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ABSTRACT This paper presents a novel tri-band bandpass filter based on multi-mode spoof surface
plasmon polaritons (SSPPs) in microwave frequencies. The combination of multi-mode resonance and cutoff
characteristic of SSPPs contributes to a tri-band bandpass response. The proposed SSPPs-based filter consists
of two coplanar waveguides, two conversion parts and a SSPPs transmission structure made of five unit-cells.
Each unit cell is a multi-mode resonator, which is constructed by a pair of oppositely oriented double-
side folded strips, and the ends of folded strips are placed closely to form coupled-stubs. Two distinct
passbands divided by a sharp stopband are produced under the cutoff frequency of SSPPs transmission
structure. The third passband above the cutoff frequency is introduced by the resonant tunneling effect due
to the self-resonant mode of proposed SSPPs unit cell. Dispersion relations, electric field distributions and
proposed equivalent transmission line model give a physical insight into the filter operating mechanism.
As a demonstration, a prototype of the proposed filter has been fabricated and measured. The measurement
results demonstrate that the proposed filter has a tri-band bandpass performance with excellent frequency
selectivity, which may be very useful in many applications, such as multi-band wireless systems.

INDEX TERMS Multi-mode resonator, resonant tunneling effect, spoof surface plasmon polaritons (SSPPs),
tri-band bandpass filter.

I. INTRODUCTION
Due to the negative permittivity characteristic of metals in
optical frequencies, surface plasmon polaritons (SPPs) as
special surface waves propagate parallel to the interface of
dielectrics and metals, but attenuate exponentially in the
transverse direction [1], [2]. Thus, SPPs exhibit superior
abilities of field confinement along the interface and local-
field enhancement in sub-wavelength scale [3], [4], which
ensure SPPs have promising applications in optical circuits
and near-field microscopy [5], [6]. However, the natural SPPs
cannot exit in microwave frequencies since metals behave as
perfect conductors in these frequency bands. To extend the
applications of SPPs in the lower frequencies, the so-called
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spoof SPPs (SSPPs) structures with arrays of grooves and
holes are proposed to support surface bound modes [7], [8].
Subsequently, the applications of SSPPs in microwave
and terahertz frequencies have attracted much interest of
researchers, such as novel high-efficiency SSPPs transmis-
sion structures [9]–[11], filters [12]–[14], splitters [15], [16]
and antennas [17]–[20].

The intrinsic slow-wave characteristic of SSPPs is
advantageous in the designs of various microwave filters with
different features such as ultra-wideband, band-stop or multi-
band performances. In the previous works, the SSPPs-based
ultra-wideband band-pass filters are usually realized by the
hybrid structures of substrate integrated waveguides (SIWs),
half-mode SIWs (HMSIWs) and different SSPPs [21]–[23],
or introducing gap coupling between multi-stage SSPPs
transmission lines and resonators [24]–[27]. Researches have
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demonstrated that the upper passband cutoff frequencies of
these filters can be independently adjusted by the geometrical
parameters of SSPPswaveguides. In addition, in order to real-
ize band-rejection responses for practical applications, series
of band-stop filters are proposed by etching split-ring res-
onators (SRRs) [28] or complementary SRRs (CSRRs) [29]
in the traditional SSPPs structures with corrugated strips.
It differs from the bandpass filters based on the magnetic cou-
pling between planar Goubau line and resonators [30], [31],
since the resonant modes of SRRs or CSRRs are excited
effectively by the electric field components of SSPPs modes
perpendicular to the strip surface, leading to a stopband near
the resonant frequencies. Band-stop filters operating in the
similar mechanism are also achieved by loading resonators
near the corrugated strips [32], [33]. It is found that the rejec-
tion performances of the band-stop filters mentioned above
are all realized by loading extra resonators. This method
will increase the complexity of filter design. Furthermore,
the band pass or band stop performances currently reported
are all realized under SSPPs cutoff frequencies. Recently,
the tunneling above SSPPs cutoff frequencies is realized
by loading small SRRs to support magnetoinductive waves
propagation [34]. However, the insertion loss of the reported
tunneling is a little bit large since the interactions between
SRRs and SSPPs exist in the lossy medium. The inevitable
ripple within the tunneling band also degrades its perfor-
mances.Moreover, several approaches are proposed to design
SSPPs-based filters with multi-band performances. In [35],
two novel dual-band bandpass filters are proposed based on
multilayers, which have effective permittivities of opposite
signs in certain frequency ranges to support SPPs-like propa-
gation. These two filters show excellent in-band characteris-
tics and selectivity confirmed by measurement results, but its
bandwidth of passbands is relatively small. In addition, multi-
mode resonator, as a widely employed concept in microwave
filters [36], is also utilized to design wideband and multi-
band SSPPs filters with compact sizes. Several filters based
on SSPPs high-order modes [37] or localized SPPs [38] have
demonstrated its potential applications in multi-band uses
owing tomulti-mode characteristics. However, tri-band filters
based on multi-mode SSPPs are rarely reported.

