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ABSTRACT In this paper, we numerically and experimentally demonstrate a substrate integrated plasmonic
waveguide (SIPW) concept and its application in microwave bandpass filters. This SIPW consists of double
arrays of slots etched on the top and bottom metal layers of a substrate integrated waveguide (SIW) to support
spoof surface plasmon polariton (SSPP) modes with low and high cutoff frequencies. The simulated results
show that by tuning the parameters of the SIPW’s unit cell, the dispersion characteristics can be engineered
at will. Then, we propose a sharp roll-off microwave bandpass filter based on this SIPW. This filter has a
passband from 7.5 to 13.0 GHz with high return loss and low insertion loss. Furthermore, to demonstrate
the independent tuning of the passband of the filter, we also design two microwave bandpass filters with
passbands of 9.2—-13.0 GHz and 7.5-10.5 GHz by decreasing the distance between two rows of via holes and
increasing the slot length, respectively. Finally, to experimentally validate the filter designs, we fabricate
and measure three prototypes and find that the experimental results are in excellent agreement with the
simulations. This SIPW concept may have extensive potential applications in the development of various
plasmonic integrated functional devices and circuits.

INDEX TERMS Spoof surface plasmon polaritons, substrate integrated plasmonic waveguide, bandpass

filter.

I. INTRODUCTION

Surface plasmon polaritons (SPPs) are a type of electromag-
netic (EM) wave mode excited by the interaction between EM
field propagating in medium and the free electrons beneath
the metal surface [1]. Since its EM fields decay exponentially
in the vertical direction to the interface, SPPs are confined
around the interface in sub-wavelength scale. Because of
the ability to circumvent the diffraction limit, SPPs have
been applied in various nano-photonics and optoelectron-
ics [2]-[7]. However, typical frequencies of SPPs correspond
to the intrinsic frequencies of metals, which are usually in
the visible or ultraviolet region. Owing to the metal intrinsic
frequencies cannot be manipulated, the natural SPPs at much
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lower frequency regions like microwave or terahertz do not
exist.

To realize highly confined EM filed at microwave or
terahertz bands, Pendry, e al. have proposed a concept of
spoof surface plasmon polaritons (SSPPs) to mimic the SPPs
at optical frequencies [8]. Based on this concept, various
microwave and terahertz bulk SSPP waveguides like metal
surfaces with textured subwavelength grooves or hole lat-
tices [9]-[13], metal wires with corrugated rings or helical
grooves [14]-[17], and domino waveguides [18]-[22] have
been theoretically or experimentally investigated. Recently,
planar SSPP waveguides have attracted great attention
owing to their great potentials in achieving miniaturized
and highly-integrated circuits and systems. For example,
Cui et al. have proposed various planar SSPP waveguides
based on rectangular corrugated ultra-thin metal strips for the

2169-3536 © 2019 IEEE. Translations and content mining are permitted for academic research only.

VOLUME 7, 2019

Personal use is also permitted, but republication/redistribution requires IEEE permission.

75957

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0003-0867-6032
https://orcid.org/0000-0001-9408-1347
https://orcid.org/0000-0003-3545-6430
https://orcid.org/0000-0001-5286-4423
https://orcid.org/0000-0003-4768-4780

IEEE Access

L. Ye et al.: SIPW for Microwave Bandpass Filter Applications

compact integrated devices or circuits [23]-[25]. Meanwhile,
a lot of planar SSPP waveguides with different unit struc-
tures such as single/double side rectangular grooves [26],
T-/L-/folded/ spiral stubs [26]-[28], dumbbell units [29] have
also been demonstrated to further reduce the sizes of the
waveguides. It is found that the asymptotic frequency of
the SSPP waveguides can be flexibly controlled by tuning the
sizes and shapes of unit structures. Based on these waveg-
uides, various microwave and terahertz devices including
antennas [30], [31], power dividers [32], and filters [33]
have been developed. Notably, most of the abovementioned
SSPP waveguides are made up of modified or complementary
structures of planar Goubau lines [25], microstrips [34], slot
lines [35], and coplanar waveguides [35], [36].

