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Abstract – In this paper, two band-pass filters based on
the high-order mode of spoof surface plasmon polari-
tons (SSPPs) are introduced. A novel compact bow-
folded strip is proposed as a cell, which exhibits per-
fect band-pass characteristics. By adjusting the width
and groove of the bow-folded strips, high-order mode
can be obtained to support the design of band-pass fil-
ters. Compared to the conventional single-side rectan-
gular groove SSPPs cell, our proposed bow-folded strip
structure cells reduce the electrical size by 59% and 70%
at the same cut-off frequency. In addition, the trans-
mission lines of the two proposed band-pass filters are
microstrip lines and their over-conversion structures are
simple trapezoidal over. A single-band and a dual-band
band-pass filters using the proposed SSPPs cell are fab-
ricated and measured, both having almost the same size.
The measured results are in good agreement with simu-
lated results, which verify the feasibility of our design.

Index Terms – band-pass filter, bow-folded strip, novel
compact, SSPPs.

I. INTRODUCTION
Surface plasmon polaritons (SPPs) refer to elec-

tromagnetic waves that are excited along the surface
of metallic media and propagate within the optical
frequency range, which have field-bound and field-
enhanced properties in the subwavelength range [1]. Due
to their strong optical confinement in the subwavelength
region and their ability to break the diffraction limit,
SPPs have garnered growing attention due to their poten-

tial applications in the design of integrated optical com-
ponents and circuits with high density. In 2004, Pendry
and his colleagues proposed the concept of spoof sur-
face plasmon polaritons (SSPPs). SSPPs and SPPs have
similar features [2]. The dispersion characteristics of the
spoof surface plasmon polaritons can be controlled by
directly changing the structure size of the SSPPs cell [3].
As a result, SSPPs research has received a lot of coverage
in the microwave and terahertz bands.

However, previously proposed devices based on
SSPPs are large-sized bulk structures, which poses a
challenge for the integration of SSPPs with microwave
and terahertz planar circuits. To solve this problem, Cui
and his coworkers proposed the conformal surface plas-
mons (CSPs) waveguide based on an ultra-thin and flex-
ible film printing grooved metal strip [4, 5], which accel-
erated the development of SSPPs technology. Since then,
different shapes of SSPPs transmission lines have been
reported, such as folded [6] and double-sided serrated
[7]. Based on this, functional devices based on SSPPs
transmission lines, such as filters [8–14], antennas [15–
17], power dividers [18–20], frequency dividers [21], and
so on, have been extensively investigated.

However, most of the above work is done based
on the design of the fundamental mode of SSPPs,
which requires complex transmission transitions in the
design of transmission lines. For the high-order mode of
SSPPs, there is no need to use the complex transmission,
only simple microstrip lines are needed to excite effec-
tively. When the groove depth in the SSPPs cell struc-
ture is greater than the period, the designed transmis-
sion line can operate in the high-order mode state [22].
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Some band-pass filters based on the high-order mode
of SSPPs have been reported [23–27]. However, these
SSPPs structures cannot achieve better size advantages.
The transitions of the SSPPs transmission lines are very
complex in the instance of multi-frequency filters now
being developed [28, 29]. Therefore, it is valuable to
study the application of a compact multi-frequency fil-
ter based on the high-order mode of SSPPs and a simple
SSPPs transmission line.

In this paper, we propose a novel bow-folded strip
SSPPs structure based on high-order mode for single-
band and dual-band band-pass filters. We study the con-
ventional rectangular groove SSPPs cell and the bow-
folded strip SSPPs structure. It is demonstrated that the
bow-folded strip SSPPs structure outperforms the tradi-
tional SSPPs structure in terms of size and better field
binding. The structural characteristics of the SSPPs cell
with a bow-folded strip are then examined. The first-
order high-order mode of the SSPPs structure is used
to construct a single-band band-pass filter by designing
the structural parameters. A dual-band band-pass filter
is constructed by using the first high-order mode and
the second high-order mode using a similar theoretical
method. Hence, it indicates the structure’s suitability for
designing band-pass filters and the commendable per-
formance of said filters. Moreover, the structure has the
advantage of miniaturization.

II. STUDY OF HIGH-ORDER MODE OF
SSPPs

In this section, we initially investigate the funda-
mental mode (Mode 0) and the first high-order mode
(Mode 1) of the bow-folded strip SSPPs structure. Sub-
sequently, by employing a straightforward trapezoidal
transition, we can successfully excite the Mode 1 of the
SSPPs, resulting in the generation of a passband that
exhibits exceptional transmission capability.

