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ABSTRACT In this paper, a narrowband bandpass filter comprising substrate integrated waveguide (SIW)
and spoof surface plasmon polaritons (SSPPs) is proposed, achieving miniaturization and low insertion loss
at Ka-band. SIWs and SSPPs exhibit low and high cut-off responses, respectively, which can be combined
for filtering functionalities. By designing I-shaped SSPP structures with large effective length, the cut-off
frequencies of SIW and SSPPs can be tailed to converge at a certain frequency for the narrowband filter,
where the SIW mode functions as a quasi-evanescent mode, and the mode impedance ramps fast. A sharp
funnel-shaped transition is designed to connect SIW with a large impedance and 50-2 microstrip line for low
insertion loss and a compact profile. In addition, no transitional SSPP structures are desired in the proposed
devices, which further shortens the profile dimension. To verify our design, a hybrid filter at 30 GHz is
fabricated and characterized. The measured insertion loss is as low as 1.5 dB, and the 3-dB bandwidth is as
narrow as 3%, which shows good consistency with the simulation. The proposed SIW-SSPP device has a
low profile of 0.70 A x 0.38 A and may find important applications in frequency division multiplexing.

INDEX TERMS Bandpass filter, miniaturization, narrowband, substrate integrated waveguide (SIW), spoof
surface plasmon polariton (SSPP).

I. INTRODUCTION tions in microwave circuits [3], filters [4], antennas [5], and

Substrate integrated waveguide (SIW) is a waveguide-like
structure fabricated in a dielectric substrate with two rows
of periodic metallic vias connecting the top and bottom
metallic conductors [1], [2]. It preserves most of the advan-
tages of air-filled waveguides, such as low loss, high
power handling capability, and high electromagnetic com-
patibility, and achieves low profile, low weight, and sim-
ple circuit integration, enabling many important applica-

The associate editor coordinating the review of this manuscript and

approving it for publication was Qilian Liang

front-end modules [6]. Recently, STW-spoof surface plasmon
polariton (SSPP) hybrid devices have gained great inter-
est [7], [8], [9], [10], [11], [12], [13]. Surface plasmon polari-
tons (SPPs) are surface waves propagating along the interface
between a dielectric and a noble metal at optical frequencies,
where the metal shows plasmonic properties [14]. However,
the noble metals are typically considered as perfect electric
conductors (PECs) below infrared frequencies, and thus can-
not guide SPPs at terahertz and microwave frequencies [15].
In 2004, Pendry theoretically demonstrated SPP-like sur-
face waves on periodic metal holes [16], which is typically
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referred to as SSPPs and shows a high cut-off response at its
effective plasmon frequency as its optical counterparts [17].
In 2011, 2-D SSPP structure was demonstrated by Kats et
al, which consists of periodic vertical grooves on a metal
plate [18]. In 2014, 1-D SSPP structure, i.e., a single metal
line with periodic planar corrugations, was proposed by
Ma et al. [19], which can be friendly integrated with the con-
ventional transmission lines, such as microstrip lines (MSLs)
and co-planar waveguides (CPWs) [20]. In 2015, a broadband
bandpass filter with SIW and SSPP cascaded in series was
reported, which consists of a high pass filter induced by
the TE;¢p mode of SIW and a low pass filter on SSPPs [8].
Since then, several kinds of SIW-SSPP hybrid filters have
been investigated based on the cut-off responses of SIWs and
SSPPs.