As we know, substrate integrated waveguide (SIW) is
formed in a dielectric substrate by arraying two rows of metal-
lic via holes connecting the upper and lower metal plates to
form a dielectrically filled ‘synthesized’ rectangular waveg-
uide [37], [38]. As a class of planar waveguide, SIW pos-
sesses many advantages of low insert loss, compact size, easy
to be integrated [37]-[40], which has been widely applied
to various microwave and millimeter devices and compo-
nents. Recently, the SSPP concept has been introduced to the
SIWs [41]-[47]. For example, Zhang et al. designed a pass-
band controllable filter by connecting a traditional SIW and
an SSPP waveguide based on anti-symmetrical corrugated
metallic strips [41]. Zhu et al. proposed a half-space substrate
integrated SSPP transmission line using a substrate layer with
metalized via holes planted on the ground plane [42]. A slow-
wave full-mode SIW and a half-mode SIW are demonstrated
in [43], [44]. Moreover, by etching rectangular-/cross-/
H-shaped slots on the up-metal layer of SIW [45]-[47], sev-
eral bandpass filters are also demonstrated. However, these
hybrid SSPP-SIW transmission lines and filters are imple-
mented either by using metalized via holes planted on the
ground plane or by using etched slots on a single metal layer
of SIW, and none of them consider the SSPP unit structures
with patterned slots etched simultaneously on double metal
layers of SIW.

In this paper, a novel substrate integrated plasmonic
waveguide (SIPW) formed by etching double arrays of rect-
angular slots on both metal layers of SIW is proposed for
microwave bandpass filter applications. Firstly, the disper-
sion characteristics of the SIPW are investigated. It is found
that the dispersion relations can be flexibly tuned by manip-
ulating the geometric parameters of the SIPW. The simulated
results show that the low and high cutoff (or, asymptotic)
frequencies are mainly determined by the distance between
two rows of via holes and rectangular slot length, respectively.
By utilizing dispersion relations of this SIPW, we design
a sharp roll-off bandpass filter based on a microstrip-STW-
SIPW-SIW-microstrip structure with low insertion loss, high
return loss in the passband of 7.5-13.0 GHz. The simulated
results show that steep rising edge and falling edge of the filter
can be controlled independently by tuning the separation
between two rows of via holes and the length of the etched
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slot in SIPW unit. To demonstrate the filter passband tuning
property, we then design two bandpass filters with passbands
of 9.2-13.0 GHz and 7.5-10.5 GHz by decreasing distance
between two rows of via holes and increasing the slot length,
respectively. The measured results are in good agreement
with the simulated ones. The proposed SIPW may play an
important role in microwave integrated plasmonic systems
and circuits.

Il. DISPERSION CHARACTERISTICS OF SIPW

The proposed SIPW is composed of an SIW by etching
double arrays of patterned slots on both metal layers. Here,
we take the rectangular slots as an example to demonstrate
the properties of SIPW. The schematic configurations of the
top-view of SIPW and its unit cell are depicted in Figs. 1(a)
and 1(b), respectively. We choose copper as metal layers with
the conductivity (o) of 5.8 x 107 S/m and the thickness ()
of 0.018 mm, and Rogers 5880 as the dielectric substrate with
the relative permittivity (&,) of 2.2, the loss tangent of 0.0009,
and the thickness (#2) of 0.508 mm. The height (#) and width
(g) of the rectangular slot are initially set as 8 and 0.2 mm,
respectively. Other parameters are set as follows: the width
of SIPW W = 18 mm, the diameter of metallic via holes
d = 0.6 mm, the distance between two rows of via holes
a = 14.55 mm, the spacing of adjacent via holes s = 1 mm,
the period of SIPW unit cell p = 2 mm.
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FIGURE 1. Schematic configuration of the SIPW. (a) The top view of the
SIPW (W =18 mm,d = 0.6 mm,a = 1455 mm,s=1mm,p=2mm, g =
0.2 mm, h = 8 mm, b = 0.2 mm). (b) Three-dimensional structure of the
unit cell (t; = 0.018 mm, {, = 0.508 mm).
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To study the properties of the SIPW, we first analyze
the dispersion characteristics of the SIPW unit cell. In the
numerical simulations, we use the eigenmode solver of CST
microwave studio to calculate the dispersion curves. Fig-
ure 2(a) shows the comparison of the dispersion curves of
the light line, single slotted SIW, and the double-slotted STW
(SIPW). It is found that the dispersion curves of both the
single and double slotted SIW deviate far away from the light
line, which is as expected from the supported SSPP modes.
Meanwhile, SIPW with double slots demonstrates even lower
asymptotic frequency compared to the single slotted case,
implying higher potential in the development of minimized
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FIGURE 2. Dispersion characteristics and electric field distributions of the
SIPW unit cells. (a) Comparison of the dispersion curves of the light line,
single slotted SIW, and the double-slotted SIW (SIPW). Normalized
electric field distributions for (b) double- and (c) single-slotted unit cells.

