences in the S11 curve.



Electronics 2023, 12, 3624 12 of 14

Due to the impact of processing and assembly accuracy and roughness, the passband
frequency is shifted downward. The test results after de-embedding the additional transi-
tion structures indicate an insertion loss below 2.06 dB from 88.8 GHz to 94 GHz, with a
specific value of 1.36 dB at 92 GHz.

Table 2 presents a comparison between the planar or quasi-planar W-band filter de-
signed in this study and those designed in other recent publications. The results show that
this design exhibits lower losses and acceptable dimensions, particularly with significant
manufacturing cost advantages, because both the MEMS process and chip fabrication
process are much more expensive than the PCB process.

Table 2. Comparison with other W-band filters.

Ref. f 0 (GHz) Order FBW(%) IL at f 0
(dB) Process Type Main Size

(mm ×mm)

[12] 100 4 5 1.2 SU8 MEMS WG 12.2 × 2.54

[13] 94 G 4 8 0.9 MEMS Gap WG 20 × 10

[14] 94.75 3 7.3 1.5 MEMS Coaxial line 4.85 × 1.7

[15] 98.5 4 40 1.3 TSV TLine 0.28 × 0.79

[17] 83 1 50.7 2.26 CMOS WG 0.031 × 0.031

[18] 93 4 3.4 4.3 GaAs WG 2.31 × 1.57

[21] 80 5 2.5 2.95 PCB WG 8 × 5

[22] 89 5 22.5 1.97 Thin film MEMS WG 2.6 × 2.6

[23] 92 3 3.26 1.8 Thin film MEMS WG 5.8 × 5.8

This work 92 4 5.5 1.36 PCB WG 6.8 × 5.95

Notes: “WG” in the table indicates planar or quasi-planar waveguide, while “TLine” stands for transmission
line. The term “MEMS process” refers to the series of steps and techniques involved in the fabrication and
manufacturing of micro-electro-mechanical systems (MEMS) devices. This process typically includes various
microfabrication methods, such as photolithography, deposition, etching, and bonding, to create intricate struc-
tures and components on a microscale. “SU8” is a photoresist used for thick-film fabrication. “TSV” stands
for “Through-Silicon Via”. It refers to a vertical electrical connection that passes through a silicon wafer or
substrate, allowing electrical signals to travel between different layers of a three-dimensional integrated circuit
(3D-IC) stack.

In addition, a visible high-frequency out-of-band transmission zero has been imple-
mented, which is used to enhance the steep roll-off characteristics in the high-frequency
out-of-band region.

Regarding the frequency deviations caused by manufacturing, this is an inherent
challenge at high frequencies due to the relatively lower precision of PCB manufacturing
processes. On the one hand, considering the introduction of more precise manufacturing
methods like laser etching can be explored. On the other hand, anticipating frequency
deviations in the opposite direction in advance based on the characteristics of the manu-
facturing frequency shift can help counterbalance the effects of manufacturing-induced
frequency shifts.

Regarding the disparities between simulation and measurement losses, we can ad-
dress this by subsequently fabricating specific resonant structures and extracting more
accurate metal roughness models from the measured loss data. This approach will result in
simulations that closely approximate the manufacturing outcomes.

4. Conclusions

In this study, we have addressed the critical challenges associated with W-band
filters in modern millimeter-wave communication and radar systems. These filters are
indispensable components for various applications, including 5G/6G networks, automotive
radars, and passive imaging. The increasing demand for higher data rates and more
efficient wireless communication has spurred significant research and development efforts
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in the realm of W-band filters over the past decade. Researchers have diligently explored
diverse design techniques and advanced fabrication technologies in pursuit of improved
performance and integration capabilities.

Our work presents a comprehensive solution to these challenges through the intro-
duction of a PCB-based planar substrate-integrated waveguide (SIW) dual-mode cavity
filter in W-band. By optimizing the filter’s performance through a meticulous analysis
of the dual-mode cavity coupling principle and design parameters, we aimed to provide
an efficient and practical solution for W-band filtering requirements. Through a novel
approach, we successfully realized and validated a low-loss SIW dual-mode filter in the
W-band using commercially viable PCB processes. This approach not only offers substantial
cost advantages over expensive advanced fabrication methods but also holds great promise
due to its compatibility with direct integration into planar circuits.

The proposed filter exhibited an impressive low insertion loss of under 2.06 dB from
88.8 GHz to 94 GHz, with a specific value of 1.36 dB at 92 GHz, after accounting for the de-
embedding of transition structures. Notably, we successfully introduced a high-frequency
out-of-band transmission zero to enhance steep roll-off characteristics in the high-frequency
out-of-band region. Comparison with recent publications showcased our designed W-band
filter’s remarkable attributes, including low losses and compact dimensions, all while
maintaining considerable manufacturing cost advantages. By contributing to the ongoing
advancements in the field of W-band filters, our research offers a perspective on achieving
practical and efficient filtering solutions for modern millimeter-wave communication and
radar systems.

In conclusion, the proposed planar SIW dual-mode cavity filter provides a valuable
contribution to the field of W-band filters, offering an innovative solution to the challenges
of integration, size, and cost. This work paves the way for further developments in low-cost
and efficient W-band filtering solutions, catering to the evolving demands of millimeter-
wave communication and radar systems.
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