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Using Open-Circuited and Short-Gircuited Vias and Slots
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ABSTRACT: This paper presents a compact substrate-integrated waveguide (SIW) bandpass filter featuring a simple structure and trans-
mission zeros. The proposed filter utilizes a quarter-wavelength transmission line in conjunction with a short-circuited and open-circuited
via structure to achieve a third-order bandpass filter response. The filter achieves a passband from 14.15 GHz to 15.86 GHz with a return
loss (|Si1]) better than —10 dB, indicating good impedance matching. To enhance out-of-band rejection, single- and double-slot struc-
tures are introduced along the quarter-wavelength transmission line of the SIW filter without increasing the overall circuit area. The STW
filter using the single-slot structure generates a transmission zero at 16.5 GHz, albeit with limited suppression. In contrast, the SIW filter
using the double-slot structure introduces a deeper transmission zero at the same frequency, substantially improving stopband attenuation
while maintaining excellent passband performance. The proposed filter offers high selectivity, compact size, and structural simplicity,
making it a strong candidate for high-frequency communication and radar system applications. To validate the design, prototypes of the
SIW bandpass filter, including the prototype version, single-slot version, and double-slot version, were fabricated and measured. The

measurement results show good agreement with the simulation results.

1. INTRODUCTION

Waveguide technology was first proposed by J. J. Thom-
son in 1893 [1-3]. Due to its low transmission loss and
high power-handling capability, it has been widely employed in
high-frequency and long-distance systems. However, waveg-
uides are typically bulky, costly, and difficult to fabricate,
which limits their applicability in modern electronic systems.
The emergence of planar transmission line technology in the
1960s revolutionized microwave circuit design. Planar trans-
mission lines, such as microstrip lines [4], coplanar waveg-
uides (CPWs) [5], and slotlines [6], offer advantages including
compact size, light weight, ease of fabrication, and compati-
bility with integrated circuits. These features have led to their
widespread adoption in monolithic microwave integrated cir-
cuits (MMICs) and microwave integrated circuits (MICs).

To combine the advantages of waveguides and planar trans-
mission lines, the concept of the substrate-integrated waveg-
uide (SIW) was introduced in 1998 [7]. It was further advanced
by Deslandes and Wu in 2001 through its implementation using
standard printed circuit board (PCB) processes [8]. SIW pre-
serves the high-Q factor and low-loss characteristics of metal-
lic waveguides while significantly reducing size and fabrication
costs. Moreover, SIW circuits can be seamlessly integrated
with other planar transmission lines and components, making
them attractive for compact system-on-substrate implementa-
tions.

SIW technology has been widely adopted in high-frequency
filter design, and numerous SIW-based bandpass filter designs
have been reported in the literature. For example, an SIW dual-
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band filter using symmetric coupling slots was presented in [9],
achieving a passband between 14.76 GHz and 16.78 GHz with
low insertion and return loss. This approach was later extended
to a triple-band design by etching defected ground structures
(DGSs) and defected microstrip structures (DMSs) onto the top
and bottom metallization layers [10]. To achieve miniaturiza-
tion, a slow-wave structure was employed to reduce the size
of the SIW cavity by 40% [11]. Further size reduction was
achieved by transforming a single-layer third-order SIW filter
into a folded three-layer structure, resulting in a fivefold reduc-
tion in longitudinal dimension with only a twofold increase in
height [12].

To support accurate SIW filter modeling, Goldfarb and Pucel
proposed an equivalent circuit theory based on microstrip via-
hole modeling, which enabled precise LC representation and
control of transmission zeros [13]. Building upon this founda-
tion, mushroom-shaped resonators were introduced to generate
additional transmission zeros, thereby enhancing out-of-band
suppression [14]. In[15], a partially plated via was employed to
achieve stopband attenuation up to 60 dB. A symmetrical DGS
slot was also utilized to broaden the filter bandwidth while in-
troducing a transmission zero [16]. Other advancements in-
clude the integration of complementary split ring resonators
(CSRRs) [17], the application of spiral resonators for dual stop-
bands in the Ka/V-band [18], and the use of back-to-back E-
type DGS combined with double-sided loading structures to
generate controllable transmission poles and zeros within a
compact footprint [19].

