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A novel bandpass filter (BPF) based on spoof surface plasmon polaritons (SSPPs) using a compact folded slotline
structure is proposed and experimentally demonstrated. The proposed novel SSPPs structure compared with a conventional
plasmonic waveguide with slot line SSPPs unit structure at the same size, the considerable advantages in much lower
asymptotic frequency with tight field confinement, which enable the proposed filter to be more miniaturization. A high-
efficient mode conversion structure is designed to transition from TE-mode to SSPPs-mode by gradient slotline lengths. The
low-frequency stop-band can be committed with microstrip to slotline evolution on both sides of the dielectric, while the
high-frequency cutoff band is realized by the proposed SSPPs structure. The influence of dispersion relation, electric field
distribution, surface current, and structural parameters on the transmission characteristics of the proposed BPF are analyzed
by finite difference time domain (FDTD). To validate the design concept, the prototype of the miniaturized SSPPs BPF
has been manufactured and measured. The experimental results show high performance of the fabricated sample, in which
the working in a range of 0.9 GHz–5.2 GHz with the relative bandwidth is 142%, the insertion loss less than 0.5 dB, the
reflection coefficient less than −10 dB, and the group delay is less than one ns. This works provides a mirror for realizing
the miniaturization of waveguides, and the application and development of high-confinement SSPPs functional devices in
the microwave and THz regimes.

Keywords: spoof surface plasmon polaritons (SSPPs), bandpass filter, ultra-wideband, high-confinement
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1. Introduction

Surface plasmon polaritons (SPPs) are surface electro-
magnetic (EM) waves generated by the interaction of free elec-
trons and incident field on the interface between metal and
dielectric.[1,2] The metal can exhibit plasma properties in the
near-infrared and optical wavebands, resulting in the presence
of SPPs on the metal surface. The SPPs propagate along the
metal surface with decay exponentially in the direction per-
pendicular to the surface. Its ability to overcome the conven-
tional diffraction limit and manipulating light has a prevalent
applications in photon circuits, such as SPPs waveguides, op-
tical transmission, nonlinear optics, high sensitivity sensors,
and other areas.[3–7] However, at low frequencies (e.g., mi-
crowaves or terahertz), the dielectric constant of the metal
tends to infinity, which is usually approximately a perfect elec-
tric conductor (PEC).[8,9] Therefore, the binding of the metal
surface to the EM wave is too weak to form the surface plas-
mons surface wave.

To solve this problem, the periodic structures, such as
one-dimensional (1D) regular grooves and two-dimensional
(2D) periodic holes arrays, are usually added to the surface

of the metal. In 2004, Pendry et al.[10] demonstrated sur-
face waves in 1D metal grooves and 2D periodic holes ar-
rays. From the point of view of the new artificial EM me-
dia, the grooves and holes can be equivalent to a plasma ma-
terial when the size of the grooves and holes is much smaller
than the wavelength. And the surface wave has similar disper-
sion relation and sub-wavelength mimicking characteristics to
the SPPs, which are called spoof surface plasmon polaritons
(SSPPs).[10–12] In 2008, Williams et al.[13] experimentally ver-
ified the transmission characteristics of SSPPs in the terahertz
band by machining 2D periodic through-holes on metal sur-
faces. And then, a variety of metal structured with various
shapes have been proposed and proved to be able to support
SSPPs such as helically grooves, wedge grooves, and diago-
nal grooves.[14–16]

Recently, researchers have done a lot of excellent re-
search on SSPPs. The design of a guided wave system is
one of the most critical problems for microwave and even
THz frequency bands. In 2013, Cui et al.[17] investigated
flexible and conformal ultra-thin surface plasmonic waveg-
uide (SPW), which provide a reliable basis for the processing
and integration SSPPs transmission lines due to its good field
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confinement. Feng et al.[18] analyzed the trapezoidal groove
structure and the SSPPs of high-order modes, and carried out
in-depth research on their applications. Meanwhile, a large
number of applications of SSPPs have been gradually carried
out, including guided wave and surface wave conversion,[19]

multiple mode analysis,[20] power splitter,[21,22] plasmonic
circulator,[23] energy amplification,[24] filter,[25–28] radiation,
and other aspects.[29–31]

The ultra-wideband (UWB) compact SSPPs bandpass fil-
ter has become an important development trend due to its es-
sential role in modern integrated circuit and wireless com-
munication systems. Hence, many efforts have been con-
structed SSPPs bandpass filters with high performance, such
as micro-grooving waveguides,[20,22,32,33] coplanar waveguide
(CPW),[28] half-mode substrate integrated waveguide,[34,35]

and slotline SPW.[36–38] However, most of these SPW are still
limitations in terms of enhanced confinement and compact-
ness. Hence it is not convenient to be used as a carrier for
microwave and THz signal transmission.