To meet the increasing demand of multi-band filters in
modern wireless systems, this paper presents a novel SSPPs-
based filter to achieve tri-band bandpass performances. Each
SSPPs unit cell in this filter behaves as a multi-mode res-
onator, which is constructed by a pair of oppositely oriented
double-side folded strips. The ends of folded metallic strips
are placed closely to form the coupled-stubs. Compared with
the previous works, the highlights of the proposed SSPPs-
based filter are summarized as follow. Firstly, compared with
interdigital capacitance loaded loop resonators in [39], this
work presents a simpler but efficient multi-mode SSPPs unit-
cell, and achieves tri-band bandpass performances. Secondly,
the multiple resonant modes of the SSPPs unit cell show
more flexible tunability, and can be used to produce stopband
and passband simultaneously, which is advantageous for the

multi-band filters design. In this work, the first stopband
under the SSPPs cutoff frequency is generated by the reso-
nance of coupled-stubs in each SSPPs unit cell, instead of
loading any extra resonators. Compared with [39], the rejec-
tion bands between adjacent passbands are wider. Dispersion
relations have demonstrated that the first stopband can be
flexibly controlled by the physical dimensions of SSPPs unit
cell. The self-resonance of SSPPs unit cell realizes the reso-
nant tunneling effect above the SSPPs cutoff frequency and
produces the third passband, demonstrating another approach
to realize the passband performances above the SSPPs cutoff
frequency. Compared with the tunneling supported by mag-
netoinductive waves propagation [34], the resonant tunneling
effect in our work shows evident advantages including lower
insertion loss and excellent frequency selectivity with fairly
small ripples.

II. PROPOSED SSPPS-BASED FILTER AND ANALYSIS
A. SIMULATION RESULTS AND DISCUSSION
Fig. 1(a) depicts the top view of the proposed SSPPs-based
filter, which is constructed by five concatenated sections
with three construction elements named as part I, II, and III.
As can be observed, the feeding structures of the proposed
filter are two coplanar waveguides (CPWs) in part I. The
dimensions of CPWs are designed properly to achieve 50�
impedance match with standard SMA connectors for practi-
cal applications. In order to realize highly efficient conversion
from quasi-TEMmode of CPW to SSPPs TMmode, gradient
metallic strips and flaring grounds with exponential outlines
are employed in part II to realize impedance and momentum
match, as shown in Fig. 1(b). The exponential contour line of
the upper flaring ground is determined by the starting point
P1(x1, y1) and ending point P2(x2, y2), and is expressed as:

y = C1eαx + C2 (1)

where C1 =
y2−y1

eαx2−eαx1 , and C2 =
y1eαx2−y2eαx1
eαx2−eαx1 .

The optimized α is chosen as 0.16 in this design. Part III
shown in Fig. 1(c) is the double-side corrugated SSPPs trans-
mission structure consisting of five unit-cells. Different from
the previous works, the proposed SSPPs unit cell is composed
of two oppositely oriented double-side folded strips, in which
the ends of metallic strips are placed closely to form coupled-
stubs. In this scenario, multiple resonant modes are excited
in the SSPPs unit cell.