While these prior works have achieved substantial improve-
ments in filter performance, most rely on short-circuit vias to
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FIGURE 2. Bandpass filter prototype.
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FIGURE 3. Transformation between series and parallel LC resonators. (a) Series LC resonator. (b) Parallel LC resonator.

form resonant cavities, or employ slot structures to introduce
transmission zeros, precise control over the location of these
transmission zeros and the overall filter response remains a
challenge, especially under constraints of miniaturization and
fabrication simplicity.

To address these limitations, this paper proposes a novel SIW
bandpass filter that utilizes a combination of short- and open-
circuited vias to realize a third-order bandpass filter response.
Additionally, single- and double-slot structures are incorpo-
rated to generate transmission zeros without increasing the cir-
cuit footprint. The proposed design is compact and straightfor-
ward, composed solely of vias and slots, yet capable of deliv-
ering enhanced frequency selectivity and stopband attenuation.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the design and analysis of the SIW bandpass fil-
ter using short- and open-circuited vias. Section 3 introduces a
single-slot SIW bandpass filter using short- and open-circuited
vias and examines its transmission zero characteristics. Sec-
tion 4 extends the design to a double-slot SIW bandpass fil-
ter using the short- and open-circuited vias, demonstrating im-
proved out-of-band rejection. Finally, Section 5 concludes the
paper with a summary of the proposed approach and its poten-
tial applications.

2. SIWBANDPASS FILTER USING SHORT- AND OPEN-
CIRCUITED VIAS

This section describes the design method for a substrate-
integrated waveguide (SIW) bandpass filter using short- and
open-circuited vias. The characteristic impedance of the filter
system is set to Z,,, = 58.92€). The filter’s center frequency
is set to fo = 15GHz, targeting Ku-band applications. A
fractional bandwidth of 10% is selected, corresponding to an
absolute bandwidth of Af = 1.5GHz. The filter’s order is
designed to be N = 3, with a passband ripple of 0.5dB to
achieve the desired Chebyshev response. The filter is imple-
mented using a Rogers® RO4003 substrate with a relative
permittivity of £, = 3.55, a substrate thickness of 1.52 mm, a
conductor thickness of 35 um, and a loss tangent of 0.0027.
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2.1. Equivalent Circuit

Given the specifications of the bandpass filter: center frequency
fo = 15GHz, fractional bandwidth of 10%, order N = 3,
and passband ripple of 0.5dB, the lowpass prototype com-
ponent values can be obtained from the Chebyshev filter de-
sign table [19]. These values are gx1 = gr3 = 1.5963 and
gr2 = 1.0967 with the lowpass prototype filter shown in Fig. 1.
By applying the lowpass to bandpass transformation, the low-
pass filter prototype in Fig. 1 can be converted to the band-
pass filter prototype shown in Fig. 2. In this transformation,
gi1 and gi3 are converted to series LC resonators, while gy
is converted to a parallel LC resonator. The inductor and ca-
pacitor values of these LC resonators are calculated as follows:
le(L53) = 9.98 IlH, 051(053) =0.0113 pF, Lp2 = 0057HH,
Cp2 = 1.975pF.

In SIW structures, as parallel LC resonators can be easily
implemented through short- and open-circuited vias, series LC
resonators should be transformed into parallel LC resonators.
Therefore, this design uses a quarter-wavelength transmission
line to convert the first and third series LC resonators into par-
allel LC resonators. The equivalent transformation circuit is il-
lustrated in Fig. 3. By ensuring that input impedances of the two
circuits are equal, the relationship between the inductance and
capacitance of the two configurations can be derived, as shown
in Equations (1) and (2). Substituting L (L) = 9.98nH,
Cs1(Cs3) = 0.0113pF, Z,,r = 58.92 into Equations (1)
and (2), the equivalent transformed inductance and capacitance
values are L., = 0.03923nH and C¢, = 2.875pF.

Leq - Zggrtc«sl (1)
le
eq — 2
¢ ! Zp20rt ( )

By replacing the series LC resonator in the bandpass filter
prototype in Fig. 2 with the equivalent parallel LC resonator
and the quarter-wavelength transmission line shown in Fig. 3, a
transformed bandpass filter prototype is obtained, as shown in
Fig. 4. To verify that the transformed bandpass filter prototype
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FIGURE 5. Frequency responses of the reflection and transmission co-
efficients for the original and transformed bandpass filter prototypes.

in Fig. 4 is functionally equivalent to the original bandpass fil-
ter prototype in Fig. 2, both circuits were simulated using the
Advanced Design System (ADS). Fig. 5 shows the frequency
responses of the reflection and transmission coefficients of the
two designs. As can be seen in Fig. 5, frequency responses of
the original and transformed bandpass filter prototypes agree
well, demonstrating the accuracy and effectiveness of the trans-
formation using a quarter-wavelength transmission line.

