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Novel design and implementation
of 3d packaged wideband bandpass
filters

Xiexun Zhang?, Tao Tang'*?, Maged A. Aldhaeebi? & Thamer S. Aimoneef?

This study presents an innovative method for designing a 3D packaged wideband bandpass filter
(BPF) by vertically integrating a high-pass filter (HPF) and a low-pass filter (LPF) using an air cavity
and vertical interconnect accesses (VIAs). This integration enhances performance while significantly
reducing system size. The fabricated BPF, constructed on multilayer substrates, achieves a passband
from 2.175 to 4.2 GHz with less than 2.5 dB insertion loss and a return loss exceeding 10 dB. The design
utilizes a partial substrate integrated suspended line (SISL) structure, enabling precise control over
the equivalent dielectric constant and characteristic impedance to optimize insertion loss. The height
of the air cavity, determined through theoretical analysis and S-parameter inversion, is critical for
achieving optimal filter performance. The methodology allows for independent circuit designs on each
layer, resulting in a 3D assembly. This refined approach makes it easier to produce compact bandpass
and multi-band filters, simplifying circuit development and enabling scalable fabrication. This design
is versatile across different frequency ranges, demonstrating significant practical and theoretical
benefits.

In the rapidly evolving landscape of wireless communication systems, radio frequency (RF) filters are
indispensable components that select desired frequency bands while suppressing out-of-band noise. As these
systems advance in performance and integration, there is an increasing demand for RF filters that are not only
small and cost-effective but also deliver high performance!=. This necessity has driven the development of
various techniques for wideband bandpass filters (BPFs), each with its own set of challenges and limitations.

Traditional approaches to achieving wide bandwidth in BPFs involve cascading multiple filters, a method
that, while effective, is marred by drawbacks such as increased size, complex design, high cost, and suboptimal
system performance®~S. Furthermore, this approach is not scalable for arbitrary frequency bands or an infinite
number of bands. An alternative is the multi-resonance structure, which offers compact and low-loss designs
but suffers from the complexity and non-repetitiveness of the layouts’"!!. Another method involves connecting
a high-pass filter (HPF) in series with a low-pass filter (LPF), which provides design flexibility but still faces size
challenges'>~14,

Currently, driven by the technology of miniaturization of electronic devices, three-dimensional (3D)
integration across different substrates and heterogeneous structures is a burgeoning field in the realm of
microelectronic device miniaturization!>!¢. Utilizing vertical through-hole technology, this method integrates
various circuit-laden substrates in a predefined sequence, transforming the conventional two-dimensional (2D)
cascade circuit into a compact 3D vertical interconnect architecture. This innovative approach significantly
diminishes the spatial footprint and retains full functionality.

In the realm of 3D integrated circuit design, the conventional approach to isolating circuit layers employs
a blank substrate. However, to enhance system performance and mitigate electromagnetic interference, this
substrate is replaced by an air cavity in a substrate integrated suspended line (SISL) configuration!’-!°. The cavity
is surrounded by vertical interconnect accesses (VIAs) that connect all substrate grounds, drawing inspiration
from the shielded suspended substrate microstrip line?*-2,

Although the SISL structure is an ideal solution for wideband filters**~*°, as it can combine multiple filters to
form a wider bandwidth without increasing the circuit size. However, it necessitates the use of air cavities above
and below each circuit layer. This requirement can significantly increase the system’s overall thickness, as the
stacking of multiple circuit layers, each with its own pair of air cavities, somewhat reduces the size advantages
achieved by transitioning from two-dimensional to three-dimensional integration.
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This study introduces a wideband BPF constructed by vertically interconnecting an HPF with a defective
ground structure (DGS) and an LPF through VIAs. A substrate with an integrated air cavity isolates the filters,
housing the HPF circuit within the cavity and connecting all substrate grounds via densely distributed VIAs
around the cavity. The LPF circuit and the DGS of the HPF are strategically positioned at the bottom and top
layers, respectively. This configuration enhances the HPF’s in-band insertion loss and ingeniously uses the LPF’s
ground as a cover for the air cavity. Through meticulous impedance matching, a compact and high-performance
BPF is achieved. Compared to traditional SISL structures, this design conserves three air cavities, significantly
enhancing compactness by placing air cavities only where necessary.

Design and modeling

Design processes

The proposed design incorporates both an LPF and an HPF to form a wide BPF. The LPF section features a
conventional L-C ladder topology, complemented by open-circuited stubs, as depicted in Fig. 1 (a).

