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ABSTRACT: A compact spoof surface plasmon polariton (SSPP) low-pass filter is proposed. By adopting a novel fishbone structure, the
effective depth of the groove is increased, reducing the filter width by 24.84%. The length of the filter is reduced by 22.23% with a new
transmission structure. To intuitively display this structure, the filter is designed and fabricated. The area of the filter is 47.44mm×8mm.
The results demonstrate that the insertion and return losses are less than 3 dB and greater than 13 dB, respectively, in a wideband range
of 0–10.00GHz

1. INTRODUCTION

As surface (electromagnetic) waves, when surface plasmon
polaritons (SPPs) are excited by the resonant interactions

between the surface electrons of metals and the electromagnetic
field of light, they propagate along the metal-dielectric inter-
face [1]. Under the necessary condition that the metals and di-
electrics have opposite permittivity, the properties of the SPPs
can be customized by altering the surface structure of the met-
als. SPPs exhibit unique optical properties and have been ex-
tensively studied in different optical bands. Plasmonic mate-
rials are popular research directions, such as graphene [2–4],
Bi2Se3 [5], Dirac semimetals [6], topological chiral materials
[7], nodal-line semimetals [8], and Weyl semimetals [9]. In
addition, the applications of plasmons and their materials in
photodetection [8, 10 11], catalysis [8, 12], and desalination [8]
have also attracted a lot of thermal research.
Previous reports [13] indicate that metals can be considered

perfect electrical conductor (PEC) in the terahertz, microwave,
and millimeter wave frequency bands; in these bands metals
and dielectrics do not have opposite permittivity, resulting in
SPPs that cannot be excited [14]. Therefore, the concept of
spoof surface plasmon polariton (SSPP) was proposed by J. B.
Pendry et al. [22, 15]. By creating periodic grooves or hole ar-
rays on metals, SSPP can be excited in the terahertz and lower
frequency bands, enabling the application of SSPP in frequency
bands below the optical band [16]. The structures of SSPP
based on this theory have been extensively investigated in re-
cent years [17–24].
Nevertheless, in previous studies, the structures were all 3-

D structures, and due to their bulk size, they cannot adapt to
the development trend of circuit integration and miniaturiza-
tion. This limitation restricts the application of SSPP in inte-
grated circuits. Consequently, many studies have focused on
developing miniaturized SSPP structures [25–29]. Ma et al.
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proposed an ultrathin and flexible conformal surface plasmon
structure [30]. They later introduced a planar metal ultrathin
metamaterial [31, 32]. These studies significantly advanced the
application of SSPP in the terahertz, microwave, and millime-
ter waves frequency bands. However, despite these efforts, the
size of various SSPP structure filters can be optimized further
for miniaturization and integration.
In this paper, a compact low-pass filter with a novel fishbone

structure based on SSPP is proposed within a passband range
of DC∼10.00GHz. The proposed structure achieves a similar
bandwidth and better filtering performance than previous struc-
tures, and the size of the SSPP filter is significantly reduced.
First, an SSPP cell was designed, and its dispersion character-
istics were simulated to understand the relationship between its
parameters and asymptotic frequencies. Subsequently, a com-
plete SSPP filter structure was designed by combining six iden-
tical SSPP cells. The optimal design for the SSPP low-pass
filter was determined by analyzing the impact of key parame-
ters through simulations and optimizing the S-parameters for
the full structure filter. Finally, the compact SSPP low-pass
filter was fabricated and assessed. The measurement results
demonstrate that the insertion loss (IL) is less than 3 dB, and
the return loss (RL) is greater than 13 dB in a wideband range
of 0–10.26GHz. The proposed filter can be used to compose
microwave circuits, such as mixer, multiplier, and comb gen-
erator. In addition, the passband of the proposed filter can also
be easily customized by changing some specific parameters.

2. DESIGN OF THE SSPP FILTER

2.1. Dispersion Characteristic of the SSPP Cell
The proposed SSPP low-pass filter has a novel fishbone struc-
ture. The SSPP cell includes a structure loaded at both ends
of a microstrip, which resembles a sloping limb with several
transverse branches in a step pattern with gradually deceasing
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FIGURE 1. Schematic diagram of the SSPP unit cell structure: (a) Cell A, traditional structure, (b) Cell B, with long transverse branches and (c) Cell
C, with short transverse branches.