2.2. Circuit Implementation and Analysis

2.2.1. Quarter-Wavelength SIW

The quarter-wavelength transmission line of the transformed
bandpass filter prototype in Fig. 4 will now be realized with
a quarter-wavelength SIW in Fig. 6. The quarter-wavelength
SIW will be implemented on a Rogers® RO4003 substrate with
arelative dielectric constant of ¢, = 3.55, a substrate thickness
of h = 1.5mm, a conductor thickness of 35 um, and a char-
acteristic impedance of Z,,, = 58.92). To prevent leakage
from the SIW cavity sidewall vias and improve wave confine-
ment, the via diameter was designed to be d = 0.82 mm, and
the via pitch was designed to be p = 1.1 mm [9, 10]. To ensure
good reflection and transmission characteristics within the op-
erating frequency band (12-18 GHz), the cutoff frequency f.
of the TE |, mode was set to 10.26 GHz, resulting in an effec-
tive SIW width of Wy = 8.4mm. To determine the length
of the quarter-wavelength SIW shown in Fig. 6, a phase sim-
ulation was performed, and the simulated frequency response
of the phase is shown in Fig. 7. When the SIW length is set to
Lgw = 4.15 mm, the phase at 15 GHz is 89.9°, consistent with
the theoretical quarter-wavelength value of 90°. Furthermore,
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FIGURE 6. The quarter-wavelength SIW structure.
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FIGURE 7. Frequency response of the phase for the quarter-wavelength
SIW structure.

the port impedance Z,; of SIW obtained through simulation
confirms that the SIW impedance at 15 GHz is Z,,,; = 58.92 ().

2.2.2. First and Third LC Resonators

Reconsidering the transformed bandpass filter prototype in
Fig. 4, the first and third parallel LC resonators are identi-
cal. Their equivalent inductance and capacitance values are
Leq = 0.03923nH and C.; = 2.875pF, respectively. Since
the first and third parallel LC resonators are identical, only the
first LC parallel resonator needs to be considered, and the re-
sults will be applied to the third LC parallel resonator. The in-
ductance of the first parallel LC resonator can be implemented
using a short-circuited via connecting the top and bottom metal
layers, as shown in Fig. 8. By simulating the short-circuited
via in Fig. 8(a) with a via diameter of D,;, = 1.53 mm and the
equivalent inductance in Fig. 8(b) with an inductance value of
Lyis = Leg = 0.03923nH, the frequency responses of the re-
flection and transmission coefficients are shown in Fig. 9. The
frequency responses of reflection and transmission coefficients
for these two models show good agreement, indicating that the
short-circuited via structure provides the required inductance at
15 GHz.

To realize the equivalent capacitance of C., = 2.875pF,
two open-circuited vias were designed. The open-circuited
via is connected to the top metal layer, while a coaxially re-
moved annular region is provided in the lower ground layer,
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FIGURE 8. Short-circuited via and its equivalent inductance. (a) Short-circuited via. (b) Equivalent inductance.
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FIGURE 9. Frequency responses of the reflection and transmission co-
efficients for the short-circuited via and its equivalent inductance.

leaving the via open-circuited at ground, creating a capaci-
tive effect, as shown in Fig. 10(a). However, this structure
also introduces a parasitic inductance, forming a parallel LC
circuit as shown in Fig. 10(b). The diameter of the open-
circuited via is D,;, = 1.53 mm, and the ground removal gap
is G = 0.06mm. The value of the parasitic inductance is
L, = 0.06399nH, and the value of the equivalent capacitance
is Cyjy = Ceq = 2.875pF. To verify the equivalence of the two
circuits, a High Frequency Structure Simulator (HFSS) simula-
tion was performed on the open-circuited via in Fig. 10(a), and
an ADS simulation was performed on the equivalent inductance
and capacitance in Fig. 10(b). The frequency responses of the
reflection and transmission coefficients are shown in Fig. 11,
confirming that the open-circuited via structure can be well rep-
resented by the parallel LC circuit.