There are five stubs, named Stubl, Stub2, Stub3, Stub4, and Stub5, from top to bottom. Stub1 has a size of long
is 2.9 mm and wide of 0.29 mm, located 0.4 mm from the upper port with 50 2. Stub2 is positioned 3.6 mm away
from Stubl with dimensions of 5.5 mm by 0.14 mm. Stub3, placed at the same distance as that between Stubl
and Stub2, has dimensions of 5.9 mm in length and 0.13 mm in width. Stub4, positioned 3.2 mm from Stub3,
measures 4.9 mm in length and 0.17 mm in width. Stub5, connected to the lower port with 50, is 1.8 mm long
and 0.31 mm wide. Stub5, connected to the lower port with 50 2, is 1.8 mm long and 0.31 mm wide. To enable
miniaturization, all stubs, except for the shorter Stub5, are bent. Stubl bends at 1.58 mm from the transmission
line, while Stubs 2 to 4 bend at their midpoints. Additionally, to connect with the HPF, the transmission line
bends 0.75 mm from Stub4.

The corresponding simulated S-parameters are displayed in Fig. 1 (b). From Fig. 1 (b), it can be observed
that the LPF has a cutoff frequency of 4.4 GHz, demonstrating superior performance with a 40 dB out-of-band
rejection at 5 GHz. Within the passband, ranging from DC to 4.2 GHz, the insertion loss remains under 0.2 dB,
while the return loss is greater than 20 dB.

Significantly, we have introduced strategic bends in the open-circuited stub and the adjacent 50 {2 transmission
line. These modifications have resulted in a compacted primary circuit section of 13 x 4 mm?, as indicated by
the white dashed box in Fig. 1 (a), achieving a 33.3% reduction in circuit area compared to the original unbent
design.

The HPE, depicted in Fig. 2 (a) and (b), incorporates a defective ground structure (DGS), enhancing its
performance. The DGS component consists of four identical rectangular microstrips, labeled Sy, through
Sy4 from left to right, each measuring 2.8 mm by 2.5 mm. The microstrips are positioned with a 0.45 mm
gap between Sy; and Sy, and between Sy3 and Syy. In addition, Sy, and Sy3 are connected by a rectangular
connector, C;, with dimensions of 0.3 mm by 0.15 mm. As shown in Fig. 2(b), the backside of the DGS structure
also contains four rectangular microstrips, labeled Sy, through Sy from left to right, matching the dimensions of
S1 to Sy These microstrips are linked together by a rectangular connector, C,, with a width of 1 mm. A central
microstrip rectangle, C,, with a width of 0.225 mm, extends from C, to the ground plane. The vertical distance
from the ground plane to microstrips Sy, Sp2, Sp3, and Sy is 0.75 mm, and the horizontal distance next to these
components is 0.15 mm.

The simulated S-parameters, shown in Fig. 2 (c), reveal a cutoff frequency of 2.22 GHz, with 40 dB rejection
at 1.9 GHz. The HPF exhibits an insertion loss of less than 0.6 dB and a return loss above 20 dB within the
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Fig. 1. The circuit configuration and S-parameters of the bent LPF. (a) Configuration, (b) S-parameters.
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Fig. 2. The circuit configuration and S-parameters of the HPE. (a) Top view, (b) Back view, (c) S-parameters.
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Fig. 3. The circuit configuration and S-parameters of the BPF. (a) Top view, (b) Back view, (c) S-parameters.

passbands ranging from 2.3 to 4.8 GHz. The primary circuit section of the HPF is 11.4 x 4.3 mm?, which is
delineated by the white dashed box in Fig. 2 (a).

The aforementioned filters are designed on a Rogers6010 substrate, characterized by a thickness of h=0.508
mm, a relative permittivity e, = 10.2, and a loss tangent tan 6 = 0.0023.

The LPF and HPE, as detailed in Fig. 1 and Fig. 2, are connected in series on a common substrate to form
the wideband BPE To mitigate the impact of the HPF’'s DGS on the LPEa specific minimum spacing has been
maintained between them, and it is defined as d; = 5.55 mm. The resulting optimized BPF configuration is
depicted in Fig. 3 (a) and (b), with the corresponding S-parameters displayed in Fig. 3 (c). These parameters
indicate a passband ranging from 2.25 to 4.34 GHz, featuring an insertion loss of less than 1.3 dB and a return
loss exceeding 15.6 dB within the passband. The overall dimensions of the BPF are 20.3 x 12 mm?2.

It is worth noting that the output port configuration of the LPF in Fig. 3 (a) differs from that in Fig. 1 (a).
In Fig. 3 (a), a section of the input port has been folded to align the input and output ports on the same side,
facilitating easier integration with other devices.