In 2017, 2-D SSPPs with periodic vertical blind vias
designed on the bottom electrode of SIW were demon-
strated in multilayer circuits, which enables the first
SIW-SSPP hybrid filter with a wide passband rang-
ing from 16.1 to 254 GHz [7]. Later, 1-D SSPPs
were designed in the top electrode of SIWs, and a
SIW-SSPP hybrid filter with a 3-dB bandwidth of 44%), i.e.,
7.3-11.2 GHz, was reported [9]. To achieve low pro-
files, this kind of 1-D SSPPs has been investigated in
half-mode SIW (HMSIW) and enables broadband hybrid
filters with a 3-dB bandwidth of up to 70% [11], [12], [13].
In the last two years, dumbbell SSPP slots were pro-
posed for the hybrid filters with a 3-dB bandwidth of
>19.6% [21], [22]. It is interesting to note that these reported
SIW-SSPP hybrid filters are wideband devices with TEjg
mode [7], [8], [9], [10], [11], [12], [13], [21], [22]. To match
the mode profiles of transition lines and SIWs, the corre-
sponding transitions are typically composed of long transmis-
sion line tapers [7], [8], [9], [10], [11], [12], [13], [21], [22].
These long tapers have been widely used in SIW circuits
for decades [5]. In addition, transitional SSPP structures
are required to match the momentum of transmission lines
and SSPPs gradually for low attenuation [23]. However, the
long MSL-to-SIW tapers and transitional SSPP structures
significantly enlarge the filter length, which typically makes
the electrical length of hybrid filters in several wavelength
scales [7], [8], [9], [10], [11], [12], [13], [21], [22].

In this paper, a novel SIW-SSPP hybrid bandpass filter is
designed and demonstrated, achieving a 3-dB bandwidth of as
narrow as 3%, a low insertion loss of 1.5 dB at 30 GHz, and
the lowest profile to the best of the authors’ knowledge among
the STW-SSPP filters. To make the cut-off frequencies of STW
and SSPPs approach, I-shaped SSPP slots are designed in
the top SIW electrode and thus provide a larger effective
length than the typical rectangular slots. Differing from the
reported wideband hybrid filter, the proposed filter is based
on a quasi-evanescent mode at the SIW cut-off frequencies,
whose mode impedance is as large as several hundred ohms.
In this case, a sharp funnel-shaped taper is designed to con-
nect MSLs and proposed filter for impedance matching. The
beauty of this design is that no transitional SSPP structures
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are desired, which significantly reduces the device length
down to sub-wavelength scales. The paper is organized as
follows. In Section II, the design principle and equivalent
circuit model of the hybrid filter are discussed, and the short
taper transition is designed and optimized. Then, experiment
details will be discussed in Section III. Finally, the conclusion
will be given in the last section.

Il. DESIGN AND SIMULATION

Similar to the classic rectangular metallic waveguide, the
fundamental mode of SIW is TEj9 mode, the propagation
constant of SIW can be expressed as

2
T

~ 8uk2—( ) @)
Bsrw \/r rko Wi

where Wj;,, represents the width of SIW, ¢, and w, are the
relative permittivity and permeability of the substrate, and
ko is the wave number in free space [24]. In this case, the
corresponding cut-off frequency is given by
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where cq represents the free-space light speed [25]. On the
other hand, the dispersion properties of SSPPs are typically
determined by the dimensions of the periodic grooves as

vapl 2

Bsspp = ko\/ Ee + Eytan® (kO\/E of Lw)’ &)
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where W1 is the width of the groove, Py, is the period of
the grooves, Ly, is the groove length, E.p is the effective
permittivity for metal grooves [26]. The cut-off frequency of
SSPPs can be obtained by

foospp =
o 4Lpp /e eff '

According to the above equations, it can be found that the
SIWs have a low cut-off response, and SSPPs have a high
cut-off response. Combining SIWs and SSPPs can obtain
bandpass filters, whose bandwidth can be tailed by sweeping
the dimensions of SIW and SSPP structures. In this work,
the proposed SIW-SSPP hybrid filter is designed on a 10-mil
thick Rogers 5880 substrate, which has a relative permittivity
of 2.2 and a loss tangent of less than 0.0009. The laminated
copper layer has a thickness of 18 um. The center frequency
of the passband is chosen at around 30 GHz, which is of
great importance for the fifth generation (5G) communication
applications. Ansys High Frequency Structural Simulator
(HFSS) is employed for the detailed analysis in the follow-
ing sections. Unlike the optical SPPs in the optical domain,
copper is typically treated as a good conductor with a relative
permittivity of 1 and a bulk conductivity of 5.8¢7 S/m at
microwave frequencies in our simulation.

“
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FIGURE 1. Eigen mode simulation and analysis. (a) Dispersion relation of SIWs with low cut-off response, (b) dispersion relation of SSPPs with
high cut-off response, and (c) dispersion relation of SIW-SSPP hybrid structure exhibiting both cut-off responses.