FIGURE 2. Dispersion diagrams for light, Cell B and Cell C. FIGURE 3. Relationship between the asymptotic frequency of the SSPP
filter cell and angle θ.

length. Fig. 1(c) illustrates the SSPP unit cell structure. The
dielectric substrate is F4B with a dielectric constant εr = 2.65
and a thickness of 0.5mm. A copper microstrip and layer that
are 0.035mm thick are used on the upper and lower surfaces of
the substrate, respectively.
Figure 1(b) shows the SSPP unit cell (Cell B), which in-

cludes transverse branches on sloping limbs that are symmet-
rically distributed on both sides of the microstrip. The limbs
at symmetrical positions form an angle θ = 60◦ with the mi-
crostrip. The lengths of the horizontal branches on the slop-
ing limbs gradually decrease from the bottom to the top of the
structure, as shown in the final cell structure (Cell C, as shown
in Fig. 1(c)). The binding of the filter structure to the electro-
magnetic field is enhanced by adding transverse branches. At
the same time, the design freedom is also increased, and the
performance of the filter is more fine-tuned. For reference, the
main parameter values are provided in Table 1.
The dispersion curve is an important attribute of SSPP cells.

The relationship between the frequency f and the inherent
phase shift φ can be written as:

f =
ckx
2π

=
c

2d
· kd
π

=
c

2d
· φ

180
(1)

where d, kx, and c are the periodic distance in the periodic struc-
ture, the propagation constant, and the speed of light in vacuum,
respectively. c/2d represents the slope of the dispersion curve,
and kd/π represents a normalization of the inherent phase shift
φ. This formula is used to generate the dispersion curves.
The eigenmode solver in HFSS was used to design the above

SSPP structure cells, and their dispersion curves were sim-
ulated, as depicted in Fig. 2. Notably, when the horizontal
branches were the long branches shown in cell B, the asymp-
totic frequency of the SSPP filter cell was 8.9GHz. How-
ever, the asymptotic frequency increased to 10.2GHz when the
lengths of the horizontal branches on the sloping limbs in cell
C were decreased. The results indicate that when the transverse
length of SSPP cell B is shortened to cell C, the equivalent ca-
pacitance becomes smaller, and the asymptotic frequency in-
creases slightly. However, compared to the traditional SSPP
structure (cell A), the groove depth h1 of the proposed struc-
ture (cell C) can also be reduced by 26.22% [31].
Since other parameters have no obvious influence on the fil-

ter performance, only the influence of angle θ, periodic distance
d, and other main parameters on the filter performance is dis-
cussed.
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FIGURE 4. Relationship between the asymptotic frequency of the SSPP filter cell and the periodic distance d inmm.

FIGURE 5. Full structure of the designed SSPP low-pass filter.

To investigate the relationship between angle θ and the
asymptotic frequency of the SSPP filter cell, the dispersion
curves for several different θ values were simulated. As de-
picted in Fig. 3, when the value of θ was varied from 30◦ to
60◦ and then to 90◦, without altering any other parameters, the
asymptotic frequency of the SSPP filter cell demonstrated a de-
creasing trend. This phenomenon can be attributed to the in-
crease in the effective groove depth between the two limbs (i.e.,
the effective length of the branch) as the inclined branch rotates.
As the angle θ increases, the effective length of the branch in-
creases, leading to lower asymptotic frequencies in the SSPP
filter cell.
As indicated in Eq. (1), the asymptotic frequency of the SSPP

filter is closely related to the periodic distance d. It can be easily
inferred that the asymptotic frequency is inversely proportional
to d. This relationship is intuitively illustrated in Fig. 4. As
the periodic distance d increases from 3.5mm to 5.5mm, the
asymptotic frequency decreases from 11.1GHz to 9.3GHz.

2.2. Low-Pass Filter Structure Based on the SSPP Structure
The designed low-pass filter based on SSPP cell Cwith θ = 60◦

consists of three distinct sections, as shown in Fig. 5. Re-
gion I includes the input and output ports of the full filter,
enabling the transmission of quasi-transverse electromagnetic
(TEM) modes. To connect the input and output ports, the mi-
crostrip width was designed as 50Ω. Region II is a transition
structure composed of the microstrip and two right-angled tri-
angles on both sides of the microstrip. This region has two
main purposes: to achieve impedance matching and convert the
quasi-TEM modes to transverse magnetic (TM) modes, which
can support the transmission of the SSPP mode surface wave.

Region III is the main region of the filter, where SSPP surface
wave transmission occurs. This area is composed of six identi-
cal units arranged at the periodic distance d, as shown in Fig. 5.
The blue portion represents the dielectric substrate (F4B) with
a dielectric constant εr = 2.65, while the yellow portion repre-
sents the metal copper microstrip on the upper part of the sub-
strate.
To verify the conclusions about the relationship between the

cut-off frequency and the angle θ and periodic distance d pre-
sented in Section 2.1, several full SSPP filters with different
values of θ and d were modelled, and the S-parameters of the
structures were simulated.
As shown in Fig. 6(a), when d is 4.5mm, the 3-dB cut-off