To realize the first parallel LC resonator of the transformed
bandpass filter prototype in Fig. 4, the short-circuited via in
Fig. 8(a) and the open-circuited vias in Fig. 10(a) are combined
as shown in Fig. 12(a). The diameter of the open-circuited via is
D,;; = 1.53 mm, and the ground removal gap is G = 0.06 mm.
As the open-circuited vias in Fig. 10(a) will introduce a para-
sitic inductance of L, = 0.06399 nH, the resonant frequency
of the short-circuited combined with the open-circuited vias
in Fig. 12(a) will shift downward to approximately 12.4 GHz.
To compensate for the influence of the parasitic inductance
L, = 0.06399 nH, the diameter of the open-circuited via D,
and ground removal gap G are optimized. As the parasitic in-
ductance L, is associated with open-circuited vias, the ground
removal gap G should be substantially optimized to alleviate
the influence of parasitic inductance L,,. As the effect of para-
sitic inductance L,, is alleviated, the diameter of short-circuited
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via D,;,, which is the same as the diameter of open-circuited
via D,;,, should be slightly optimized to compensate for the in-
fluence of alleviated parasitic inductance L,,. The optimized
diameter of the open-circuited via is D,;,, = 14 mm, and the
optimized ground removal gap is G = 0.17mm. HFSS sim-
ulations were performed on the short-circuited combined with
the open-circuited vias in Fig. 12(a), and ADS simulations were
performed on the equivalent inductance and capacitance cir-
cuit in Fig. 12(b) with L,;, = Leq = 0.03923nH and C\;, =
Ceq = 2.875pF. The frequency responses of the reflection and
transmission coefficients for the short-circuited combined with
open-circuited vias and their equivalent inductance and capac-
itance are shown in Fig. 13. The high degree of consistency of
the results verifies the accuracy and feasibility of the design.

2.2.3. Second LC Resonator

Reconsidering the transformed bandpass filter prototype in
Fig. 4, we will now discuss the design of the second parallel
LC resonator. While the structure of the second parallel LC res-
onator is the same as the structures of the first and third parallel
LC resonators, the resonator parameters are different, requiring
redesign of the via and gap geometry to meet specific require-
ments. The inductance and capacitance of the second parallel
LC resonator are L,y = 0.057nH and Cpy = 1.975pF, re-
spectively. The inductance of the second parallel LC resonator
can be implemented using a short-circuited via connecting the
top and bottom metal layers, as shown in Fig. 8. By simulat-
ing the short-circuited via in Fig. 8(a) with a via diameter of
D,;, = 1.28 mm and the equivalent inductance in Fig. 8(b)
with an inductance value of L,;;, = L,2 = 0.057nH, the fre-
quency responses of the reflection and transmission coefficients
are shown in Fig. 14. The frequency responses of the reflection
and transmission coefficients for these two models show good
agreement, indicating that the short-circuited via structure pro-
vides the required inductance at 15 GHz.

To realize the capacitance of Cpy = 1.975pF, two open-
circuited vias were designed. The open-circuited via is con-
nected to the top metal layer, while a coaxially removed annu-
lar region is provided in the lower ground layer, leaving the via
open-circuited at ground, creating a capacitive effect, as shown
in Fig. 10(a). However, this structure also introduces a parasitic
inductance, forming a parallel LC circuit as shown in Fig. 10(b).
The diameter of the open-circuited via is D,;, = 1.28 mm, and
the ground removal gap is G = 0.08 mm. The value of the
parasitic inductance is L, = 0.0944nH, and the value of the
equivalent capacitance is C,;, = Cpa = 1.975 pF. To verify the
equivalence of the two circuits, an HFSS simulation was per-
formed on the open-circuited via in Fig. 10(a), and an ADS sim-
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FIGURE 10. Open-circuited via and its equivalent inductance and capacitance. (a) Open-circuited via. (b) Equivalent inductance and capacitance.
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FIGURE 11. Frequency responses of the reflection and transmission
coefficients for the open-circuited via and its equivalent inductance
and capacitance.

ulation was performed on the equivalent inductance and capac-
itance in Fig. 10(b). The frequency responses of the reflection
and transmission coefficients are shown in Fig. 15, confirming
that the open-circuited via structure can be well represented by
the parallel LC circuit.