The simulated transmission and reflection coefficients of
the proposed filter are depicted in Fig. 1(d). It can be seen
that a narrow but deep stopband is realized from 3.8 GHz
to 4.6 GHz with −10dB rejection level (S21 < −10dB),
contributing to the good frequency isolation of the first
and second passbands. For the first passband, the reflec-
tion coefficient S11 can be kept lower than −10 dB from
1.4 to 3.6 GHz, and the poor reflection performances below
1.4 GHz are determined by the cutoff frequency characteristic
of single conductor similar to Goubau line [40]. The good
impedance match performance is also achieved from 5 to
7 GHz within the second passband (S11 <-10dB). The higher
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FIGURE 1. (a) Top view of the proposed SSPPs-based filter. Detailed
dimensions are determined as: lx = 144mm, ly = 40mm, l1 = 5mm,
l2 = 45mm, s = 0.2mm, w = 3.94mm. (b) Conversion part. (c) The
proposed SSPPs unit cells. Detailed dimensions are determined as:
l3 = 11mm, l4 = 3.5mm, l5 = 3.6mm, w1 = 1mm, w2 = 2.8mm,
d = 2.5mm, g = 0.2mm, p = 9.7mm. (d) Simulated S-parameters of the
proposed filter. The proposed filter is designed on a Rogers 4350B
dielectric substrate with thickness of 0.508mm, it’s dielectric constant εr
is set as 3.48 and it’s loss tangent is set as 0.0037 for simulations. The
conductor material is chosen as tin, and it’s thickness is set as 0.035mm.
The structure is analyzed by CST microwave studio.

cutoff frequency of second passband is determined by the
proposed SSPPs structure. Furthermore, as an attractive phe-
nomenon, a narrow passband appears above the SSPPs cutoff
frequency with a transmission pole located at 11.4 GHz. The
simulation results demonstrate that the characteristic of the
third passband is fairly good with excellent frequency selec-
tivity and low insertion loss of 1.9 dB at its center frequency.

In order to give a physical insight into the operating
mechanism of the proposed filter, the simulated electric field
distributions on x − o − y plane are displayed in Fig. 2.
Fig. 2(a) to (c) are the simulated field distributions at dif-
ferent frequencies within three passbands, respectively. It is
obvious that the electric field energy at these three frequen-
cies can propagate from the left port to the right port with low
transmission loss, which demonstrates the excellent transmis-
sion performances of three passbands. Meanwhile, as shown
in Fig. 2(a) and (b), the similar electric field distributions indi-
cate that both of the first and second passbands are supported

FIGURE 2. Simulated electric field distributions of the proposed
SSPPs-based filter at different frequencies. (a) 2.5GHz within the first
passband. (b) 6GHz within the second passband. (c) 11.4GHz within the
third passband. (d) 4GHz within the first stopband. (e) 9GHz within
the second stopband. (f) 15GHz within the highest stopband.

by SSPPs mode. However, different from the first and second
passbands, it is observed in Fig. 2(c) that the third passband
is generated by the self-resonance of proposed SSPPs unit
cell, and supported by the resonant tunneling effect. In addi-
tion, the simulated field distributions at different frequencies
within three stopbands are shown in Fig. 2(d) to (f), respec-
tively. As illustrated in Fig. 2(d), the electric field energy
is mainly concentrated on the localized regions of coupled-
stubs, and cannot propagate through SSPPs structure, indi-
cating that the first stopband is generated by the resonance of
coupled-stubs. Moreover, the second and third stopbands are
determined by the cutoff frequencies of proposed SSPPs unit
cell and conversion part respectively, since the electric field
energy is blocked near the first SSPPs unit cell and conversion
part, as depicted in Fig. 2(e) and (f).
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FIGURE 3. Dispersion relations of SSPPs modes with respect to key
geometrical parameters. (a) Variation of dispersion relations with
different l3. (b) Variation of dispersion relations with different g.
(c) Variation of dispersion relations with different l5.

On the basis of above analysis, we can draw a conclusion
that the proposed SSPPs structure operates in three different
modes. The first mode is SSPPs mode supporting the first
and second passbands propagation. The second mode is gen-
erated by the resonance of coupled-stubs in SSPPs unit cell,
which can produce a narrow stopband and lead to the split
of SSPPs mode into two passbands. The third mode is the
self-resonance of SSPPs unit cell and supports the resonant
tunneling effect above the SSPPs cutoff frequencies.