Here, a novel high-efficiency ultra-wideband SSPPs
bandpass filter using compact folded slotline technology was
designed. An efficient mode conversion structure between
slotline and SSPPs waveguide is realized to efficiently transi-
tion the TE-mode and SSPPs mode. By changing the structural
parameters of the SSPPs unit cells, the upper edge of the band-
pass can be controlled easily. The proposed novel SSPPs struc-
ture with lower cutoff frequency and high-confinement capac-
ity compared with the conventional plasmonic waveguides.
CST software is used to simulate the effect of geometric pa-
rameters on transmission characteristics, surface current, dis-
persion relation for the fundamental SSPPs mode, near-field
distribution, and power distribution of the proposed BPF. In
addition, the prototype of the novel SSPPs BPF was fabricated
and measured. The experimental results of the fabricated sam-
ple agree with the numerical simulation results well, showing
the high-efficiency broadband transmission of the passband.
The work paves the way toward high-confinement and minia-
turized plasmonic devices for design and application.

2. Dispersion characteristics of proposed folded
slotline SSPPs structure
Figure 1(a) shows the conventional SSPPs unit cell (type-

A) with dipole metal grooves. The unit structure is arranged
periodically in the x-direction. The metal grooves layer is
printed on the 0.508-mm thick flexible dielectric substrate of
Rogers (εr = 10.2, and tan δ = 0.0023). The metal is se-
lected as the 0.035-mm thick copper (σ = 5.8× 107 S/m).
The dimensions of the structure indicated in Fig. 1(a), P rep-
resents the period, w expresses the width of the central slot-

line waveguide, h expresses the depth of the grooves, and s
represents the width of the vertical slotline. The transverse-
electric (TE) polarized waves impinging at the surface of pe-
riodic units with the kx (kx > k0, k0 is the wavenumber in free
space), as shown in Fig. 1(a). Under the subwavelength di-
mensions (λ � P > a), the dispersion relation for the SSPPs
modes in the array for the EM waves propagating along the x
direction is

kx = k0

√
1+

s2

P2 tan2(k0h). (1)

According to the dispersion relation for the SSPPs waveg-
uide with traditional dipole grooves, the asymptotic frequency
of the fundamental mode is inversely proportional to the depth
of the rectangular slotline. Therefore, it is necessary to in-
crease the depth of the rectangular slot line to obtain a lower
asymptotic frequency, which will lead to the increase of the
structure size.
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Fig. 1. Schematic diagram and simulated current distributions of different
kinds of waveguides units. (a) The conventional rectangle slotline unit cell
(type-A). (b) Rectangle slotline with branch parallel slot unit cell (type-B).
(c) The proposed L-shape folded slotlines SSPPs unit cell (type-C). Simu-
lated current distributions of (d) type-A, (e) type-B, and (f) type-C.

Figure 1(b) shows the SSPPs unit (type-B) etching of a
branch parallel to the central slotline on the basis of the rect-
angular slotline in Fig. 1(a). The main factor affecting the pro-
gressive frequency is the total length of the slot line. We fur-
ther added L-shaped folded slotline to increase the total length
of grooves without changing the overall structure size of the
plasma waveguide based on type-B, as shown in Fig. 1(c). The
unit cell in Fig. 1, a and b express the width and depth of the
L-shape grooves, d expresses the length of the branch slot line
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parallel to the central slotline waveguide. The detailed geo-
metrical dimensions in Fig. 1 are: h = 2, s = 0.2, w = 0.2,
d = 2, a = 1.2, b = 1, and P = 4, (in unit mm).

The simulated surface current distributions of type-A,
type-B, and type-C structural at 5.2 GHz are analyzed by the
eigen mode calculation, as shown in Figs. 1(d)–1(f). It can
be obtained that the current density aggrandizes stage by stage
from type-A to type-C. The current mainly distributed periph-
ery the L-shape folded slotline, resulting in the type-C unit
can achieve a more significant slow-wave effect at the same
frequency.
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Fig. 2. The dispersion characteristics of different SSPPs unit cells with the
same geometric size.