TABLE 1. Dimensions of the Proposed Hybrid Filter at 30 GHz.

Wi Teopper Lpns Wns
3.76 mm 18 um 3 mm 0.66 mm
Loy Loppi Py Liw
2.30 mm 0.43 mm 0.70 mm 6.4 mm
Wsppl VVSPP2 L, W,
0.16 mm 0.10 mm 0.20 mm 0.10 mm
d P LSWZ
0.4 mm 0.91 mm 0.38 mm

A. EIGEN MODE SIMULATION

To precisely obtain the cut-off frequencies, eigen mode sim-
ulation is performed for SIW, SSPP, and SIW-SSPP hybrid
unit cells, which are depicted as the inserts in Fig. 1. The
dispersion relation of SIWs is illustrated in Fig. 1(a). It can
be seen that the cut-off frequency f._g;, increases as the
SIW width Wg;,, decreases, showing good consistency with
Equation (2). For instance, the SIW cut-off frequency is
33.6 GHz at Wy;,, = 3 mm. Figure 1(b) shows the dispersion
relation of the conventional SSPPs with rectangular grooves.
As the groove length Ly, enlarges, the high cut-off frequency
of SSPPs f,_pp decreases. At Ly, = 3 mm, the corresponding
cut-off frequency is 38 GHz for the SSPPs with a period p =
0.7 mm. In this case, it is easy to get a bandpass filter by
combining SIWs and SSPPs, whose bandwidth narrows as
the cut-off frequencies of SIW and SSPP structures approach.
Ideally, at Wy, = Lgp = 3.0 mm and Py, = 0.7 mm, the
passband of a SIW-SSPP filter should be from 33.6 to 38 GHz
approximately, i.e., as broad as 12%.

In the practical SIW fabrication, Lg,, should be much
smaller than W;,,. Firstly, the metallic vias for SIW sidewalls
typically have annual rings of 0.1-0.2 mm for surface fin-
ish [27], which significantly limits Ly, at high frequencies
as the device size gets smaller. Secondly, the long SSPP slots
near the SIW sidewall will introduce additional leakage loss
for SIWs, which is not preferred for filter design. In this case,
narrowband SIW-SSPP hybrid filter cannot be obtained with
simple rectangular slots for SSPPs. To overcome this limit, I-
shaped slots are designed to lower the SSPP cut-off frequency
Je—spp in this work, as illustrated in Fig. 2(a). L1 and
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FIGURE 2. SIW-SSPP unit cell for simulation. (a) Top view of hybrid
structure and its zoom-in picture for I-shaped slot, (b) Dispersion curves
with Lgp,; variation.

Lgppo are induced to further increase the effective length of
the SSPP slot. Typically, the minimum fabrication resolution
is 0.1 mm in the commercial printed-circuit-board (PCB)
manufacturing so that Wy, is fixed as 0.1 mm, and Lg,
is limited to 0.38 mm due to the fixed period of SSPP slots.
Alternatively, increasing Lgpp1 can efficiently push f.—
downwards to 30 GHz, as shown in Fig. 2(b), and thus enables
narrowband hybrid filter.

At Wy, = 3.76 mm and Py, = 0.7 mm, the original SIW
cut-off frequency is at 26.5 GHz. As Ly,,1 increases from
0.33 t0 0.53 mm, the SSPP cut-off frequency f.p, decreases
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FIGURE 3. The equivalent circuits models of (a) a SIW with a rectangular slot, (b) a SIW with an I-shaped slot, and (c) the

proposed hybrid SIW-SSPP filter with I-shaped slots.

from 32.5 to 30 GHz, and the SIW cut-off frequency f,_ iy
decreases from 26.5 to 25.6 GHz. This phenomenon reveals
that the SSPP modes dominate as the cut-off frequencies con-
verge and push the SIW cut-off frequency to low frequencies
slightly. The detailed dimensions for an optimized hybrid
filter at 30 GHz are listed in Table 1.