To realize the second parallel LC resonator of the trans-
formed bandpass filter prototype in Fig. 4, the short-circuited
via in Fig. 8(a) and the open-circuited vias in Fig. 10(a) are
combined as shown in Fig. 12(a). The diameter of the open-
circuited via is D,;, = 1.28 mm, and the ground removal gap
is G = 0.08mm. As the open-circuited vias in Fig. 10(a)
will introduce a parasitic inductance of L, = 0.08583nH, the
resonant frequency of the short-circuited combined with the
open-circuited vias in Fig. 12(a) will shift downward to ap-
proximately 12.4 GHz. To compensate for the influence of the
parasitic inductance L, = 0.08583nH, the diameter of the
open-circuited via D,;, and ground removal gap G are opti-
mized. As the parasitic inductance L, is associated with the
open-circuited vias, the ground removal gap G should be sub-
stantially optimized to alleviate the influence of parasitic in-
ductance L,,. As the effect of parasitic inductance L, is allevi-
ated, the diameter of short-circuited via D,,,, which is the same
as the diameter of open-circuited via D,;,, should be slightly
optimized to compensate for the influence of alleviated par-
asitic inductance L,. The optimized diameter of the open-
circuited via is D,;, = 1.24mm, and the optimized ground
removal gap is G = 0.19mm. HFSS simulations were per-
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formed on the short-circuited combined with the open-circuited
vias in Fig. 12(a), and ADS simulations were performed on the
equivalent inductance and capacitance circuit in Fig. 12(b) with
Lyia = Lpz = 0.057nH and C,;, = Cpz = 1.975pF. The
frequency responses of the reflection and transmission coeftfi-
cients for the short-circuited combined with open-circuited vias
and their equivalent inductance and capacitance are shown in
Fig. 16. The high degree of consistency of the results verifies
the accuracy and feasibility of the design.

2.2.4. Characteristic Impedance Z .+

To realize the characteristic impedance Z,,,+ = 58.92(), an
impedance matching structure was designed. The impedance
matching structure consists of a section of 58.92-() SIW in se-
ries with a section of 50-C2 microstrip line, as shown in Fig. 17.
Impedance matching was achieved when the section of 58.92-
Q SIW length was set to 1.95 mm. To verify the matching per-
formance, an HFSS simulation was performed, with the SIW
port deembedded to the position of the first parallel LC res-
onator and the input impedance Z;,, observed in this direction.
At 15 GHz, the input impedance Z;,, was approximately 59.6 €2,
which is close to the characteristic impedance Z,,,+ = 58.92 (2,
confirming that the matching structure met the design objec-
tives.

2.2.5. Third-Order SIW Bandpass Filter

By replacing the 90° transmission line in Fig. 4 with the quarter-
wavelength SIW structure shown in Fig. 6, the parallel LC
resonator in Fig. 4 with the short-circuited via with the open-
circuited via structure shown in Fig. 12, and the characteristic
impedance Z,,, = 58.92() with the 58.92-() SIW in series
with 50-Q2 microstrip line shown in Fig. 17, a SIW bandpass
filter using the short- and open-circuited vias can be formed as
shown in Fig. 18. The SIW bandpass filter using the short- and
open-circuited vias in Fig. 18 was simulated using HFSS, and
the frequency responses of simulated reflection and transmis-
sion coefficients are shown in Fig. 19. This filter has a passband
range of 14.15 GHz to 15.86 GHz, with a reflection coefficient
|S11] below —10dB throughout the entire passband, demon-
strating good passband characteristics and impedance match-
ing. However, parasitic effects in the actual structure can cause
slight differences between the HFSS and equivalent circuit re-
sponses, requiring further design fine-tuning. To compensate
for this effect, the via diameters and gap spacing of the three res-
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PR SUENEN PN RN N onant cavities were optimized. The optimized dimensions are

' = listed in Table 1, and the updated simulation results are shown

Zi=59-6 2 5 in Fig. 19. The deviated center frequency at 15.2 GHz has been

De-embed h corrected back to 15 GHz, eliminating the passband offset.
i 3.82 mm
g
3 2.2.6. Implementation and Measurement Results

-

To verify the performance of the SIW bandpass filter using the
short- and open-circuited vias, the SIW bandpass filter using
the short- and open-circuited vias shown in Fig. 18 was fab-
ricated as shown in Fig. 20. To facilitate the measurement,
SMA connectors were soldered to the input/output microstrip

FIGURE 17. A series connection of a section of 58.92-(2 SIW and
a 50-$2 microstrip line.
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TABLE 1. Dimensions of the STW bandpass filter using the short- and open-circuited vias before and after optimization.