To obtain the dispersion curves, the dispersion character-
istics for the fundamental SSPPs mode of the type-C, type-B,
and type-A units with the same geometric size by the Eigen
mode solver based on the FDTD and theoretical enumeration,
are displayed in Fig. 2. In the numerical simulation, the pe-
riodic boundary condition is set in the x direction, the perfect
electric conductor (PEC) boundaries are placed in the y and
z directions, and the phase shift is set to the gradient varia-
tion, as shown in Fig. 1. It can be observed that the dispersion
curve of the type-C unit (see the rose line in Fig. 2) more devi-
ate from the light line than that of the type-B SSPPs unit and
the conventional rectangle slotline, and the cutoff frequency
decreases gradually from type A to type C. Figure 2 shows the
asymptotic frequency is significantly reduced by increasing
the branch slots parallel to the slotline waveguide, and further
reduced by further growing the L-shaped slot, and the asymp-
tote frequencies of type-A unit, type-B unit, and type-C unit
are 9.4 GHz, 6.4 GHz, and 5.3 GHz, respectively. In addition,
the wave vector of the proposed type-C structure is the largest
at the same frequency, which is stronger surface wave confine-
ment, as shown in Fig. 2. Thus, the introduction of side slot-
lines at slit waveguides can not only realize the transmission
characteristics of slotline waveguides at different frequencies,
but also realize the design of strongly confined miniaturized
devices.

3. Design and analysis of the proposed SSPPs
BPF
The schematic representation of the proposed novel

SSPPs bandpass filter based on the analysis as mentioned
above the fold slotline SSPPs (type-C) unit cells are shown
in Fig. 3. The microstrip feeding lines with a circular plate
and used to input, and output port are printed on the top layer
as shown in Fig. 3(a), which is symmetric with abidance by
yoz planes. The L-shape fold slot surface waveguide on the
Rogers substrate with the thickness of 0.508 mm is shown in
Fig. 3(b), which is symmetric with abidance by xoz planes.
Figure 3(d) shows the left view of the proposed BPF, in which
the thickness of the upper and lower layers of metal copper is
ts = 0.035 mm. It is universally that the microstrip line sup-
ports quasi-TEMs wave transmission, while the SPW supports
SSPPs waves. If the microstrip line is directly feeds into the
SSPPs waveguide, it will directly mismatch the momentum
and a colossal reflection loss. To solve the problem, a tran-
sition structure with seven different unit sizes from the slot-
line to the SSPPs waveguide is designed and demonstrated, as
shown in Fig. 3(c). Part I is microstrip to slotline transition for
mode conversion from quasi-TEM mode to TE mode, in which
the microstrip feeding-lines with a nummular plate and the
slotline with a nummular slot. Part II is the transition structure
of the gradient groove lengths for mode conversion from TE to
SSPPs mode in a wide frequency band. Part III is the proposed
SSPPs structure of N-cascaded SSPPs units along the x direc-
tion. Figure 3(b) shows that part II′ and part I′ are mirrored
symmetrically with part II and part I along the AA’ cross-
plane, respectively. The detailed geometrical dimensions in
Fig. 3 are d1 = 1.25, d2 = 1.5, d3 = 1.75, a1 = 0.45, a2 = 0.7,
a3 = 0.95, w = 0.2, h = 2, h1 = 1, b = 1, r = 3 (in unit mm),
and N = 5.

Through the design of the above transition structure, the
efficient mode matching between the microstrip line and the
slot waveguide with L-shape fold branches can be realized
indirectly. Figure 4(a) is a schematic diagram of wavenum-
ber matching between quasi-TEM waves and L-shape folded
components SSPPs waves. It can be apparent that the dis-
persion curve gradually deviates from the light line to ap-
proaches the asymptotic frequency of the proposed SPW when
the transition structure from M1 to M7 unit, which indicates
an excellent momentum matching. The simulated S11 of the
SSPPs BPF with and without matched structures, as shown in
Fig. 4(b). If the matching network of the SSPPs BPF does
not exist, the significant reflection loss of reflection coefficient
(S11) is higher than −3 dB, which means more than 50% of
the EM energy will be reflected within the adequate working
bandwidth of the BPF. Hence, the design of a matching struc-
ture plays a vital role in the efficient transmission of L-shaped
fold slotlines SSPPs waveguides.
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Fig. 3. Two-dimensional (2D) schematic diagram of the proposed UWB SSPPs BPF: (a) top view, (b) bottom view, (c) transition section, (d)
left view.
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Fig. 4. (a) The evolution of the normalized wave vector of different units in
Part II and Part III. (b) The simulated S11 of the UWB SSPPs BPF with and
without transition structure.