The SSPPs unit structure based on the bow-folded
strip structure is shown in Fig. 1 (b). Unlike the conven-
tional single-side rectangular groove SSPPs unit struc-
ture (Fig. 1 (a)), it is formed by etching bow-folded
strip on top of the rectangular groove SSPPs unit struc-
ture, based on Rogers RT5880 substrate with thickness
of 0.508 mm, relative dielectric constant of 2.2 and tan-
gent loss of 0.0009. In order to improve the SSPPs field
confinement capability, the backside of the substrate is a
continuous metal ground structure [30]. The dimensions
of two-unit structures are listed in Table 1. The period is
d, the deep grooves are h (slot depth of conventional rect-
angular groove) and h1 (slot depth of bow-folded strip),
the top edge is length l, and the line widths are W1 and
w, respectively.

As stated in the study conducted by [27], the sin-
gle grating structure of SSPPs demonstrates the ability to

(a)

(b)

(c)

(d)

Fig. 1. (a) Conventional rectangular groove SSPPs cell
structure, (b) bow-folded strip SSPPs cell structure,
(c) dispersion characteristics of conventional rectan-
gular groove and bow-folded strip SSPPs cells with
h1=h=6.2 mm, and (d) dispersion characteristics of con-
ventional rectangular groove and bow-folded strip SSPPs
cells with h1=6.2 mm, h=15 mm.
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sustain high-order modes of SSPPs if the depth of groove
h exceeds the period d. The number of SSPPs modes (N)
can be denoted by:

N = 1+ int(h/d). (1)

Table 1: The dimensions of two-unit structures
(unit=mm)

l d h h1 W1 w1 W w
4 7 6.2 6.2 2 2 0.5 0.5

The SSPPs cell structure is simulated using the
eigenmode solver of the commercial software CST
Microwave Studio. The boundary conditions for the
propagating x-direction are specified as periodic bound-
aries, and the non-periodic y- and z-boundaries are spec-
ified as either electric or magnetic boundaries. By setting
the intrinsic phase shift between periodic boundary con-
ditions to the parameter phase, one can use the parameter
scan function to get the mode frequency. According to
the definition, the conversion relation between the intrin-
sic phase shift value phase and the propagation constant
k in the propagation direction is as follows [31]:

k = phaseπ/180d. (2)
According to the dispersion curve in Fig. 1 (c), the

dispersion curves of both modes of SSPPs start from the
intersection with the dispersion curve of light in free
space. As the intrinsic phase shift value increases, it
gradually veers away from the light line until reaching
the maximum frequency value, known as the cut-off fre-
quency. When the dispersion curves closely approach the
cut-off frequency, the field’s binding capability to SSPPs
reaches its maximum strength. When h=h1=6.2 mm, the
cut-off frequency of the conventional rectangular groove
cell structure is 7.4 GHz and that of the bow-folded
strip cell structure is 3.5 GHz. Therefore, the designed
bow-folded strip cell structure in the same size has a
lower cut-off frequency than the conventional rectangu-
lar groove cell structure, indicating that the transmission
line of the bow-folded strip cell structure has a higher
field-binding force in the frequency band range of 0 to
14 GHz.

Here we investigate the characteristics of the high-
order mode, making h=15 mm and h1=6.2 mm. At this
point the transverse dimension of the designed bow-
folded strip structure reduces to 59% of the conventional
rectangular groove. The dispersion curves in Fig. 1 (d)
show that both the conventional single-side rectangu-
lar groove structure and the bow-folded strip appear in
high-order mode, and the cut-off frequencies of the fun-
damental and high-order mode are almost the same for
both. The fundamental mode of their cut-off frequency
is 3.5 GHz, featuring low-pass characteristics. The first

high-order mode cut-off frequency is 10.1 GHz, which
exhibits an inherent band-pass. Thus, it is shown that the
bow-folded strip structure occupies less area at the same
cut-off frequency. The groove depth primarily deter-
mines the cut-off frequency of SSPPs, thus leading to
this phenomenon. The curved groove of the bow-folded
strip SSPPs unitary structure increases the relative effec-
tive groove depth of the SSPPs and further reduces the
horizontal dimension. In addition, there is no overlap
between the fundamental and high-order mode, indicat-
ing single-mode propagation for each mode, unlike the
conventional rectangular waveguide.