To improve miniaturization, the original 2D cascade-connected structure shown in Fig. 3 has been rearranged
into a more compact 3D vertical interconnection layout, as depicted in Fig. 4 (a). Fig. 4 (a) shows the entire
circuit that consists of three substrates Subl through Sub3. The HPF and LPF are designed on Subl and Sub3
respectively. The substrate two (Sub2) contains an integrated air cavity that separates the filters. This cavity
houses the HPF circuit and connects all substrate grounds via densely distributed VIAs (labeled as VIA_G)
around the cavity. All substrates are topped with a series of metal layers, labeled L1 to L6. Specifically, Fig. 4 (b) to
(g) illustrates the role of each layer: L1 serves as the backside DGS layer for the HPE, L2 contains the front circuit
of the HPF (as shown in Fig. 4 (c)), and L3 and L4 are the upper and lower layers, respectively, surrounding the
air cavity.

To reduce costs associated with this cavity, an FR4 substrate with a relative permittivity of ¢, = 4.4, and a loss
tangent tan ¢ = 0.02 is utilized. The center of the substrate is excavated to create an air cavity, which provides an
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Fig. 4. Showing the modeling configuration of multilayers of the proposed BPF: (a) illustrating the cross-
sectional view of the proposed BPF that demonstrates the multilayers from layer one to layer 7, the vias that
connect the top layer (L1) to the bottom layer seven (L7), and the air cavity. (b) demonstrating the backside
DGS layer for the HPF (L1), (c) showing the front circuit of the HPF (L2), (d) showing the top layer (L3), (e)

showing the bottom layer (L4), (f) showing the ground layer (L5), and (g) illustrating the LPF circuit situated
(L6).
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Fig. 5. Simulation result showing S-parameters of the proposed BPE
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isolated environment for the two filters. Layer five (L5) acts as the ground layer for the LPF and plays a crucial
role in shielding the upper ground layer. Additionally, L6 is the layer where the LPF circuit is located.

As illustrated in Figs. 4 (b) and (g), the signal is fed from the HPF input port through the VIA ports (labeled
as VIA_P,) to the HPF circuit on layer L2. It then traverses layers L3, L4, and L5 before arriving at the LPF
circuit layer. The signal subsequently exits through the LPF’s output port (labeled as VIA_P,). The alignment of
the LPF’s output port with the HPF’s input port on the same side facilitates integration with external circuits and
contributes to a compact design.

All VIA_G has a size of radius of 0.15 mm and a spacing of 0.18 mm as shown in Fig. 4. In Fig. 4 (c), VIA_P,
is positioned 2.75 mm from the left substrate edge, and VIA_P, is 1.95 mm from the right edge. Both are 4.54
mm from the lower substrate edge, with a radius of 0.15 mm. The distances d2 and d3 of the HPF circuit from
the upper and lower grounds are 3.7 mm and 0.9 mm, respectively. The air cavity openings in Figs. 4 (d) and (e)
measure 14.2 mm by 7.4 mm, with distances of 2.4 mm and 2.45 mm from the lower and left substrate edges. In
Fig. 4 (g), the distances of the LPF circuit from the substrate’s upper, lower, and left edges, labeled as d4, d5, and
d6, are 2.87 mm, 3.22 mm, and 1.83 mm, respectively. The right Stub5 is 0.17 mm from the right substrate edge.

The simulation outcomes, depicted in Fig. 5, reveal a passband range of 2.2 to 4.37 GHz. Within this
range, the insertion loss remains below 0.6 dB, and the in-band return loss consistently exceeds 12 dB. These
performance metrics are comparable to those of the series-connection approach illustrated in Fig. 3 (c). Notably,
the redesigned circuits footprint has been minimized to 18 x 8 mm? representing a 40% reduction in area
compared to the series-connection method, thus demonstrating the significant potential for miniaturization.

Measurement results
The fabricated prototype is presented, with each layer from L1 to L6 illustrated in Fig. 6. The physical depictions
of the layers following the packaged prototype are displayed on the right-hand side of the same figure.

After completing the welding of the filter and the coaxial SMA cable, the proposed design is measured
utilizing the R &S® ZNB 8 vector network analyzer (VNA). The experimental configuration is illustrated in
Fig. 7 (a). A comparison between the measured and simulated results, as shown in Fig. 7 (b), demonstrates that
the passband remains largely consistent, with a frequency range of 2.175 to 4.2 GHz. Within this passband, the
insertion loss is below 2.5 dB, indicating effective signal transmission. Additionally, the out-of-band suppression
is commendable, and the overall return loss across the band exceeds 10 dB, signifying a well-matched system.

A comparative analysis focuses on Passband (GHz), Fractional Bandwidth (FBW (%)), Insertion Loss (IL
(dB)), Return Loss (RL (dB)), Size (), at the central frequency), Size (mm) and Height (mm) with prior studies
is provided in Tab. 1. This analysis indicates that the current design’s passband IL is competitive with other filters
within similar frequency bands, with a notable advantage in compactness®’ 2.