To further comprehend the filtering distinction, the simu-
lated near-field distributions of the z-component electric field
on the x–y plane of the proposed SSPPs BPF are plotted in
Figs. 5(a)–5(d) at (a) 4 GHz, (b) 5 GHz, (c) 6 GHz, and (d)
8 GHz, respectively. As shown in Figs. 5(a) and 5(b), the
guided waves in the slotline waveguide are gradually trans-
formed to SSPPs waves, and SSPPs waves can be transmitted
efficiently, for example, at 4 GHz and 5 GHz. However, the
waves can be coupled to the slotline waveguide through the

microstrip feeding-line. Still, it is in the cutoff frequency re-
gion of the L-shape fold grooves SSPPs structure at 6 GHz and
8 GHz, so it cannot be transmitted through the SSPPs waveg-
uide, as displayed in Figs. 5(c) and 5(d).
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Fig. 5. The near-field distribution of the z-component electric field on the x–y
plane above the top surface of the proposed SSPPs BPF at (a) 4, (b) 5, (c) 6,
and (d) 8 (in unit GHz).

To get an insight into the strong confinement character-
istics, the simulated electric field amplitudes of the proposed
BPF at different frequencies along the y direction in the cross-
section A–A′ and along the z direction, as shown in Figs. 6(a)
and 6(b), respectively. It can be seen that the electric field am-
plitude is the largest at the center point and decreases rapidly
in the direction perpendicular to the propagation direction. As
shown in Fig. 6(b), the proposed L-shape fold slotline SSPPs
waveguide has solid electric field confinement on the surface,
and the electric field amplitude attenuates rapidly in the free
space along the z direction at 4 GHz. The insets of Fig. 6
show the power distribution of the BPF on the cross-section
yoz plane at different frequencies of 4 GHz and 6 GHz. These
two illustrations show a field distribution and intensity similar
to that in Fig. 5. Therefore, the designed compact SSPPs slot
waveguide structure offers strong confinement performance.
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To investigate the influence of the branch slot line par-
allel to the central slotline on the transmission characteristics
of the proposed BPF, we first analyze dispersion curves of the

fundamental modes for the SSPPs units with various lengths
values d, as shown in Fig. 7(a). The d varies from 1.5 mm to
3.0 mm at intervals of 0.5 mm with h = 2, s = 0.2, a = 1.2,
w = 0.2, b = 1, P = 4 (in unit mm), and N = 5. As can be seen
in Fig. 7(a), when the lengths d of the branch slot line paral-
lel to the central slotline increase, the asymptote frequency is
decreased. Figure 7(b) shows the transmission performance
of the SSPPs BPF with varied length of the d. Obviously,
the upper cutoff frequency edge of the passband shifts down-
ward when the lengths of d increase, which is consistent with
Fig. 7(a). Therefore, it can be concluded that the length of
the branch slot line parallel to the central slotline is negatively
correlated with the asymptotic frequency, and the longer the
length, the stronger the EM confinement.
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Fig. 8. (a) Dispersion curves of the fundamental modes for the SSPPs unit
cell with various h. (b) The simulated S21 for the SSPPs BPF varied the
height of the L-shape groove h.

Next, we analyze the impact of different depths of the
grooves on transmission characteristics of the proposed SSPPs
BPF. Figure 8(a) shows the dispersion curves of the type-C
units with various values h. The h varies from 1.5 mm to
3.0 mm at intervals of 0.5 mm with d = 2, s = 0.2, a = 1.2,
w = 0.2, b = 1, P = 4 (in unit mm), and N = 5. As can be
seen in Fig. 8(a), the asymptote frequency decreases of the
SSPPs unit with the increase of grooves depth h from 1.5 mm
to 3.0 mm at intervals of 0.5 mm. Figure 8(b) shows the trans-
mission performance of the SSPPs BPF with varied the length
of the h. It can be seen that with an increase in the depth of
the grooves, the upper- frequency edge of the passband has a
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tardily redshift, and the lower frequency edge of the passband
remains unchanged.

Furthermore, the effects of the different widths of the slot-
line on transmission characteristics of the SSPPs BPF are in-
vestigated. Figure 9(a) shows the dispersion curves of the
type-C units with various width values of the fold slotline. The
s varies from 0.1 mm to 0.4 mm at intervals of 0.1 mm with
d = 2, h = 2, a = 1.2, w = 0.2, b = 1, P = 4 (in unit mm),
and N = 5. In Fig. 9(a), it can be seen that with an increase
in the width of the slotline, the asymptote frequency increase
of the proposed SSPPs unit (type-C). Figure 9(b) shows the
simulated S21 for the SSPPs BPF with the width s varied from
0.1 mm to 0.4 mm at intervals of 0.1 mm. The upper-frequency
edge of the passband has a slightly blue shift as the width of s
increases, as shown in Fig. 9(b).
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Fig. 9. (a) Dispersion curves of the type-C units with various values s. (b)
The simulated S21 for the SSPPs BPF varied the width of the groove s.