Previous work has shown that the cut-off frequency
of SSPPs’ fundamental mode is mainly determined by
the groove h1. Further, it is also important to investi-
gate the relationship between the high-order mode and
the structural parameters of the bow-folded strip SSPPs
cell. As shown in Fig. 2 (a), when the width l of the
bow-folded strip SSPPs cell is increased from 2 mm
to 4 mm, the intersection of the first high-order mode

(a)

(b)

Fig. 2. (a) Dispersion characteristics of bow-folded strip
SSPPs cells of different l and (b) dispersion characteris-
tics of bow-folded strip SSPPs cells of different h1.
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with the light (i.e., the lower cut-off frequency) gradu-
ally decreases from 7.1 GHz to 4.8 GHz. The cut-off
frequency (i.e., the upper cut-off frequency) gradually
decreases from 13.9 GHz to 10.1 GHz. As shown in
Fig. 2 (b), when the length h1 of the bow-folded strip
SSPPs cell is increased from 4.2 mm to 6.2 mm, the
intersection of the first high-order mode with the light
(i.e., the lower cut-off frequency) gradually decreases
from 6.1 GHz to 4.8 GHz, and the cut-off frequency (i.e.,
the upper cut-off frequency) gradually decreases from
11.5 GHz to 10.1 GHz. As a result, the structural char-
acteristics of the bow-folded strip can influence the pass-
band frequency range created by the first-order higher
mode, and the desired passband can be flexibly altered
by choosing alternative structure sizes. As can be seen in
Fig. 2, the groove depth h1 and width l affect the cut-off
frequency of the high-order mode, so the desired pass-
band can be flexibly adjusted by setting different struc-
tural dimensions.

III. IMPLEMENTATION OF BAND-PASS
FILTER WITH HIGH-ORDER MODE

A. Single-band band-pass filter
Based on the above high-order mode analysis and

the proposed bow-folded strip SSPPs structure, a single-
band band-pass filter is designed, as shown in Fig. 3 (a).
It has an overall length of 53 mm. Table 2 shows
the optimized dimensions of the single-band band-pass
filter. Region I is a microstrip line with a character-
istic impedance of 50 ohm which is adopted as the
input/output waveguide. Region II serves as a straight-
forward trapezoidal interface, ensuring a smooth con-
nection between the microstrip lines and the proposed
SSPPs structure, thereby minimizing space occupation.
Region III comprises four identical units of SSPPs cells.

Table 2: The optimized dimensions of single-band band-
pass filter (unit=mm)

L0 Lm W0 W1 w l h1
7 5.5 1.55 2 0.5 4 6.2

Figure 3 (b) presents the simulated S-parameters of
single-band band-pass filter. Good band-pass character-
istics and efficient propagation are obtained in the fre-
quency range from 4.8 GHz to 10.1 GHz, with inser-
tion loss less than 0.3 dB and in-band return loss better
than 14 dB. The low and high frequency band edges of
the passband are located at 4.8 and 10.1 GHz, respec-
tively. This is essentially the same as the high-order
mode cut-off frequency of the bow-folded strip SSPPs
cell structure. While the fundamental mode produces a
low-passband ranging from 0 to 3.5 GHz, the insertion
loss in this range is significantly higher compared to the

(a)

(b)

(c)

(d)

Fig. 3. (Continued.)
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(e)

(f)

Fig. 3. (a) Schematic diagram of the structure of the
single-band band-pass filter, (b) S-parameters of the
single-band band-pass filter, (c) return loss of the single-
band band-pass filter with different W1, (d) return loss
of the single-band band-pass filter with different N, (e)
return loss of the single-band band-pass filter with dif-
ferent h1, and (f) electric field distribution of the single-
band band-pass filter at 7 GHz.

passband created by the first high-order mode. In this
design, the transmission method without the addition of
traditional staircase graduation SSPPs transition struc-
tures can effectively inhibit the low-pass effect of the
fundamental mode and enhance the band-pass character-
istics of the first high-order mode.

Among them, the return loss of the band-pass fil-
ter is affected by the width W1, the groove depth h1, the
length l, and the number of cells. As shown in Figs. 3 (c-
e), the return loss gradually decreases and shifts to the
left when W1 increases from 0.5 to 2 mm. The return
loss increases when the number of cells is 8, and the best
result is obtained when the number of cells is 4. The best
result is obtained when the return loss is 6.2 mm when h1
increases from 5.6 to 6.8 mm. Through the above anal-
ysis, it can be concluded that by optimizing the width,
groove depth, length and cell number, the return loss can
be improved, resulting in better performance of the band-
pass filter.

To further examine the propagation properties of the
high-order mode of SSPPs, we illustrate in Fig. 3 (e)

the electric field distribution of the single-band band-
pass filter at 7 GHz. Evidently, the transmission of
energy from the input port to the output port is done
efficiently. Hence, the successful stimulation of the high-
order mode enables the acquisition of a passband with
high efficiency.