Methods

Influence of air cavity height

In the proposed design, an air cavity is strategically positioned between the LPF and the HPE, serving as a
separator. Along the cavity’s periphery, VIAs are meticulously integrated, forming a SISL with a packaging-
like structure. This design deviates from traditional SISL configurations, which necessitate two air cavities: one
positioned above and one below each component. Consequently, our design requires an initial configuration
comprising four air cavities to ensure optimal performance.

During the design process, it is observed that the high-frequency performance of the HPF directly influences
the insertion loss of the synthesized BPF within its passband, whereas the LPF exerts minimal impact on the
BPF’s overall performance. Consequently, only the HPF is packaged. Given its special structure with a DGS
(packaging of which would alter the HPF’s performance), only the front side of its circuit was packaged within
an air cavity, with the DGS layer positioned at the top layer. Additionally, the front side of the LPF’s circuit layer
was placed at the bottom layer of the entire structure, utilizing its ground as an isolation for the air cavity, thus

W

Fig. 6. Each layer and photo of the prototype. (a) L1, (b) L2, (c) L3, (d) L4, (e) L5, (f) L6, (g) Photo of the
packaged prototype.
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Fig. 7. Measurement results of the BPE. (a) Setup of the measurement, (b) Comparison between measured and
simulated results.

Ref. Passband (GHz) | IL (dB) RL (dB) FBW (%) | Size (/\g) Size (mm) | Height (mm)
2 1.4-5.95 4.5 15 124 0.340.27 27.4X22 |08

28 1.9-6.3 0.5 (simulated) | 14 (simulated) | 125 1.09X0.676 |56.5X35.2 | 0.8

2 4.24-7.81 22 9 59.25 2.69X0.42 115X 30 0.508

30 1.03-3 2.4 12 98.5 0.61X0.88 [762X68 |1.5

3 2.32-2.47 1.2 15 12.1 0.25X0.148 | 19.1X11.2 | 0.508

32 22-3.6 0.4 11 48 0.32X0.089 |24.4X6.6 |0.7874

This work | 2.175-4.2 2.5 10 63.5 0.489%0.218 | 18X 8 3.016

Table 1. Analysis of the performance of the proposed BPF in this study compared to several related previous
works.

forming a structure with a single air cavity as depicted in Fig. 4 (a). This design merely adopts the packaging
method of the SISL, deviating from the typical SISL structure, and can be referred to as a partial SISL, where air
cavities are set only where necessary.

Packaging will change the equivalent impedance of the circuit and thus its performance. The characteristic
impedance after packaging is mainly determined by the size of the microstrip line, cavity width, and height of
the packaged circuit. In this design, the circuit microstrip line size is already determined by the high-pass filter
performance, and the air cavity size is also determined by the HPF size, only the air cavity height can be adjusted.
Therefore, the air cavity height significantly affects the overall performance of the packaged HPE

The results of the simulation show that the return loss, as shown in Fig. 8 (a), improves with an increase in
the height of the air cavity. However, this improvement necessitates consideration of the trade-offs involved.
Specifically, an increased air cavity height leads to a lengthened aperture, essential for the interconnection of
the HPF and LPF through VIAs. The extended apertures introduce additional parasitic inductance, which
can potentially compromise impedance matching and impact the BPF’s overall performance. Furthermore,
increasing the air cavity height results in a proportional expansion of the structure’s dimensions, which counters
the objective of miniaturization. Following a thorough evaluation of these factors, we have selected a 2 mm air
cavity height.

Within the SISL structure, the calculation of characteristic impedance is based on the properties of a shielded
suspended substrate microstrip line. The impedance Zis derived using the following methodology™:

Zy

7= ., 1
e (1)
where Z; is the impedance of an identical air-filled line, is again defined as
4
Zy=601In Lu)—i— I+, (2)
u U

with
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Fig. 8. Influence of air cavity height. (a) S, parameter as a function of air cavity height, (b) Relative dielectric
constant as a function of frequency.

Flu) =6+ (27T _ 6)e—(3[].6(5(5/'11)0'75287 3)
and
;Tl;
U= 4
L+ )

The effective dielectric constant of the suspended microstrip is given by

et = (1+ fifo)?, (5)
where
fi=ve -1, (6)
and
1
fom .
Z?:o Ci <;:7) @

The functions ¢; in Eq. 7, as well as the subsequent formulas, can also be found in Ref. 33.

In this design, upon setting the air cavity height to 2 mm and employing the aforementioned formulas, the
calculated characteristic impedance of the packaged structure is determined to be 17.43 Q. This value does
not align with the desired 50 (2 port impedance, resulting in a significant discrepancy when compared to the
simulation results.