microwave devices and circuits. Figures 2(b) and 2(c) depict
the normalized electric field distributions for the single and
double slotted unit cells. The electric fields of the SIPW
strongly concentrate around both slot areas of the structure,
which is obviously different from that of single slotted SIW.
The dispersion characteristics of SIPWs can be flexibly
tuned by manipulating the waveguide geometric parameters.
Figure 3(a) shows the dependence of dispersion relations for
the fundamental SPP mode on a ranging from 9 to 14.55 mm
while keeping 7 = 8 mm and the rest other parameters fixed
as the initial values. It is clear that the low cutoff frequency
of SSPP mode of the SIPW decreases from 11.7 to 7.5 GHz
while keeping the high cutoff (or, asymptotic) frequency
almost unchanged as a increases from 9 to 14.55 mm. We find
the low cutoff frequency is also approximately equal to the
cutoff frequency of conventional SIW, which is determined
by
-1

c d?
fo= a-
2./ 0.95s

where ¢ is the speed of light in free space. Figure 3(b)
displays the dispersion relations for different /4 ranging from
2 to 10 mm with a set as 14.55 mm and other parame-
ters fixed as the initial values. We find that, as 4 increases
from 2 to 8 (10) mm, the asymptotic frequency decreases
drastically from 40.4 to 13.1 (10.8) GHz while keeping the
low cutoff frequency almost the same. Therefore, the low
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FIGURE 3. Dispersion relations for the fundamental SSPP mode of the
SIPW. (a) Dispersion relations for different a ranging from 9 to 14.55 mm
while keeping h = 8 mm and other parameters fixed as the initial values.

(b) Dispersion relations for different h ranging from 2 to 10 mm with the
a set as 14.55 mm and other parameters fixed as the initial values.

cutoff frequency and asymptotic frequency of the SIPW are
independently determined by a and &, respectively, leading to
more design flexibility compared to the conventional SSPP
waveguides, which is mainly determined by the effective
depth of the corrugation. Obviously, SIPW can be applied in
the microwave bandpass SSPP filters by taking the advan-
tages of its dual-cutoff dispersion characteristics of the SSPP
mode.

Ill. DEMONSTRATION OF MICROWAVE BANDPASS

SIPW FILTERS

To demonstrate the application of SIPW, we design a sharp
roll-off bandpass SIPW filter (model I) at microwave frequen-
cies using a microstrip-SIW-SIPW-SIW-microstrip structure.
The top and bottom views of the filter schematics are illus-
trated in Figs. 4(a) and 4(b), where region I is a broad-
band microstrip-SIW transition using a connected 50
microstrip-tapered microstrip-SIW structure, and region II
is a broadband SIW-SIPW transition made up of an SIW-
graded SIPW-SIPW structure. In this SIPW filter, the low
and high cutoff (or asymptotic) frequencies are indepen-
dently determined by the distance between two rows of via
holes and rectangular slot length, respectively, as shown
in Fig. 3. The microstrip-SIW transition enables the transmit-
ting quasi-TEM mode of microstrip to be smoothly converted
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FIGURE 4. Schematic configuration of the proposed SIPW filter (model I).
(a) Top view, (b) bottom view. The geometric parameters are set as /; =
9.3 mm, w; = 1.5 mm, /, = 6.28 mm, w, = 3.63 mm, /5 =36 mm, W =
18 mm, hy = 1.8 mm, hy = 3.93 mm, h, = 5.37 mm, h; = 7.16 mm,

h =8 mm, and @ = 14.55 mm.