B. Dual-band band-pass filter
In order to delve deeper into the characteristics of

the bow-folded strip SSPPs structure at high-order mode,
we piloted another dual-band band-pass filter design.
The dimensions of the bow-folded strip cell structure are
smaller, with a transverse dimension reduced to 70% of
the conventional rectangular groove cell structure with
h=22 mm. The total length of dual-band band-pass fil-
ter is 64 mm. Figure 4 (a) shows the schematic diagram
of the dual-band band-pass filter structure, and Table 3
shows the optimized dimensions.

The dispersion curve of the dual-band band-pass fil-
ter cell structure is illustrated in Fig. 4 (b), and it can be
seen that the groove depth clearly affects the total num-
ber of modes in the SSPPs structure, and there are two
high-order mode. There is a forbidden band between the
fundamental mode and the first high-order mode. There
is also a forbidden band between the second high-order
mode and the first high-order mode. The cut-off fre-
quency for the first high-order mode is 7.2 GHz, whereas
the cut-off frequency for the second high-order mode
is 11.5 GHz. It is worth noting that the fundamental
mode has a lower cut-off frequency compared to the
single-band band-pass filter unit structure. By observ-
ing Fig. 4 (c), it becomes evident that two passbands
are generated by the first high-order mode and the sec-
ond high-order mode, covering the frequency ranges of
3.57-7.2 GHz and 7.9-11.5 GHz, respectively. These fre-
quency ranges align with the dispersion curves illustrated
in Fig. 4 (b). The first high-order mode demonstrates an
insertion loss of below 0.2 dB, accompanied by a return
loss better than 19 dB. Similarly, the second-order high
mode shows an insertion loss lower than 0.3 dB and a
return loss better than 19.5 dB. Consequently, the sys-
tem exhibits a favorable response in terms of dual-band
filtering.

In order to obtain a comprehensive understanding
of the transmission characteristics, Fig. 4 (d) illustrates
the distribution of electric fields at frequencies of 5, 7.5,
and 10 GHz. At 5 GHz and 10 GHz passband range, the
microstrip line effectively converts the guided wave into
the SSPPs mode, resulting in a passband that exhibits
excellent transmission performance. It is important to
highlight that the electric field intensity is higher at
5 GHz compared to 10 GHz, indicating potential energy
losses during transmission. At the blocking band fre-
quency of 7.5 GHz, the majority of the electric field is
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(a)

(b)

(c)

(d)

Fig. 4. (a) Schematic diagram of the structure of the dual-
band band-pass filter, (b) dispersion characteristics of
the dual-band band-pass filter SSPPs cell structure, (c)
S-parameters of the dual-band band-pass filter, and (d)
electric field distributions of the dual-band band-pass fil-
ter at 5 GHz, 7.5 GHz, and 10 GHz.

concentrated on the initial SSPPs cell, resulting in the
blocking of signals within the blocking band range.

Table 3: The optimized dimensions of dual-band band-
pass filter (unit=mm)

L0 Lm W0 W1 w l h1
7 11 1.55 2 0.3 6 6.6

IV. TEST RESULTS
In an effort to confirm the possibility of employ-

ing the high-order mode SSPPs band-pass filter, we
fabricated and measured two distinct types of filters.
Figures 5 (a) and (b) show the single-band and dual-band
band-pass filters, correspondingly. This was achieved by
taking into account the correlation between the high-
order mode dispersion attributes of the proposed SSPPs
cell and the geometric alteration of the slot. To acquire

(a)

(b)

(c)

Fig. 5. (Continued).
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(d)

(e)

(f)

Fig. 5. (a) Fabricated samples of single-band band-pass
filter, (b) fabricated samples of dual-band band-pass filter,
(c) measured and simulated result of the single-band band-
pass filter, (d) measured and simulated result of the dual-
band band-pass filter, (e) comparison of simulated solder
loss result for single-band band-pass filter with measured
results, and (f) comparison of simulated solder loss result
for dual-band band-pass filter with measured results.

the S-parameters of the filter, we joined the filter with
two SMA connectors. The connectors were used to con-
nect the 50-ohm microstrip lines, and they were securely

attached to both ends of two fabricated prototypes for the
purpose of measurement. The results of the measurement
are very similar to the simulation. As shown in Fig. 5 (c),
the simulated return loss is better than 19 dB and the
measured return loss is better than 10 dB in the passband
from 4.8 GHz to 8 GHz, and the simulated return loss is
better than 20 dB and the measured return loss is better
than 10 dB in the passband from 8 GHz to 10.1 GHz. As
shown in Fig. 5 (d), the simulated dual-band band-pass
filter exhibits an insertion loss of less than 0.2 dB and a
return loss better than 19 dB in the frequency range of
3.57 GHz to 7.2 GHz. Correspondingly, the measured
dual-band band-pass filter showcases an insertion loss
below 0.7 dB and a return loss greater than 14 dB in
the identical frequency span. In the frequency range from
7.9 GHz to 11.5 GHz, the simulated dual-band band-pass
filter attains an insertion loss below 0.3 dB and a return
loss exceeding 19.5 dB. The measured dual-band band-
pass filter exhibits an insertion loss less than 1dB and a
return loss better than 10dB within the same frequency
range.