Within this configuration, the HPF circuit, which is packaged in the air cavity, alters the original dielectric
constant of the substrate. Direct application of the substrate’s nominal relative dielectric constant 10.2 in the
formulae yields unreliable results due to this alteration. By employing the S-parameter inversion method detailed
in Ref. 34, and further elaborated in Ref. 35 and 36, the actual equivalent dielectric constant post-encapsulation
can be accurately determined*~3. As illustrated in Fig. 8 (b), at our central frequency of 3.3 GHz, the equivalent
dielectric constant is calculated with the air cavity height fixed at 2 mm, resulting in a value of 2.05. By using this
value in the formulae, we can calculate a characteristic impedance of 47.34 ) for the packaged structure, which
is close to the desired 50 {2 matching condition.

Influence of package

A comparison between Fig. 5 and Fig. 3 (c) reveals that the BPF with the final encapsulated structure exhibits an
in-band insertion loss of less than 0.5 dB within the passband of 3.5 to 4.2 GHz. This performance is superior
to the direct series connection depicted in Fig. 3 (a) and (b), where the insertion loss is 0.66 dB at 3.5 GHz
and increases to 1.28 dB at 4.2 GHz. As previously discussed, the packaging structure effectively reduces the
equivalent dielectric constant of the packaged circuits. According to the attenuation parameter calculation
method presented in Eq. 8, a reduction in the equivalent dielectric constant leads to a decrease in the attenuation
parameter. Since only the HPF circuit is packaged within the air cavity, we will now proceed to compare the
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insertion losses before and after the packaging of the HPE This comparison will elucidate the impact of packaging

on the filter’s performance®’.

@ _ Btand
[’q(i A() - 2

e (8)

aq = T\/€

Where a, is the attenuation parameter, €. is the equivalent dielectric constant, ¢, is the filling factor, which is
described in detail in Ref. 37, tand is the loss tangent, ) is the free-space wavelength, and 3 is the phase constant.

Figure 9 illustrates the simulation results, which clearly indicate that the implementation of air cavity packaging
significantly enhances the performance of the BPF by reducing the insertion loss of the HPE.

Impedance matching

As depicted in Fig. 4 (a), VIA_Gs interconnect all substrate grounds, while VIA_Ps link the LPF and HPF ports,
necessitating isolation from grounds L2 and L4, named as the isolation ring. This ring significantly influences
overall performance. A parametric analysis, varying the isolation ring’s radius (labeled as ’r’), is presented in
Fig. 10 (a), showcasing its impact.

Impedance mismatches frequently arise at microstrip-to-VIA_P junctions, mandating impedance matching
strategies. Additionally, the VIA_Ps, traversing multilayer substrates, induce parasitic inductance that must be
offset through impedance matching.

Standard practice involves integrating matching cuts in the microstrip line leading to the VIA_Ps, which are
vital for impedance alignment. However, achieving precise impedance matching requires more than adjusting
the isolation ring’s radius and the cut sizes; an open stub is also incorporated. As Fig. 10 (b) and (c) show,
parametric optimizations for the cuts’ presence and the open stub’s length (/) were conducted. After thorough
analysis, a configuration of 0.6 mm for the stub length was selected.
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Conclusion
This study introduces a method for constructing wideband BPFs through the vertical three-dimensional
interconnection of HPFs and LPFs. The design strategically integrates air cavities and VIAs, packaging the HPF
within an air cavity that enhances overall performance while reducing system size and is critical for optimizing
insertion loss and the equivalent dielectric constant. Determining the optimal air cavity height through
theoretical analysis of the shielded suspended substrate microstrip line and S-parameter inversion is essential
for maximizing the filter’s performance. The proposed design achieves a wideband frequency range of 2.175 to
4.2 GHz, with an IL of less than 2.5 dB and an RL of more than 10 dB, indicating its acceptable performance.
This design simplifies the structure by placing air cavities only where necessary, providing a streamlined
approach to constructing bandpass and multi-band filters with significant reference values. This design,
facilitated by a multilayer substrate process, allows for the independent design of each circuit layer, with
impedance matching specifically tailored at the connections with feeding VIAs. The layers are then precisely
aligned and integrated through a unified sintering process, resulting in a monolithic structure that is well-suited
for mass production. This innovative methodology not only enhances fault tolerance and simplifies debugging
but also underscores the promising engineering value and theoretical applicability of the design across various
frequency bands. The final product is a high-performance, compact bandpass filter that advances the state-of-
the-art in microwave component design.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary
information files].

Received: 24 July 2024; Accepted: 27 September 2024
Published online: 09 October 2024

References

1. Zhao, Z. et al. Stable transmission of RF signals with low-delay passive method over fiber link. IEEE Microwave and Wireless
Technology Letters 34, 576-579. https://doi.org/10.1109/LMWT.2024.3382423 (2024).

2. Ou, M. et al. Research on a novel ka-band low insertion loss transmission line based on H-guide. IEEE Microwave and Wireless
Technology Letters 33, 507-510. https://doi.org/10.1109/LMWT.2023.3235494 (2023).