Dvia(left,righl) G(left,right) Dvia(mid) G(mid) d
Original 1.4 0.17 1.24 0.19 4.15
Optimized 1.17 0.19 1.21 0.185 | 4.15
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FIGURE 18. The SIW bandpass filter using the short- and open-circuited vias. (a) Top view. (b) Bottom view.
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FIGURE 19. The frequency responses of the reflection and transmis-
sion coefficients for the SIW bandpass filter using the short- and open-
circuited vias.

lines. After calibrating the Agilent ES071C vector network an-
alyzer (VNA) using the Keysight 85521A calibration kit, the
filter’s S-parameters were measured and compared with HFSS
simulation results as shown in Fig. 21. As can be seen from
Fig. 21, the measurement result agrees well with the simula-
tion one. The measured reflection coefficient |S};| remains be-
low —10dB within the passband, indicating good impedance
matching. The measured transmission coefficient |Sy; | exhibits
the multi-resonance characteristics of a third-order bandpass
filter. However, the measured |Sy;] is slightly lower than the
simulated | Sy, which is likely due to losses introduced by the
SMA connectors.

3. SINGLE-SLOT SIW BANDPASS FILTER USING
SHORT- AND OPEN-CIRCUITED VIAS

3.1. Circuit Implementation and Analysis

To implement a filter with a transmission zero, a parallel LC
resonator can be cascaded to the transformed bandpass filter
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prototype shown in Fig. 4, forming a single-zero bandpass fil-
ter prototype as shown in Fig. 22. The parallel LC resonator
exhibits high impedance at its resonant frequency. When be-
ing placed in the main transmission path, it blocks signal prop-
agation, forming a significant transmission zero and enhanc-
ing the filter’s out-of-band suppression. When the parallel LC
resonator has an inductance of L = 0.01695nH and a ca-
pacitance of C' = 5.74048 pF, a transmission zero is gener-
ated at 16.2 GHz. To verify the generated transmission zero,
the single-zero bandpass filter prototype shown in Fig. 22 is
simulated by ADS, and the frequency responses of reflection
and transmission coefficients are shown in Fig. 23. This figure
clearly shows a significant drop in the transmission coefficient
near 16.2 GHz, confirming that the structure successfully cre-
ates the desired transmission zero.

The cascaded parallel LC resonator in Fig. 22 can be im-
plemented with a single slot as shown in Fig. 24(a). Its orig-
inal dimensions are listed in Table 2. HFSS simulations were
performed on the single-slot structure in Fig. 24(a), and ADS
simulations were performed on the cascaded parallel LC res-
onator in Fig. 24(b). The frequency responses of reflection and
transmission coefficients are shown in Fig. 25. As can be seen
from Fig. 25, the simulation results for the single-slot structure
closely match those for the cascaded parallel LC circuit res-
onator, confirming that the single slot structure can effectively
represent a cascaded parallel LC resonator.

By integrating the single-slot structure shown in Fig. 24(a)
with the SIW bandpass filter using the short- and open-circuited
vias shown in Fig. 18, a single-slot SIW bandpass filter using
the short- and open-circuited vias can be realized as shown in
Fig. 26. The slot is located in the quarter-wavelength SIW por-
tion of the filter, eliminating the need to increase circuit area.
However, this combination introduces coupling effects, caus-
ing the transmission zero to shift downward from the intended
16.2 GHz to approximately 15.5 GHz. To address this issue,
the slot dimensions must be adjusted to shift the transmission
zero back to the target frequency of 16.2 GHz. The adjusted
dimensions are listed in Table 2. Fig. 27 shows the HFSS sim-
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FIGURE 20. Real circuit of the SIW bandpass filter using the short- and open-circuited vias. (a) Top view. (b) Bottom view.
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FIGURE 21. Comparison between the simulated and measured frequency responses of the reflection and transmission coefficients for the SIW

bandpass filter using the short- and open-circuited vias.
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FIGURE 22. The single-zero bandpass filter prototype.
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FIGURE 23. The frequency responses of the reflection and transmission
coefficients for the single-zero bandpass filter prototype.

ulation results of the single-slot SIW bandpass filter using the
short- and open-circuited vias in Fig. 26. The results show
good agreement between the physical layout and the equivalent
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TABLE 2. Dimensions of the single-slot structure before and after op-
timization (unit: mm).