B. EQUIVALENT CIRCUIT MODEL

Typically, SIW can be depicted as the classic transmission
model with the distributed resistance and inductance in series
and capacitance and conductance in parallel, which is the
same as the rectangular waveguide [12]. Neglecting the resis-
tive and conductive attenuation, the equivalent circuit of a
SIW with a rectangular slot is illustrated in Fig. 3(a). A shunt
inductor Lo is induced in parallel to the capacitor Cy by the
slot as the current encounters a bend in the slot [28], which
corresponds to a bandpass function. In this case, the proposed
SIW with the I-shaped slot can be modeled as three L-C
parallel resonators cascaded in series, as shown in Fig. 3(b).
Cop, C1, and C; are the capacitances induced by the length
Lyyp, Lepp1, and Lgy, in the I-shaped slot, respectively, and
Lo1, L1y, and Ly are the corresponding shunt inductances.
The values of Cy, C1, and C; can be expressed as [12]:

Co = E0Er (Wsiw - Lspp) Wsppl ’ (5)
4t

C, = €o¢r (inw _2jLspp1) Wipp2 ’ 6)

C, = E0Er (Wsiw - 2Wsppl) (Lspp2 - Wsppl) ’ )

4t
where &y is the vacuum dielectric constant, and ¢ is the
substrate thickness. Lo, L1, and L, are the serious inductances
for SIW along the signal propagation direction. Figure 3(c)
illustrates the equivalent circuit model of the proposed hybrid
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SIW-SSPP filter with two I-shape slots. L, and C,, are the
inductance and mutual coupling capacitance between the
I-shaped slots.

As Lgy,, gets larger, the capacitance Cy enlarges, and thus
the SSPP cut-off frequency f._g,, red shifts, as shown in
Fig. 1(b). Similarly, C; enlarges as Ly increases, leading
to a redshift of the SSPP cut-off frequency, as illustrated
in Fig. 2(b). Compared to the classic rectangular slot, the
I-shaped slot has additional sub-slots to increase the equiv-
alent length, which further reduces the cut-off frequency of
the SSPP. Based on the above analysis, the cut-off frequency
of the I-shaped SSPPs in the proposed hybrid filter can be
expressed as:

€0
4(Lspp + 4Lspp1 + 2L3pp2)\/ggﬁ ’

®)

Je—spp &

The analytical data of the equivalent circuit in Fig. 3(c) will
be discussed together with HFSS simulation in the following
section.

C. THREE-DIMENSIONAL SIMULATION

Based on the above eigen mode analysis, 3-D models of
SIW, MSL-to-SIW transition, and hybrid filter are built and
simulated with absorption boundary in HFSS driven mode,
as shown in Fig. 4. The proposed device comprises one SIW
and two I-shaped slots on the top electrode of the SIW. The
length of SIW Lg;,, is 6.4 mm. To input and output signals,
a short taper is designed to connect the hybrid filter and
two MSLs, which has been widely used for MSL based
interdigital and comb-line filters [29]. The width of the MSLs
is chosen as 0.66 mm for 50-2 impedance, and the length and
width of the funnel-shaped taper are denoted as L; and W;,
respectively.

VOLUME 11, 2023
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FIGURE 4. Microstrip-to-SIW short taper transition and SIW-SSPP hybrid filter. (a) 3-D driven model of the funnel-shaped sharp transition, (b)
simulated effective impedance of SIW, (c) simulated S,; with different taper width W; for the sharp transition, (d) 3-D driven model of the proposed
device at 30 GHz, (e) simulated S,; with various W;, and (f) simulated propagation loss of microstrip line and SIW.
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FIGURE 5. Dimension optimization for the proposed SIW-SSPP hybrid filter. (a) Lspp variation, (b) Lsppy variation, (c) Wspp; variation, and (d) Lgj,
variation.