3. Gomez-Garcia, R., Yang, L., Malki, M. & Mufoz-Ferreras, J.-M. Flat-group-delay RF planar filters with transmission zeros
using transversal circuits. IEEE Transactions on Circuits and Systems I: Regular Papers 70, 3843-3856. https://doi.org/10.1109/
TCS1.2023.3298219 (2023).

4. Wu, Y., Ma, K. & Wang, Y. Coupling matrix design of compact multiband cascaded trisection bandpass filters. IEEE Transactions
on Circuits and Systems II: Express Briefs 69, 2762-2766. https://doi.org/10.1109/TCSI1.2022.3162554 (2022).

5. Lin, J.-Y,, Yang, Y., Wong, S.-W. & Li, Y. High-order modes analysis and its applications to dual-band dual-polarized filtering cavity
slot arrays. IEEE Transactions on Microwave Theory and Techniques 69, 3084-3092. https://doi.org/10.1109/TMTT.2021.3072945
(2021).

6. Li, J. et al. Reconfigurable gaas bandpass filters using cascading of lowpass and highpass filters. In 2022 Asia-Pacific Microwave
Conference (APMC), 773-775, https://doi.org/10.23919/APMC55665.2022.9999725 (2022).

7. Garcia-Lamperez, A. & Salazar-Palma, M. Single-band to multiband frequency transformation for multiband filters. IEEE
Transactions on Microwave Theory and Techniques 59, 3048-3058. https://doi.org/10.1109/TMTT.2011.2170579 (2011).

8. Ma, Q, Wu, Y., Yin, M. & Ma, K. Synthesis design of planar sept-band band-pass filter with cascading multi-coupled line
structures. In 2024 IEEE International Conference on Computational Electromagnetics (ICCEM), 1-3, https://doi.org/10.1109/
ICCEM60619.2024.10559044 (2024).

9. Wu, C.-L. & Tu, W.-H. Design of microstrip quint-band lowpass-bandpass filters with flexible passband allocation. IET Microwaves,
Antennas and Propagation 16, 378-390 (2022).

10. Zhao, L., Zhang, X. & Wang, J. A novel broadband band-pass filter based on spoof surface plasmon polaritons. In Scientific
Reports, vol. 6, https://doi.org/10.1038/srep36069 (2016).

11. Wang, X., CH.and Shi. Miniaturized tri-notched wideband bandpass filter with ultrawide upper stopband suppression. In Scientific
Reports, vol. 11, https://doi.org/10.1038/s41598-021-92394-7 (2021).

12. Menzel, W,, Rahman Tito, M. & Zhu, L. Low-loss ultra-wideband (UWB) filters using suspended stripline. In 2005 Asia-Pacific
Microwave Conference Proceedings, vol. 4, 4 pp.—, https://doi.org/10.1109/APMC.2005.1606747 (2005).

13. Munir, A., Pradibta, I. & Effendi, M. R. Microstrip-based ultra-wideband composite BPF with short-circuited stubs. In 2013 10th
International Conference on Electrical Engineering/Electronics, Computer, Telecommunications and Information Technology,
1-3, https://doi.org/10.1109/ECTICon.2013.6559662 (2013).

14. Saini, Y. & Kumar, M. Design analysis of UWB bandpass filter using suspended microstrip technology. In 2014 International
Conference on Signal Propagation and Computer Technology (ICSPCT 2014), 1-4, https://doi.org/10.1109/ICSPCT.2014.6884896
(2014).

15. Njoku, C. C., Whittow, W. G. & Vardaxoglou, J. C. Microstrip patch antennas with anisotropic and diamagnetic synthetic
heterogeneous substrates. IEEE Transactions on Antennas and Propagation 63, 3280-3285. https://doi.org/10.1109/
TAP.2015.2426833 (2015).

16. Dong, M. et al. Substrate integrated gap waveguide bandpass filters with high selectivity and wide stopband. In 2018 IEEE/MTT-S
International Microwave Symposium - IMS, 285-288, https://doi.org/10.1109/MWSYM.2018.8439506 (2018).

17. Ma, K., Yan, N. & Wang, Y. Recent progress in SISL circuits and systems: Review of passive and active circuits demonstrating SISLs
low loss and self-packaging and showcasing the merits of metallic, shielded, suspended lines. IEEE Microwave Magazine 22, 49-71.
https://doi.org/10.1109/MMM.2020.3047748 (2021).

18. Alothman Alterkawi, A. B., Sattler, S. W.,, Teschl, R. & Bosch, W. A reconfigurable dual-mode filter in embedded suspended
stripline substrate technology (ESSS). In 2021 IEEE MTT-S International Microwave Filter Workshop (IMFW), 306-308, https://
doi.org/10.1109/IMFW49589.2021.9642296 (2021).