H h w w
533 | 2.7 | 1.76 | 0.3
533 | 257 | 1.76 | 0.3

Original
Optimized

circuit model, with a transmission zero observed at 16.2 GHz
where |5, | is below —20 dB.

3.2. Implementation and Measurement Results

To verify the performance of the single-slot SIW bandpass filter
using short- and open-circuited vias, the single-slot SIW band-
pass filter using the short- and open-circuited vias in Fig. 26
is fabricated as shown in Fig. 28. To facilitate measurement,
SMA connectors were soldered to the microstrip input and out-
put ports. An Agilent ES071C vector network analyzer was
calibrated using a Keysight 85521A calibration kit. Subse-
quently, S-parameters of the fabricated filter were measured
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FIGURE 26. Single-slot STW bandpass filter using the short- and open-circuited vias. (a) Top view. (b) Bottom view.

— Equivalent_|S,,|
- Equivalent_|S,|
~ + Full wave_|S, |
— - Full wave_|S, |

— Y
) AY
2 - ;_,\’\\
= Q
2} .
N
® . N~
T ~.
%) S
- ~
1
17 18

Frequency (GHz)

FIGURE 27. Frequency response of the reflection and transmission co-
efficients for the single-slot SIW bandpass filter using the short- and
open-circuited vias.
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and compared with HFSS simulation results. A comparison
of the simulated and measured frequency responses is shown
in Fig. 29. As can be seen from Fig. 29, the overall trends
of the measured and simulated frequency responses are well
aligned. The measured reflection coefficient |.S} | remains be-
low —10dB within the passband, indicating good impedance
matching, while the transmission coefficient | S| exhibits the
expected multi-resonant characteristics of a third-order band-
pass filter. However, the measured |S,;| is slightly lower than
the simulated |S,; |, which is attributed to the losses introduced
by the SMA connectors. The discrepancy between the simu-
lated and measured |S},| within the 14-15 GHz range may be
attributed to the imperfect soldering effect of SMA connectors.
Regarding the transmission zero, simulations predict a deep
notch at 16.2 GHz, while measurements show a slight shift to
around 16.5 GHz. The slight deviation is caused by the manu-
facturing tolerances of the single slot structure.
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FIGURE 29. Comparison between the simulated and measured frequency responses of the reflection and transmission coefficients for the single-slot

SIW bandpass filter using the short- and open-circuited vias.
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FIGURE 30. Double-slot STW bandpass filter using the short- and open-circuited vias. (a) Top view. (b) Bottom view.
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FIGURE 31. Comparison between the simulated and measured fre-
quency responses of the reflection and transmission coefficients for
the double-slot SIW bandpass filter using the short- and open-circuited
vias.
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4. DOUBLE-SLOT SIW BANDPASS FILTER USING
SHORT- AND OPEN-CIRCUITED VIAS

4.1. Circuit Implementation and Analysis

To enhance out-of-band suppression, two single-slot structures
shown in Fig. 24(a) are integrated with the SIW bandpass filter
using the short- and open-circuited vias shown in Fig. 18, and
a double-slot SIW bandpass filter using the short- and open-
circuited vias can be realized as shown in Fig. 30. The slot
is located in the quarter-wavelength SIW portion of the filter,
eliminating the need to increase circuit area. The dimensions
of the double slots are listed in Table 2. An HFSS simulation of
the double-slot SIW bandpass filter using the short- and open-
circuited vias in Fig. 30 was performed, and the frequency re-
sponses of reflection and transmission coefficients are shown in
Fig. 31. As can be seen from Fig. 31, the double-slot structure
enhances the suppression depth of the transmission coefficient
around 16.2 GHz, achieving |S;| below —30 dB. As compared
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(a)
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FIGURE 32. Real circuit of the double-slot SIW bandpass filter using the short- and open-circuited vias. (a) Top view. (b) Bottom view.

TABLE 3. Comparison of SIW filters using various techniques.

. . Frequency 3dB Max IL RL Max Stopband Size
SIW Filter Using .