Due to the cut-off response, the effective impedance of
SIW ramps fast near the cut-off frequency. To optimize
the MSL-to-SIW transition, a short taper structure is inves-
tigated, as shown in Fig. 4(a). The width and length of
SIW are 3.76 and 6.4 mm, respectively, and the length of
MSL is 3 mm. Figure 4(b) illustrates the dispersive effective
impedance of SIW, which is as large as 300 Ohms at 30 GHz.
In this case, large MSL impedance at small W; is benefi-
cial for reducing transition loss near the cut-off frequency,
as shown in Fig. 4(c). For instance, a flared taper with W; =
1.2 mm is suitable for broadband transition above the cut-off
frequency, however, whose insertion loss is relatively large
near the cut-off frequency. As W, decreases, the insertion
loss at 30 GHz reduces, which is as small as 1.12 dB at
W; = 0.Imm. In this regard, a funnel-shaped sharp taper
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with W; = 0.1mm is chosen for the following filter design.
In order to analyze the insertion loss of the sharp transition,
the attenuation properties of MSL and SIW are simulated,
as shown in Fig. 4(f). The propagation loss of the MSL and
SIW in Fig. 4(a) and 4(d) is around 0.06 and 0.07 dB/mm
at 30 GHz, respectively, and the total propagation loss of MSL
and SIW is 0.82 dB. In this case, the insertion loss of a single
transition can be estimated as 0.15 dB.

Next, the SIW-SSPP hybrid filter with a funnel-shaped
sharp transition in Fig. 4(d) is investigated. Considering the
fabrication resolution limit and mechanical stability during
fabrication, W; is further swept for optimizing the pro-
posed device. £50-um fabrication tolerance will not signifi-
cantly affect the performance of the hybrid filter, as shown
in Fig. 4(e). However, the out-of-band reflection increases
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distributions at (b) 24 GHz, (c) 30 GHz, and (d) 36 GHz, and (e) simulated magnetic field distributions of the SIW and SIW-SPP hybrid structures.

slightly above 32 GHz as W, gets larger, which is due to
the decreasing impedance of SIW as the frequency increases.
In sum, W; = 0.1 mm and L, = 0.2 mm are chosen for the
short taper, the latter of which is as small as 0.02 A at 30 GHz.
Changing L; from 0.1 to 0.3 mm does not change the insertion
loss at 30 GHz significantly.

In addition, parameter variation of SSPP slots has been
studied in Fig. 5. As Ly, gets larger, the SSPP cut-off fre-
quency fo—spp red shifts, as shown in Fig. 5(a), which reveals
good consistency with the eigen mode simulation in Fig. 1(b).
Even if the SSPP cut-off frequency is lower than the SIW cut-
off frequency, considerable signals still propagate through the
devices due to the SSPP mode, see the green line in Fig. 5(a).
Similarly, as Ly increases, leading to a redshift for the
SSPP cut-off frequency, as illustrated in Fig. 5(b). Figure 5(c)
depicts the S; variation with respect to the Wy,,1. As Wy,
increases, corresponds to a blue shift of SSPP cut-off fre-
quency. In addition, the S-parameter variation with respect to
SIW length is illustrated in Fig. 5(d). As Ly, increases, the
out-of-band attenuation improves, however, which slightly
enlarges the insertion loss.

In sum, Ly, is chosen as 2.3 mm, Ly, is chosen as
0.43 mm, and Wy is chosen as 0.16 mm for the optimized
hybrid filter at 30 GHz, as depicted in Table 1. The corre-
sponding S11 and S»; are shown in Fig. 6(a). It can be noticed
that the insertion loss is as low as 1.3 dB at 29.8 GHz, and the
3-dB bandwidth is as narrow as 3% with respect to the center
frequency of 30 GHz. The out-of-band attenuation is -20 dB
at 27.5 and 31.8 GHz, respectively. The analytical data of the
equivalent circuit in Fig. 3(c) are also illustrated in Fig. 6(a),
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FIGURE 7. Simulated attenuation of the MSL-SIW-MSL structure with
various number of SSPP slots. (a) S,; with respect to frequency.
(b) Attenuation with respect to the SSPP slot number at 30 GHz.

showing good agreement with the full-wave simulation,
which is fitted by using Advanced Design System (ADS).
Figure 6(b)-(e) illustrates the simulated electric and magnetic
field distributions at different frequencies. At 24 GHz, the
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TABLE 2. Performance comparison of SIW-SSPP hybrid filters.