to quasi-TE mode of SIW, and then the graded length of
the rectangular slot in the SIW-SIPW transition produces
smooth momentum (p = hk, where A denotes the reduced
Planck constant) and impedance matching to efficiently con-
vert quasi-TE mode of SIW to SSPP mode of SIPW.

In the STW-SIPW transition design, owing to the wave vec-
tor k of the SSPPs in SIPW is far greater than that of quasi-TE
mode in SIW, we first set the initial values of graded rectangu-
lar slotlengths as h; = h-1.6i =8-1.6i(i = 1,2, 3, 4). For
example, as shown in Fig. 5(a), k increases gradually as the
slot length increases under the given frequency of 12 GHz,
therefore, allowing smooth momentum matching and mode
conversion between SIW and SIPW by using this transition
structure. However, with the initial slot lengths, the reflection
coefficient S11 of the filter is larger than —10 dB between
11.2 and 12.1 GHz in the passband, as shown in Fig. 5(b),
implying certain impedance mismatching of the transition in
that frequency range. In order to improve impedance match-
ing and SIPW filter performance, we carry out the parameter
optimization and set the optimized geometric parameters as,
i =93 mm, w; = 1.5mm, [, = 6.28 mm, wy = 3.63 mm,
I3 =36 mm, W = 18 mm, iy = 1.8 mm, 73 = 3.93 mm,
hy =5.37mm, hy =7.16 mm, h = 8 mm, a = 14.55 mm,
d =0.6mm, s =1 mm, p =2 mm, and g = 0.2 mm, also
shown in the caption of Fig. 4. The material parameters of
this filter are the same as those presented above. Figure 5(b)
also shows that the frequency responses of the SIPW filter
with optimized geometric parameters are improved with S11
< —15 dB in the whole passband. Furthermore, the compar-
ison of simulated S-parameters of double slotted SIPW filter
and the single slotted SIW filter under the same geometric
parameters is shown in Fig. 5(c). It is found that the high
cutoff frequency of the proposed SIPW filter is about 13 GHz,
which is smaller than that about 13.9 GHz of the single
slotted SIW filter. In other words, the proposed double slotted
structure will require a smaller slot length to achieve the
same passband compared to the single slotted structure. These
results are in good agreement with the dispersion relations
shown in Fig. 2(a).
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FIGURE 5. (a) Dispersion relations of the proposed SIPW unit cell with
different h ranging from 1.6 mm to 8 mm. (b) Comparison of simulated
(Sim.) S-parameters between the proposed SIPW filter (model 1) with
initial graded slot lengths (equal step of 1.6 mm) and the optimized
geometric parameters. (c) Comparison of simulated S-parameters of
double slotted SIPW filter and the single slotted SIW filter under the same
geometric parameters.

The properties of the proposed filter are verified by
experimental measurement using a vector network analyzer
(Agilent N5230C). A fabricated prototype with two SMA
connectors is displayed in Figs. 6(a) and 6(b). The simulated
and measured scattering parameters (S-parameters) results
are compared in Fig. 6(c). It is found that the simulated trans-
mission coefficient S21 is higher than —1 dB and reflection
coefficient S11 is lower than — 15 dB in the passband with two
sharp roll-offs at 7.5 and 13.0 GHz, which are consistent with
the lower cutoff frequency and asymptotic frequency of the
SIPW unit cell in Fig. 3. The measured results also show good
filtering performance with the same passband and roll-off
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FIGURE 6. Fabricated microwave SIPW filter (model ). (a) Top view and
(b) bottom view photographs of the fabricated SIPW filter. (c) Simulated
(Sim.) and measured (Mea.) S-parameters of the fabricated SIPW filter.

properties, which verify the effectiveness of the proposed
filter design. Moreover, the relative larger insertion loss and
higher reflection within the passband of the measured results
are mainly caused by the impedance mismatching in the
soldering of SMA and fabrication tolerance.