frequencies at which θ equals 70◦, 60◦, and 50◦ are 9.5GHz,
10.17GHz, and 11.1GHz, respectively. As θ decreases, the 3-
dB cut-off frequency increases, while the out-of-band suppres-
sion within one octave is more than 20 dB. Fig. 6(b) shows that
the filter has better standing waves for θ = 60◦.
Figure 7(a) shows curves of the S-parameters at different fre-

quencies for various values of d. When θ = 60◦, the 3-dB cut-
off frequencies are 11.25GHz, 10.17GHz, and 9.18GHz for
d = 3.5mm, d = 4.5mm, and d = 5.5mm, respectively. As d
increases, the 3-dB cut-off frequency decreases, accompanied
by a slight deterioration in the out-of-band inhibition. The S11

parameter of the filter is shown in Fig. 7(b). The filter has the
best passband standing waves when d = 4.5mm.
Figure 8(a) illustrates the influence of the number of SSPP

unit cells for θ = 60◦ and d = 4.5mm. The curve of S21 moves
to a lower frequency and decreases faster as the number of unit
cells increases from 5 (corresponding to the red line) to 6 (cor-
responding to the green line). As the number of cells increases
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FIGURE 6. Simulated S-parameters (a) S21 and (b) S11 of the SSPP filter for various values of angle θ.

(a) (b)

FIGURE 7. Simulated S-parameters (a) S21 and (b) S11 of the SSPP filter for various values of the periodic distance d.

(a) (b)

FIGURE 8. Simulated S-parameters of the SSPP filter for (a) various numbers of cells and (b) long branches and short branches.

from 6 to 7, the curve of S21 decreases slightly faster, but the
change of curve of S21, which is influenced by the number of
cells, is not obvious, and the size increases. Considering the
passband design index of the filter, therefore, 6-cell cells were
chosen to design the SSPP filter.
To intuitively display the advantages of shorter branches over

longer branches, two SSPP filters with the above two structures
were designed, and their S-parameters were simulated. As
shown in Fig. 8(b), the maximal S11 and the cut-off frequency
of the filter using the long branch are −10 dB and 9.02GHz,

while those of the filter using the short branch are −20 dB and
10.17GHz, respectively. These results illustrate that using the
short branch can decrease the S11 value of the filter. In addition,
even if loading stepped shortened transverse branches leads to
a slight increase in the asymptotic frequency, the groove depth
h1 and width (2h1 + w1) of the proposed SSPP filter are re-
duced by 26.22% and 24.84% compared with those of tradi-
tional SSPP structures, respectively. Moreover, due to the use
of the new transition structure shown in Region II instead of
the traditional transition structure with a gradual change in the

98 www.jpier.org



Progress In Electromagnetics Research M, Vol. 123, 95-103, 2024

(a)

(b)

FIGURE 9. The simulated electric field distributions of the SSPP low-pass filter at (a) 6GHz and (b) 12.5GHz.

(a)

(b)

FIGURE 10. Photographs of the fabricated broadband low-pass filter: (a) top view and (b) botom view.

TABLE 1. Values of the main parameters.

Parameter θ∗ L1 L2 L3 a d da

Value (mm) 60◦ 27 6.72 3.5 0.95 4.5 4.15
Parameter h h1 h2 ha l1 l2 l3

Value (mm) 8 2.72 0.55 0.98 0.96 0.85 0.75
Parameter l4 l5 la w1 w2 w3 wa

Value (mm) 0.64 0.53 1.08 0.65 0.10 0.17 1.37

*θ is the angle formed between the inclined branch and the microstrip, so its unit is degrees

cell size, the length of the proposed SSPP filter decreases by
22.23%.
Figure 9 shows the simulated electric field distributions of

the SSPP low-pass filter in the in-band and out-of-band regions.
According to Fig. 9(a), the current can be input from the left port
and pass through the full SSPP filter to the right port at 6GHz in
the in-band region. However, when the current is input from the
left port, it cannot pass through the full SSPP filter at 12.5GHz
in the out-of-band region, as shown in Fig. 9(b).

3. MEASUREMENT RESULTS
To confirm the above simulation results, a low-pass filter based
on the proposed SSPP structure was fabricated on a 0.5mm
thick F4B substrate (εr = 2.65, tan δ = 0.001, metal copper
thickness is 0.035mm). Its parameters and structure are the
same as those shown in Table 1 and Fig. 5. Photographs of the

fabricated broadband low-pass filter are shown in Fig. 10, with
Fig. 10(a) showing the top view and Fig. 10(b) showing the bot-
tom view. The yellow layer is the copper, and the black layer is
the F4B dielectric substrate. The cores of two SMA connectors
are welded to the solder pads (Region I, shown in Fig. 5) at both
ends of the filter, and the grounding pins of the connector are
welded to the metal layer on the back of the filter. The size of
the full structure is 47.44mm×8mm.
The 3672 series vector network analyzer (VNA) produced

by Ceyear was used to measure the S-parameters of the filter.
Fig. 11 shows the simulation and measurement results for the
SSPP filter. The solid lines represent the measurement results,
and the dashed lines represent the simulation results. The 3-
dB cut-off frequency for the simulation results is 10.17GHz,
while that for the measurement results is 10.26GHz, which is
approximately 0.1GHz higher than the cut-off frequency for
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FIGURE 11. Measurement and simulation results of the S-parameters. FIGURE 12. Measurement and simulation results with and without
SMA connectors.