Fig. 3 shows the variations of SSPPs dispersion relations
with respect to the key geometrical parameters. As illustrated
in Fig. 3(a), keeping other parameters unchanged, the dis-
persion curves of two passbands supported by SSPPs mode
gradually shift to the lower frequencies with the increase of
the height l3 of the unit cell. The frequency gap between

the first and second passbands is the first stopband, which
decreases to the lower frequencies with almost unchanged
bandwidth when l3 is varied from 11 to 13mm. The upper cut-
off frequencies of the second passbands have demonstrated
the good field confinement ability of the proposed SSPPs unit
cell. In addition, it is obvious that the parameters of coupled-
stubs have significant influence on the SSPPs dispersion
relations, as shown in Fig. 3(b) and (c), respectively. As the
coupling gap of coupled-stubs g increases, the upper cutoff
frequencies of the second passband are not affected while
the first stopband gradually shifts to the higher frequencies.
Furthermore, with the decrease of the length l5 of coupled-
stubs, the upper cutoff frequencies of the second passband as
well as the first stopband will shift to the higher frequencies.
The variations of the first stopband shown in Fig. 3(b) and (c)
can be attributed to the weakened coupling of coupled-stubs
with the increase of g or the decrease of l5. Generally, the first
stopband can be flexibly controlled by properly designing the
parameters of coupled-stubs.

Fig. 4 investigates the influence of key parameters on
the filter performances while keeping other parameters
unchanged. As shown in Fig. 4(a), with the increase of l3,
the first transmission zero fz1 shifts to the lower frequencies
while the third passband shifts to the higher frequencies.
Conversely, Fig. 4(b) shows that increasing g contributes to
the increase of fz1 and the decrease of the third passband.
In addition, fz1 as well as the third passband simultaneously
shifts to the higher frequencies with the decrease of l5,
as shown in Fig. 4(c). It is clear that the variation tendency
of fz1 with respect to different parameters shows good con-
sistency with the first stopband shown in Fig. (3), since the
first stopband is generated by fz1. The parametric study shown
in Fig. 4 have demonstrated that fz1is more sensitive to the
small variations of g.

The current vector distribution of SSPP unit cell
within the third passband is displayed in Fig. 5. It is evident
that the resonance of entire SSPPs unit cell can be regarded
as the combination of four SRR resonant modes. Therefore,
the variations of the third passband shown in Fig. 4 can be
attributed to different reasons. As shown in Fig. 4(a), as l3
increases, the coupling capacitor C1 within each SRR will
decrease significantly, and thus lead to the increase of the
third passband and larger insertion loss. Similarly, the decline
of l5 will decreaseC1 and the resonant length of SRR, leading
to larger insertion loss, and the increase of the third passband
shown in Fig. 4(c). Generally, the decrease of C1 will lead
to the decline of efficiency of SRR resonant mode, and
contribute to the larger insertion loss of the third passband.

To reduce the insertion loss of the third passband, the
relative length (l3 − l5 × 2 − w2)/2 should be kept as small
as possible in practical design to ensure the efficiency of
SRR resonant mode. Considering the precision of fabrication
process, the relative length is finally determined as 0.2mm.
Furthermore, with the increase of g, the third passband grad-
ually shifting to the lower frequencies is due to the increase of
total resonant length of SSPP unit cell, as shown in Fig. 4(b).
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FIGURE 4. Variations of the transmission coefficients S21 with respect to
geometrical parameters: (a) l3. (b) g. (c) l5.

It is worth noting that the variations of key parameters
shown in Fig. 4 have no influence on the lower edge of the
first passband, which demonstrates that the lowest cut off fre-
quency of SSPPs is only determined by the conversion parts
and the single conductor transmission line without corrugated
strips, as shown in Fig. 6. The field conversion process from
TEM mode of CPW to TM mode of single conductor is sim-
ilar to that in [9]. It is found that the electromagnetic waves
are mainly restricted between the single conductor transmis-
sion line and flaring grounds. Thus, a larger transverse dis-
tance between single conductor transmission line and flaring
grounds should be needed to achieve good impedance match
and smooth field conversion for lower passband. However,
the transverse dimension of flaring grounds is always finite in

FIGURE 5. Current distribution of SSPPs unit cell at 11.4GHz.

FIGURE 6. Influence of ly on the lower edge of the first passband.

practical filter design, whichwill block the signal propagation
and produce the lower edge of the first passband owing to the
mismatching at lower frequencies. The influence of width ly
on the lower edge of first passband is illustrated in Fig. 6.
It is clear that the lower edge of first passband shifts to lower
frequencies by increasing ly, which validates the theory given
above.