It can be seen that the measured results match well
with the simulation result curve, but the measured inser-
tion loss and return loss are both higher than the simula-
tion loss. This is mainly due to the SMA connector sol-
dering and manufacturing tolerance. In order to reduce
soldering loss, we can optimize the loss due to weld-
ing by simulating them before soldering, thus reducing
the loss due to soldering during measurement. As shown
in Figs. 5 (e) and (f), the S-parameters of the band-pass
filter are simulated with the same environmental factors
(with the same SMA connector and manufacturing tol-
erance) as in the measurement. It can be seen that the
S-parameters of the single-band and dual-band band-
pass filters with soldering loss agree with the curve fit
of the measured S-parameters. Therefore, the soldering
loss can be continuously optimized during the simula-
tion process so that the simulation results can reach the
best value to reduce the loss caused during soldering
and make a better agreement between the measurement
results and simulation results.

Table 4 presents a comparison of the performance
and size of the band-pass filters proposed in this study
with those previously reported based on the high-order
mode of SSPPs. Both band-pass filters proposed in this
research exhibit wider bandwidth fractions compared
to the previously suggested filters. Compared to the
single-band band-pass filters in [24, 27], the proposed
single-band band-pass filter in this paper achieves a size
reduction of nearly 50% while maintaining excellent per-
formance. The proposed single-band band-pass filter has
an insertion loss that is half of that in reference [23],
and it also achieves a size reduction of nearly 67%.
Compared to the single-band band-pass filters in [25],
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Table 4: Comparison of the proposed band-pass filters
based on the high-order mode of SSPPs with the previous
work
Ref. Number

of
Modes

f0
(GHz)

IL
(dB)

RL
(dB)

Horizontal
Dimension

(λg )

FBW
(%)

[23] Mode 1 11.5 2.3
measured

10
measured

0.59 56.5

[24] Mode 1 7.79 1.46
measured

10
measured

0.39 43.4

[25] Mode 1 8 1.7
measured

12
measured

0.24 50

[26] Mode 1
Mode 2

7.95,
14.65

0.2,
0.36

simulated

15,
15

simulated

0.2,
0.36

64.2
29.4

[27] Mode 1 8.2 0.16
simulated

12.6
simulated

0.47 58

This
work

Mode 1 7.5 0.3
simulated

1
measured

14
simulated

10
measure

0.2 78.5

Mode 1
Mode 2

5.4,
9.7

0.2,
0.3

simulated
0.7,

1
measured

19,
19.5

simulated
14,
10

measured

0.15,
0.27

67.2
37.1

the proposed single-band band-pass filter demonstrates
advantages in terms of insertion loss and size. With
nearly identical dimensions, we have fabricated dual-
frequency band-pass filters using first high-order mode
and second high-order mode. According to Table 4, the
size of the proposed dual-band band-pass filter is smaller
than that of the dual-band band-pass filter of [26] and the
performance of this filter is better.

Hence, both of the proposed band-pass filters pos-
sess the benefits of a compact structure and minimal
insertion loss, and have potential application in inte-
grated devices.

V. CONCLUSION
In this paper, we design two types of band-pass

filters: single-band and dual-band filters. These filters
utilize the high-order mode of spoof surface plasmon
polaritons as their foundation. Compared to the conven-
tional single-side rectangular groove SSPPs cell, our pro-
posed cells reduce the electrical size by 59% and 70%
at the same high-order cut-off frequency. By simulat-
ing the dispersion curves of the SSPPs cell structure,
we examine the primary parameters that impact the cut-
off frequency of both the fundamental and high-order
mode of SSPPs. The simulation and measurement of the
single-band and dual-band band-pass filters, which are
based on the high-order mode of SSPPs with a bow-
folded strip structure, are performed using microstrip

line feed. The simulation results align well with the mea-
sured results, demonstrating the feasibility of applying
the SSPPs high-order mode to band-pass filter design.
We also verified the key factors that cause a slight differ-
ence between the measured and simulated results. The
simplicity and small size of the proposed structure and
design method suggest promising potential applications
in plasma devices and systems.
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