To get more insight into the SIPW filter, we investigate
the electric field distributions cut on the xoy plane at 0.1 mm
above the top metallic layer. Figure 7(a) shows the normalized
field distributions at 4 GHz in the lower stopband. It is clear
that the 4 GHz microwaves propagate and reflect back in
the microstrip part without transmitting into the SIW region
because of the frequency smaller than the lower cutoff fre-
quency of SIW. While, the microwave at 10 GHz within the
passband can propagate efficiently through the whole SIPW
filter with smooth mode conversion and small loss, as shown
in Fig. 7(b). Furthermore, Fig. 7(c) shows the microwave at
16 GHz within the upper stopband is terminated in the graded
SIPW part, which can also be predicted from the dispersion
relations shown in Fig. 3. These field distributions show a
good agreement with the S-parameter results in Fig. 6(c)
and provide an intuitionistic verification to SIPW filtering
performance.

To study the independent manipulation characteristics of
the SIPW passband, we investigate the influence of dis-
tance between two rows of via holes (a) and slot length
(h) on the frequency responses of SIPW filter. Firstly,
we design another two SIPW filters modified from the orig-
inal filter design (model I) presented above by reducing a
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FIGURE 7. The simulated normalized electric field distributions at 0.1 mm
above the top metallic layer of SIPW at (a) 4 GHz, (b) 10 GHz, and
(c) 16 GHz, respectively.
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FIGURE 8. The simulated (Sim.) and measured (Mea.) S-parameters of the
fabricated SIPW filters (a) model 11 and (b) model IIl.

from 14.55 to 11.67 mm while remaining 4 fixed as 8§ mm
(model II) and by increasing /4 from 8 to 10 mm with a
fixed as 14.55 mm (model III). The simulated and measured
S-parameters of the filter model IT and model III, with a good
agreement, are presented in Figs. 8(a) and 8(b), respectively.
We can observe that as the distance a decreases to 11.67 mm
in SIPW filter model II, the lower cutoff frequency increases
to 9.2 GHz, leading to a passband of 9.2-13.0 GHz without
affecting the higher cutoff frequency. Similarly, in SIPW filter
model III, the passband turns to 7.5-10.5 GHz as the upper
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cutoff frequency decreases owing to the increasing h. The
numerical and experimental results verify that the passband
properties can be flexibly tuned independently by adjusting
a and h, which are consistent with the dispersion relations
shown in Figs. 3(a) and 3(b).

IV. CONCLUSION

We have demonstrated a new SIPW and its application in
microwave bandpass filters. The dispersion characteristics
of the proposed SIPW unit cell are simulated and ana-
lyzed. It is found that the SIPW supports SSPPs in the
passband between its low cutoff and high cutoff (asymp-
totic) frequencies. The low cutoff and asymptotic frequen-
cies are mainly determined by the distance a between two
rows of via holes and rectangular slot length £, respectively.
By using microstrip-SIW-SIPW-SIW-microstrip structure to
achieve smooth mode conversion and impedance matching,
an original microwave bandpass filter with the passband
of 7.5 to 13.0 GHz is designed and tested with good fil-
tering responses. To demonstrate the independent passband
tuning properties, another two SIPW filters modified from
the original filter are also designed with a passband of 9.2 to
13.0 GHz by reducing a and a passband of 7.5 to 10.5 GHz
by increasing s, which are well consistent with the dispersion
characteristics for the SIPW. The numerical and experimental
results show all the filters possess promising performance
with a simple structure, low insertion loss, high return loss,
and sharp roll-offs. This SIPW concept not only can be
applied in microwave filters but also may have extensive
potential applications in the development of various plas-
monic integrated functional devices and circuits.
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