Center Freq. Lengthx Lower Band Upper Band
Work /GHz 4 BW 1L/dB Widgth/x Rejection Il;le)jection Type

7 20.8 43.8% >1 3.94%0.46 -20dB@Under 14GHz -25dB@26.5~30GHz SIW&2-D SSPP
8 16.7 57.6% >0.8 3.92%0.49 -25dB@5~12GHz -20dB@22.3~30GHz SIW&SSPP in series
9 9.3 44% >2 2.54%0.48 -20dB@Under 7GHz -40dB@11.8-19.8GHz SIW&1-D SSPP
10 5.7 13.3% >1.7 1.17%0.40 -20dB@5.2~5.4GHz -20dB@6~6.4GHz SIW&2-D SSPP
11 12 70% >1.1 2.68x0.24 -25dB@Under 6.8GHz -12.5dB@16.5GHz HMSIW&1-D SSPP
12 23.8 70% >0.8 4.70x0.32 -25dB@Under 12GHz -20dB@37~40GHz HMSIW&!1-D SSPP
13 6 59.3% >1.9 1.90x0.20 -25dB@Under 3GHz -31.6dB@8.6~16GHz HMSIW&1-D SSPP
21 33 19.2% >3.6 1.1x0.26 -25dB@Under 3GHz -34dB@3.7~6GHz HMSIW&1-D SSPP
22 9.27 60.8% >0.9 3.01x0.44 -20dB@Under 5.8GHz -20dB@13.5~20GHz HMSIW&1-D SSPP
25 8.6 42% >1.2 1.25x0.63 -25dB@Under 6GHz -20dB@10.35~15GHz SIW with U-slot
30 35 13.3% >1.1 0.16x0.08 -22dB@Under 28GHz -15dB @42~60GHz GaAs IPD
31 4.4 8.5% >1.4 0.5%0.5 -30dB@Under 4GHz -22dB@4.8~6.8GHz Microstrip Resonators
32 29.6 4.8% >1.3 6.39%6.39 -15dB@Under 26GHz -15dB@32.4-34GHz Microstrip Resonators

This work 30 3% >1.5 0.70x0.38 -25dB@Under 26GHz -17dB@33~60GHz SIW&1-D SSPP

BW denotes the bandwidth.
IL and RL denote the insertion loss and return loss, respectively.
A denotes the wavelength at center frequency.

signals are reflected significantly at the interface between the
MSL and SIW due to the cut-off response of SIW, as shown
in Fig. 6(b). Evanescent waves propagating into the SIW
decay exponentially in the Z-direction. At 36 GHz, strong
reflection happens right at the I-shaped SSPP slots, which
equivalently serves as an open load, showing a good cut-off
phenomenon in Fig. 6(d). In contrast, Figure 6(c) shows
that the input signals propagate smoothly with little attention
at 30 GHz. The magnetic fields of the SIWs and STW-SSPP
hybrid structures at 24, 30, and 36 GHz are illustrated in
Fig. 6(e). It can be seen that the SIW mode at 30 GHz is
more like the evanescent mode below the cut-off frequency,
e.g., at 24 GHz. Furthermore, this evanescent mode shows a
similar profile as the hybrid STIW-SSPP mode, which is shown
as the 30 GHz field distribution in Fig. 6(e). In this case, little
insertion loss is induced between the standard SIW and the
SIW with SSPP slots. This is the reason that no transitional
SSPP slots are needed in the proposed filter. The evanescent
mode of SIW and the surface mode of SSPP attenuate the
signal transmission below and above the working frequencies
of the proposed filter, respectively.

D. INSERTION LOSS ANALYSIS

As shown in Fig. 4(c) and 6(a), the insertion loss of the
MSL-SIW-MSL transition and the proposed hybrid filter is
1.12 and 1.3 dB at 30 GHz, respectively. In this case, the
SSPP slots induce little leakage loss for the filter. To inves-
tigate the attenuation induced by SSPP slots, hybrid filters
with the same dimensions and various numbers of slots are
simulated. The S-parameters of the MSL-SIW-MSL structure
in Fig. 4(a) with one to four SSPP slots are illustrated in
Fig. 7(a). As the slot number increases, the insertion loss
gets larger, and the out-of-band rejection gets sharper. The
insertion loss at 30 GHz with respect to the slot numbers is
illustrated in Fig. 7(b). It can be seen that the insertion loss
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increases exponentially, which is mainly due to the evanes-
cent loss of SIW TE o mode near the cut-off frequency. As the
slot number increases, the SIW length increases, and thus the
loss increases from 1.12 dB to 2.5 dB. To compensate for the
bandwidth and insertion loss, the slot number is chosen as
two.