19. Yan, N., Ma, K. & Zhang, H. A novel self-packaged substrate integrated suspended line quasi-Yagi antenna. IEEE Transactions on
Components, Packaging and Manufacturing Technology 6, 1261-1267. https://doi.org/10.1109/TCPMT.2016.2585349 (2016).

20. Wang, Y., Gu, K. & Shu, Y. Synthesis equations for shielded suspended substrate microstrip line and broadside-coupled stripline.
In 1988., IEEE MTT-S International Microwave Symposium Digest, 331-334 vol.1, https://doi.org/10.1109/MWSYM.1988.22043
(1988).

Scientific Reports |

(2024) 14:23584 | https://doi.org/10.1038/s41598-024-74676-y nature portfolio


https://doi.org/10.1109/LMWT.2024.3382423
https://doi.org/10.1109/LMWT.2023.3235494
https://doi.org/10.1109/TCSI.2023.3298219
https://doi.org/10.1109/TCSI.2023.3298219
https://doi.org/10.1109/TCSII.2022.3162554
https://doi.org/10.1109/TMTT.2021.3072945
https://doi.org/10.23919/APMC55665.2022.9999725
https://doi.org/10.1109/TMTT.2011.2170579
https://doi.org/10.1109/ICCEM60619.2024.10559044
https://doi.org/10.1109/ICCEM60619.2024.10559044
https://doi.org/10.1038/srep36069
https://doi.org/10.1038/s41598-021-92394-7
https://doi.org/10.1109/APMC.2005.1606747
https://doi.org/10.1109/ECTICon.2013.6559662
https://doi.org/10.1109/ICSPCT.2014.6884896
https://doi.org/10.1109/TAP.2015.2426833
https://doi.org/10.1109/TAP.2015.2426833
https://doi.org/10.1109/MWSYM.2018.8439506
https://doi.org/10.1109/MMM.2020.3047748
https://doi.org/10.1109/IMFW49589.2021.9642296
https://doi.org/10.1109/IMFW49589.2021.9642296
https://doi.org/10.1109/TCPMT.2016.2585349
https://doi.org/10.1109/MWSYM.1988.22043
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

21. Musa, S. M. & Sadiku, M. N. Modeling of shielded, suspended and inverted, microstrip lines. In IEEE SoutheastCon 309-313, 2008.
https://doi.org/10.1109/SECON.2008.4494310 (2008).

22. Wang, Y., Ma, K, Mou, S., Yan, N. & Li, L. A low loss branch line coupler based on substrate integrated suspended line (SISL)
technology and double-sided interconnected strip line (DSISL). In 2015 Asia-Pacific Microwave Conference (APMC), vol. 3, 1-3,
https://doi.org/10.1109/APMC.2015.7413533 (2015).

23. Bououden, A., Riabi, M. L. & Saadi, A. A. On the accuracy of LSBRM for analysis of shielded broadside-coupled suspended
substrate striplines. In 2017 IEEE MTT-S International Conference on Numerical Electromagnetic and Multiphysics Modeling and
Optimization for RE, Microwave, and Terahertz Applications (NEMO), 109-111, https://doi.org/10.1109/NEMO.2017.7964203
(2017).

24. Kumar, L. & Keelaillam, S. A bandpass filter based on the SISL technology using open stub and triangular resonator. In 2022
International Conference on Smart Generation Computing, Communication and Networking (SMART GENCON), 1-4, https://
doi.org/10.1109/SMARTGENCONS56628.2022.10083814 (2022).

25. Feng, T, Ma, K., Wang, Y. & Hu, J. Bandpass-filtering power amplifier with compact size and wideband harmonic suppression.
IEEE Transactions on Microwave Theory and Techniques 70, 1254-1268. https://doi.org/10.1109/TMTT.2021.3124254 (2022).

26. Wu, Y., Ma, K,, Li, S. & Zhan, Y. Design of vertically integrated folded SISL patch bandpass filters with single and multiband
responses. IEEE Transactions on Components, Packaging and Manufacturing Technology 14, 479-488. https://doi.org/10.1109/
TCPMT.2024.3359857 (2024).

27. Nurjihan, S. E. & Munir, A. Effect of DGS incorporation for bandwidth enhancement of UWB microstrip BPE. In 2017 3rd
International Conference on Wireless and Telematics (ICWT), 39-42, https://doi.org/10.1109/ICWT.2017.8284135 (2017).

28. Abraham, M. R,, Patel, R. & Dey, S. A 2-6ghz wideband BPF and a miniaturised tri-band BPF based on HMSIW. In 2024 IEEE
Wireless Antenna and Microwave Symposium (WAMS), 1-6, https://doi.org/10.1109/WAMS59642.2024.10527870 (2024).