B. EQUIVALENT TRANSMISSION LINE
MODEL AND CIRCUIT ANALYSIS
By referring to the ground plane at infinity [27], [41], the
equivalent transmission line models have been established to
further explain operating principle of the proposed SSPPs-
based filter. Fig. 7(a) and (b) are the equivalent circuit models
for the conversion part and SSPPs unit cell, respectively. For
the simplicity of analysis, Fig. 8(a) compares the transmis-
sion coefficients S21 obtained from full-wave simulation and
transmission line model with only one SSPPs unit cell, and
good agreement between them can be found. It is observed
that there are two transmission zeros appearing at 4.05 GHz
and 9.75 GHz respectively, which are generated by the reso-
nance of SSPPs unit cell. In order to explain the principle of
these two transmission zeros, analytic equations have been
derived based on the equivalent circuit model of SSPPs unit
cell. As shown in Fig. 7(b), the entire two-port network of
SSPPs unit cell is formed by the parallel connection of trans-
mission line model (Z1, θ1) and two same subnetworks. The
subnetwork is formed by the cascade connection of transmis-
sion line models (Z2, θ2), (Zo, Ze, θ3) and (Z2, θ2) in sequence.
According to the transmission line theory, the ABCD matrix
of the subnetwork can be derived as:

Msub =

[
A B
C D

]
sub
= M2 ×Mc ×M2 (2)
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FIGURE 7. Analysis of equivalent transmission line model. The initial
circuit parameters are extracted by the method given in [27], [41] and the
final parameter values are obtained by curve-fitting. (a) Conversion part.
(b) Proposed SSPPs unit cell.

where M2 and Mc are the ABCD matrixes of the trans-
mission line models (Z2, θ2) and coupled-stubs (Zo, Ze, θ3)
respectively, and are expressed as:

M2 =

[
cos θ2 jZ2 sin θ2

jY2 sin θ2 cos θ2

]
(3a)

Mc =


Ze + Zo
Ze − Zo

−j
2ZeZo cot θ3
Ze − Zo

2j
(Ze − Zo) cot θ3

Ze + Zo
Ze − Zo

 (3b)

Due to the parallel connection of two identical subnetworks
and transmission line model (Z1, θ1), the total admittance
matrix of the SSPPs unit cell Ytotal can be derived as the
matrix summation of two subnetworks and the transmission
line model (Z1, θ1), as expressed as follows:

Ytotal = Ysub + Y1 + Ysub (4)

where Ysub and Y1 are the admittance matrixes of subnetwork
and transmission line model (Z1, θ1), respectively. Thus,
the total transfer admittance of SSPPs unit cell Ytotal,21 can
be expressed as:

Ytotal,21 = 2Ysub,21 + Y1,21 (5)

According to the microwave network theory, the conver-
sion relation between ABCD and admittance matrixes is
expressed as:

Y21 = −
1
B

(6)

FIGURE 8. (a) Comparison of transmission coefficients S21 obtained from
CST simulation and transmission line model with only one SSPPs unit cell.
(b) Analytical curve for predicting transmission zeros.

Thus, the total transfer admittance Ytotal,21 is derived (7),
as shown at the bottom of this page:

It is known that the transmission zeros will appear when
total transfer admittance equals to zero. Thus, the analytical
equations for two transmission zeros can be derived as:

(Ze−Zo)Z1 sin θ1− Z2
2 sin

2 θ2 tan θ3− ZoZe cos2 θ cot θ3
+ (Ze + Zo)Z2 sin θ2 cos θ2 = 0 (8)

The analytical curve of equation (8) is presented
in Fig. 8(b) to predict two transmission zeros. As can be
seen, two transmission zeros, represented by the crossover
points of analytical curve with y = 0, are located at 4.1GHz
and 9.45 GHz, respectively. The good consistency with
simulation results 4.05GHz and 9.75GHz has validated the
effectiveness of the proposed equivalent circuit model and
equation (8) for predicting filter performances. The small
discrepancies between transmission zeros obtained from
equation (8) and simulations are caused by the inaccuracy of
circuit parameter extractions. In addition, the third passband
is determined by the conversion part and proposed SSPPs
transmission structure. The tedious formula derivation is not

Ytotal,21 = −j
Ze − Zo

Z2 sin θ2 cos θ2 (Ze + Zo)− Z2
2 sin

2 θ2 tan θ3 − ZeZo cos2 θ2 cot θ3
+ j

1
Z1 sin θ1

(7)
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FIGURE 9. The simulated transmission coefficients S21 with different
numbers of SSPPs unit cell N.