FIGURE 13. Measurement results of the S-parameters at different temperatures.

the simulation results. The 1-dB insertion loss bandwidths for
simulation result and measurement results are 9.75GHz and
7.01GHz, respectively. The simulation and measurement in-
sertion losses (ILs) are less than 3 dB from 0 ∼ 10GHz. The
simulation return loss (RL) is approximately more than 20 dB
before 8GHz, and the measurement RL is approximately more
than 15 dB before 8GHz and more than 12 dB between 8GHz
and 10GHz. The measurement results slightly deviate from the
simulation results. However, the full trend and 3-dB passband
range of the measurement results are essentially consistent with
the simulation results, which confirms the results presented in
Section 2. Notably, the filter shows slightly poor selectivity
in the high-frequency band. Previous reports have suggested
that adding band-stop filters [33], resonators [34–36], varactor
diodes, lumped elements [37], loading butterfly grooves [38],
optimizing the mode conversion structure [39], and other meth-
ods can improve out-of-band suppression.
The biggest difference between the simulation and measure-

ment results occurs in the out-of-band S21 parameters. The
main reason is the production process, including the process-
ing technology, fabrication errors, and SMA welding errors.
SMA welding is the main cause of error. To verify the error

introduced by the two SMA connectors, the S21 parameter of
proposed filter with them is simulated. As shown in Fig. 12,
though the measurement result with SMA connectors has some
difference from the simulation result without SMA connectors,
it is basically the same as the simulation results with SMA con-
nectors. The proposed filter is designed to use without SMA
connectors.
To verify the stability of the filter at different temperatures,

a series of temperature tests ranging from −10◦C to 60◦C are
done. Fig. 13 experiments the measurement results of the S-
parameters. The S-parameter of the proposed filter shows only
a slight variation with temperatures varying from −10◦C to
60◦C. The results indicate the nice temperature stability of the
filter.
To highlight the advantages of the proposed compact SSPP

low-pass filter, a Figure-Of-Merit (FOM) is proposed as a uni-
fied measure:

FOM =
RL

IL× S
λ2
0

(2)

whereS represents the size of filter, and λ0 represents the wave-
length corresponding to the central operating frequency f0. IL
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TABLE 2. Comparison of the proposed filter and other SSPP filters.

Ref. f0/GHz IL/dB Min. RL/dB Size/(λ0 × λ0) FOM
[40] 5.7 4 8 2.66×0.46 1.63
[41] 4.1 4 6.5 1.84×0.26 3.39
[42] 6 5 6.5 2.44×0.2 2.66
[43] 4.45 3 8 1.56×0.17 10.06
[44] 2.25 2.5 7.5 1.38 0.17 13.2
[45] 2.42 3 8 0.75×0.1 35.56

This work 5.13 3 13 0.79×0.13 42.20

and RL indicate the insertion loss and minimum return loss in
the passband of the SSPP filter, respectively. Higher FOM re-
sults represent better overall filter performance. Table 2 shows
a comparison of the proposed SSPP filter and several other
SSPP filters described in different references. Compared with
the filters presented [40–45], the proposed compact SSPP low-
pass filter has better performance in terms of size.
In future research, different materials such as plasma materi-

als can be used to simulate and experiment the designed SSPP
filter, and its performance can be compared to explore its more
application values. Also, given that graphene [4] and Weyl
semimetals TaAs and NbAs [9] have tunable properties, the
proposed filter can also be integrated with graphene to achieve
dynamic tuning referring to [46–48].

4. CONCLUSION
In this paper, a compact low-pass filter based on SSPP is pro-
posed. The width and length of the filter were reduced by
24.84% and 22.23% by adopting a novel fishbone structure and
a new transmission structure, respectively. The values of sev-
eral key parameters of the proposed filter were simulated, and
the asymptotic frequencies according to their dispersion curves
were compared to determine the final parameter values for the
SSPP cell. Then, the full structure of the SSPP filter was fabri-
cated. The characteristics were simulated and experimentally
measured. The measurement results show that the insertion
loss and return loss are less than 3 dB and greater than 13 dB
in a wideband range of 0–10.00GHz, respectively. In addition,
compared with other SSPP filters, the proposed SSPP filter has
excellent performance in terms of size. The proposed filter can
be used to compose microwave circuits, such as mixer, multi-
plier, and comb generator.
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