29. Zhang, D., Zhang, K., Wu, Q. & Jiang, T. A compact wideband filter based on spoof surface plasmon polaritons with a wide upper
rejection band. IEEE Photonics Technology Letters 32, 1511-1514. https://doi.org/10.1109/LPT.2020.3029290 (2020).

30. Zhang, S., Liu, H., Wang, Z. & Fang, S. Design of wideband quasi-reflectionless filter with high selectivity and flat passband. IEEE
Transactions on Circuits and Systems II: Express Briefs 70, 4038-4042. https://doi.org/10.1109/TCSII.2023.3284420 (2023).

31. Afzali, B., Abbasi, H., Shama, E & Dehdasht-Heydari, R. A microstrip bandpass filter with deep rejection and low insertion loss
for application at 2.4 GHz useful wireless frequency. AEU - International Journal of Electronics and Communications 138, 153811.
https://doi.org/10.1016/j.aeue.2021.153811 (2021).

32. Mohamadinia, A., Shama, F. & Sattari, M. A. Miniaturized bandpass filter using coupled lines for wireless applications. Frequenz
75, 301-308. https://doi.org/10.1515/freq-2020-0129 (2021).

33. Lehtovuori, A. & Costa, L. R. J. Model for shielded suspended substrate microstrip line. In Circuit Theory Laboratory Report
series, vol. CT-38, 142-146 (1998).

34. Smith, DR, V,, DC, K,, T, S. & CM. Electromagnetic parameter retrieval from inhomogeneous metamaterials. In Phys Rev E Stat
Nonlin Soft Matter Phys, 41.20.2q,42.70.2a, 3 Pt 2B, https://doi.org/10.1103/PhysRevE.71.036617 (2005).

35. Lee, W, Y. & YK. High-efficiency wireless-power-transfer system using fully rollable Tx/Rx coils and metasurface screen. In Sensors
(Basel), 23-26, https://doi.org/10.3390/s23041972 (2023).

36. Chen et al. Broadband solar metamaterial absorbers empowered by transformer-based deep learning. In Transformer-Based Deep
Learning. Adv Sci (Weinh), 10-13, https://doi.org/10.1002/advs.202206718 (2023).

37. Yamashita, E., Atsuki, K. & Ueda, T. An approximate dispersion formula of microstrip lines for computer-aided design of
microwave integrated circuits. IEEE Transactions on Microwave Theory and Techniques 27, 1036-1038. https://doi.org/10.1109/
TMTT.1979.1129787 (1979).

Acknowledgements
This work was supported by the Southwest Minzu University Research Startup Funds(RQD2024009). Also, this
study is supported via funding from Prince sattam bin Abdulaziz University project number (PSAU/2024/R/1446)

Author contributions

Conceptualization, T.Tang; methodology, M. Aldhaeebi, and T. S. Almoneef; experimental, X. Zhang; data cu-
ration, T. Tang; writing—original draft preparation, X. Zhang, and M. Aldhaeebi; writing—review and editing,
M. Aldhaeebi and T. S. Almoneef. All authors have read and agreed to the published version of the manuscript.

Declarations

Conflicts of interest
The authors declare that there is no conflict of interest regarding the publication of this article.

Additional information
Correspondence and requests for materials should be addressed to T.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:23584 | https://doi.org/10.1038/s41598-024-74676-y nature portfolio


https://doi.org/10.1109/SECON.2008.4494310
https://doi.org/10.1109/APMC.2015.7413533
https://doi.org/10.1109/NEMO.2017.7964203
https://doi.org/10.1109/SMARTGENCON56628.2022.10083814
https://doi.org/10.1109/SMARTGENCON56628.2022.10083814
https://doi.org/10.1109/TMTT.2021.3124254
https://doi.org/10.1109/TCPMT.2024.3359857
https://doi.org/10.1109/TCPMT.2024.3359857
https://doi.org/10.1109/ICWT.2017.8284135
https://doi.org/10.1109/WAMS59642.2024.10527870
https://doi.org/10.1109/LPT.2020.3029290
https://doi.org/10.1109/TCSII.2023.3284420
https://doi.org/10.1016/j.aeue.2021.153811
https://doi.org/10.1515/freq-2020-0129
https://doi.org/10.1103/PhysRevE.71.036617
https://doi.org/10.3390/s23041972
https://doi.org/10.1002/advs.202206718
https://doi.org/10.1109/TMTT.1979.1129787
https://doi.org/10.1109/TMTT.1979.1129787
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Novel design and implementation of 3d packaged wideband bandpass filters
	﻿Design and modeling
	﻿Design processes
	﻿Measurement results

	﻿Methods
	﻿Influence of air cavity height
	﻿Influence of package
	﻿Impedance matching

	﻿Conclusion
	﻿References