given here for conciseness. Fig. 9 investigates the influence
of SSPPs unit cell numbers N on the filter performances.
It can be seen that the first and second passbands are almost
unchanged while the first stopband are gradually broad-
ened due to the characteristic of periodic structures with
the increase of N. Particularly, increasing number of SSPPs
unit cell has significant influence on the second stopband.
In the case of N=1, the number of SSPPs unit cell is too
small to make the proposed filter be endowed with the cutoff
frequency of SSPPs. In this scenario, the second stopband is
generated by the resonance of SSPPs unit cell. However, with
the increase of N, the second stopband will be determined by
the SSPPs cutoff frequency, and the resonant frequency of
SSPPs unit cell cannot be observed since it is higher than the
SSPPs cutoff frequency. Thus, the second stopband is greatly
broadened in the case of N=3 or 5. Meanwhile, increasing
N has little influence on the transmission pole of the third
passband, but narrowing the passband bandwidth. This phe-
nomenon can be attributed to that the resonant tunneling
effect is strengthened with the increase of the number of
stages of periodic unit cells. In order to achieve the tri-band
bandpass performances with excellent frequency selectivity,
the number of SSPPs unit cell is finally chosen as 5 in this
design.

III. EXPERIMENTAL RESULTS AND DISCUSSION
To validate the proposed filter performances, a prototype
with 5 SSPPs unit cells has been fabricated by using
printed circuit board technology, as shown in Fig. 10(a).
As can be observed, two standard SMA connectors are
assembled at the ends of CPWs, which are used to
feed or receive guided wave energy. A vector network
analyzer (Keysight PNA N5224A) is used for performance
measurements. The measured transmission and reflection
coefficients are depicted in Fig. 10(b) and (c) respectively to
compare with the simulations, where good agreement can be
observed. The measurement results have demonstrated that
the proposed SSPPs-based filter can achieve good tri-band
bandpass performance with superior frequency selectivity.
However, the measured transmission pole of the third
passband has little deviation compared with the simulation

FIGURE 10. (a) Photograph of the fabricated SSPPs-based filter. (b)
Comparison of transmission coefficient S21 between simulation and
measurement. (c) Comparison of reflection coefficient S11 between
simulation and measurement.

result, which is mainly caused by fabrication error. Moreover,
the measured S21 at the transmission pole of the third pass-
band is 3dB lower than the simulated one. The discrepancy
is mainly attributed to the unstable dielectric loss in high
frequencies and the extra conductor loss of SMA connectors
used in measurements.

Table 1 compares the filter performances with related
works in the state of the art. As can be observed, our work has
proposed a novel tri-band bandpass filter based on the con-
cept of multi-mode SSPPs, which indicates that the proposed
SSPPs-based filter operates in differentmechanism compared
with other works. It is clear that the proposed SSPPs-based
filter shows evident advantages including lower operating
frequencies, relatively wide passband, and relatively small
geometric length, owing to the superiority of multi-mode
SSPPs unit cell. However, the insertion loss within three
passbands is a little bit large compared with other works. This
is because that the conductor is plated by tin, which leads to
relatively higher conductor loss compared with copper used
in other works.

Fig. 11(a) depicts the simulated loss ratios caused by
different factors. It is clear that radiation loss is the main
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TABLE 1. Performance comparison with related works.

FIGURE 11. (a) Ratios of total loss. (b) Influence of fabrication error on
the filter performance.

source contributing to the high transmission loss in the
lower frequencies, which is mainly caused by the conver-
sion parts [42]. In addition, larger metal loss is observed
when conductor material is chosen as tin instead of copper
especially for higher frequencies, validating the relatively
higher transmission loss of measurements compared with

other designs using copper. The standard printed circuit board
technology is utilized to fabricate the proposed tri-band fil-
ter. The maximum fabrication tolerance in this process is
δ = 0.5mil, namely, 0.0127mm. Thus, the influence of key
parameters with maximum fabrication error has been investi-
gated in Fig. 11(b). As can be observed, the filter performance
shows good stability with respect to fabrication error.

IV. CONCLUSION
In summary, a novel SSPPs-based filter is proposed in this
paper to achieve tri-band bandpass performance based on
the concept of multi-mode resonator. Due to the multiple
resonance of SSPPs unit cell, the proposed filter can produce
a stopband under the frequencies supporting SSPPs mode
propagation, and support resonant tunneling effect above the
SSPPs cutoff frequency. As a demonstration, a filter proto-
type has been fabricated and measured. The measurements
show good consistency with the simulations. The superior
tri-band bandpass performances of the proposed filter make
it possible for promising applications in modern multi-band
wireless systems.
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