Ill. EXPERIMENTS

A prototype with the optimized dimensions in Table 1 was
fabricated, as shown in Fig. 8(a). Due to the fabrication
discrepancy, Lgpp is 2.32 mm, Ly, becomes 0.456 mm,
Wippt becomes 0.172 mm, and Wy, becomes 0.125 mm.
Here, long MSLs are designed to provide sufficient space
for the integration of end-launch connectors. The measure-
ment system setup is illustrated in Fig. 8(b). Two End-launch
connectors from Southwest Microwaves Inc. are employed
to integrate the fabricated SIW-SSPP hybrid filter with two
coaxial lines, and their insertion loss is around 1.5 dB each
at 30 GHz as depicted in their datasheet [33]. Vector network
analyzer (VNA) Ceyear 3672E is used to characterize the
S-parameters of the device under test. Before measurement,
VNA is calibrated with calibration kit 85058E by using the
standard short-load-open-through (SLOT) method.

The measured S-parameters of the proposed hybrid filter
are illustrated in Fig. 8(c), showing good agreement with
the simulation data. The measured center frequency is at
29.4 GHz, which has a small red shift compared with the
simulated results due to the fabrication tolerance. The min-
imum insertion loss of the fabricated device is about 4.5dB at
29.4 GHz so that the absolute insertion loss can be estimated
as 1.5 dB by removing the loss induced by connectors. This
number is 0.2 dB larger than the simulation (1.3 dB), which
might be easily introduced by fabrication and integration
tolerances. The 3-dB bandwidth of the proposed filter is from
28.8 GHz to 30.2 GHz, which corresponds to 3% with respect
to the center frequency.
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FIGURE 8. Fabricated prototype and its measurement. (a) Top view of the
fabricated SIW-SSPP hybrid filter at 30 GHz, (b) measurement system
set-up and the device integrated with end-launch connectors,

(c) characterized S-parameters.

Table 2 compares the proposed narrowband hybrid filter
with the other reported SIW-—SSPP hybrid filters [7], [8], [9],
(101, [111, [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24]. References [11], [12], [13], [21], and
[22] have smaller STW width because they are half mode sub-
strate integrated waveguide (HMSIW). It should be noted that
the proposed hybrid filter has the minimum device size and
the narrowest bandwidth among the STW-SSPP hybrid filters.
Also, it has little high-order modes due to the high cut-off
response of SSPPs and thus shows attractive ultra-wideband
out-of-band rejection. The lower out-of-band attenuation is
larger than 25dB from 1 to 26 GHz, and the upper out-of-
band attenuation is larger than 17 dB from 33 to 60 GHz, as
shown in Fig. 8(c). Table 2 also compares our work with the
other kinds of narrowband bandpass filters [30], [31], [32].
The proposed filter addresses much narrower passband and
much wider rejection band. The out-of-band attenuation can
be further improved by adding I-shaped SSPP slots.
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IV. CONCLUSION

In this paper, a novel narrowband bandpass filter based on
SIW-SPP hybrid structures is proposed. I-shaped SSPP slots
are carefully on the top electrode of SIW for converging
the cut-off frequencies of SIW and SSPPs. The dispersion
properties of the SSPP and SIW units were analyzed in the
eigen-mode simulation, and the hybrid structure with MSL
feedings and short funnel-shaped transitions was optimized
with the driven-mode simulation. No transitional SSPP slots
are desired in the hybrid device due to the similar profiles of
the quasi-evanescent mode and the STW-SSPP hybrid mode.
A hybrid filter at 30 GHz was fabricated and characterized.
The measured insertion loss is 1.5 dB at 29.3 GHz, and
the characterized 3-dB bandwidth is as narrow as 3%, i.e.,
one-order smaller than the other reported SIW-SSPP hybrid
filters. The proposed device with narrow passband and broad
rejection band is suitable for wideband frequency division
multiplexing in advanced communication systems.
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