Band BW (%) (dB) (dB) rejection (dB) | (Mg X Ag)
Coupled Slots [9] Ku 3.93/3.47% | < 1.15/1.45|> 27/25 None 1.95 x 0.97
Defected Microstrip Slot [10] KwK  |4.39/10.1/7.9% < 0.6 > 20 None 1.95 x 0.97
Cavity [11] X 8.3% <2 > 10 None 2.83 x 0.71
Mushroom-Shaped Resonators [14] C 4.65% <5 > 20 > 60 1.39 x 0.64
Defected Ground Structure [16] Ka 26.92% <2 > 10 > 30 2.02 x 0.76

E-Shaped Defected Ground Structure [19] C 5.8/6.45% < 3.6 > 15 > 35 0.2 x 0.2
imulati K 139 1. 1 1.04 71

SC and OC Vias Simulation u 3% <15 > 10 None 04 x 0.7
Measurement Ku 9.82% <3 > 10 None 1.04 x 0.71
Simulati K 13.089 2 1 2 1.04 71

SC and OC Vias with Single-Slot {muration 4 % < > 10 > 20 04> 0.7
Measurement Ku 9.82% <5 > 10 > 20 1.04 x 0.71
imulati K 13.47¢ 2 10 50 1.04 x 0.71

SC and OC Vias with Double-Slot Simulation - % < > > X

Measurement Ku 9.82% <5 > 10 > 30 1.04 x 0.71

with the transmission coefficient for the single-slot SIW band-
pass filter using the short- and open-circuited vias in Fig. 27,
the transmission coefficient around 16.2 GHz is reduced from
—20dB to —30dB.

4.2. Implementation and Measurement Results

To verify the performance of the double-slot SIW bandpass fil-
ter using short- and open-circuited vias, the double-slot STW
bandpass filter using the short- and open-circuited vias in
Fig. 30 is fabricated as shown in Fig. 32. To facilitate mea-
surement, SMA connectors were soldered to the microstrip in-
put/output ports. After calibrating a vector network analyzer
(Agilent E5071C) using the Keysight 85521A calibration kit,
S-parameters were measured and compared with HFSS sim-
ulation results. A comparison of the simulated and measured
results is shown in Fig. 31. The measurement results agree
well with the simulation ones. The measured reflection coef-
ficient |.S;| remains below —10 dB within the passband, indi-
cating good impedance matching. The measured transmission
coefficient |Sy | also exhibits multi-resonance characteristics of
the third-order bandpass filter. However, the measured |Sy;|
is slightly lower than the simulated |.S,;|, which is likely due
to the losses introduced by SMA connectors. Regarding the
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high-frequency notch, the simulation result predicts a notch fre-
quency of 16.2 GHz, while the measured notch frequency shifts
slightly to around 16.5 GHz, primarily due to manufacturing
etching errors. Nevertheless, the double-slot structure demon-
strates superior notch suppression compared to the single-slot
structure, with a minimum |S, | below 30 dB.

5. CONCLUSION

This paper proposes a compact substrate-integrated waveguide
(SIW) bandpass filter with transmission zeros. First, a SIW
bandpass filter using the short- and open-circuited vias was
realized. The filter has a passband range of 14.15GHz to
15.86 GHz and a reflection loss | S| below —10dB, demon-
strating good matching and passband performance. To enhance
the filter’s out-of-band suppression, a single-slot structure is in-
troduced within the quarter-wavelength SIW segment. Since
the single-slot structure is implemented within the quarter-
wavelength SIW segment, no additional circuit area is required.
The single-slot SIW bandpass filter using short- and open-
circuited vias produces a transmission zero at 16.5 GHz with
an insertion loss below —20 dB. To further enhance the filter’s
out-of-band suppression, a double-slot structure is introduced
within the quarter-wavelength SIW segment, creating a deeper
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zero at the same frequency and significantly improving stop-
band rejection while maintaining the original passband charac-
teristics. The insertion loss at the 16.5 GHz transmission zero
is below —30 dB for the double-slot SIW bandpass filter using
short- and open-circuited vias. This design offers advantages
such as high selectivity, compact size, and a simple structure,
making it suitable for filtering applications that require trans-
mission zeros in high-frequency communications and radar sys-
tems. To verify the accuracy of the design, three filters were
fabricated and measured: a SIW bandpass filter using short-
and open-circuited vias, a single-slot SIW bandpass filter using
short- and open-circuited vias, and a double-slot SIW bandpass
filter using short- and open-circuited vias. The measured results
agree well with the simulated ones, confirming the accuracy
of the design. Table 3 compares the SIW filters using various
techniques; among them, the double-slot SIW bandpass filter,
which utilizes short- and open-circuited vias, exhibits good per-
formance.
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