In addition, the effects of N-cascaded SSPPs units of
the slotline on transmission characteristics of the proposed
SSPPs BPF are investigated. Figure 10 shows the simulated
S-parameters of the SSPPs UWB BPF with the variance of the
number of SSPPs unit cells N. The transmission performance
of the proposed SSPPs BPF in the passband have a negligi-
ble effect as the number of N-cascaded SSPPs units, which
manifests the number of N-cascaded SSPPs units is insensi-
tive to the surface wave propagation, as shown in Fig. 10(a).
Figure 10(b) illustrates the comparison of simulated S11 of the
proposed BPF with different N (N = 3, 5, 7, 9), in which the

S11 exhibits little difference. The results show that the inser-
tion loss of the slotline SSPPs waveguide is very minute, in
other words, the high-efficiency propagation of the proposed
BPF can be achieved.
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Fig. 10. The simulated S-parameters of the SSPPs UWB BPF with the vari-
ance of the number of SSPPs unit cells N: (a) S21, (b) S11.

4. Experimental results

A prototype with a size of 108 mm×16 mm, is fabricated
and measured to validate the SSPPs BPF. Figure 11 shows the
fabricated sample of the proposed SSPPs BPF. The optimal
dimension parameters are: s = 0.2, a = 1.2, b = 1, d = 2,
w = 0.2, h = 2, P = 4 (in unit mm), and N = 5. Using coax-
ial connector as input and output of microwave signal. Then
the BPF prototype was measured by vector network analyzer
of Agilent N5245A. Figure 12 shows the measured and sim-
ulated S-parameters of the novel SSPPs BPF. The passband
of the measured results and the upper-frequency edge of the
passband about 5.3 GHz are roughly coincident with simu-
lated. As shown in Fig. 12, the measured 3-dB bandwidth
of 142% with the center frequency at 3.05 GHz, and the in-
sertion loss of average in the passband is 0.5 dB. Figure 13
shows the measured group delay of the fabricated sample from
1 GHz to 5.5 GHz. The group delay fluctuates and increases
with the frequency increases, which is always a tradeoff be-
tween the high-frequency rejection in the passband edge of the
S21 and phase linearity. The measured results verify the high-
efficiency filtering performance of the proposed structure.
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Fig. 11. Photographs of the fabricated sample: (a) top view, (b) bottom view.
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Fig. 12. Measured and simulated S-parameters of the novel ultra-wideband
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Table 1. Comparison of the proposed filter and other SSPPs filters.

Ref. f (GHz) FBW (%) IL (dB) Min. RL (dB) Size (λ0×λ0)

[28] 12.9 63.6 0.2 15 0.89×0.43
[32] 8.5 35.3 1.5 10 6.37×2.01
[33] 8.05 125 4.2 10 2.95×0.72
[34] 12 62.5 1.02 11 3.2×0.72
[35] 21 43.8 1.02 10 3.15×0.63
[36] 4.05 135 0.8 16 unknown
[38] 4.2 147 1.6 12 2.95×0.89

This work 3.05 142 0.5 11 1.09×0.16

To highlight the advantages of the proposed high-
confinement UWB plasmonic bandpass filter, Table 1 lists
the coplanar waveguide and quasi-SSPPs structure,[28] the
ultrathin metallic SSPPs structure,[32] the coplanar stripline
plasmonic waveguide,[33] the half-mode substrate integrated

waveguide (HMSIW) filters,[34,35] the dumbbell grooves
UWB filter,[36] the slotline SPP differential filter,[38] and the
proposed filter, in which the FWB, IL, RL, and λ0 represent
the fractional bandwidth, insertion loss, return loss, and the
wavelength corresponding to the central operating frequency,
respectively. The comparison shows that the proposed plas-
monic bandpass filter has the superior performance in minia-
turized electrical size and broad bandwidth.

5. Conclusion
In this paper, a novel SSPPs BPF is proposed, composed

of slotline waveguide-loaded L-shaped branch grooves. Com-
pared with the traditional rectangle slotline waveguide, the
proposed novel structure realizes high-efficiency transmission,
miniaturization, and strong field confinement at the same size.
The dispersion characteristics and transmission properties of
the proposed BPF are numerically analyzed by using FDTD.
The results show that the dispersion curve of the proposed
SSPPs unit has a lower asymptotic frequency, and the trans-
mission characteristic of the novel SSPPs BPF can be tunable
by changing the branch groove. To validate the design con-
cept, the prototype of the BPF has been manufactured and
measured. The experimental results of the fabricated sam-
ple agree with the numerical simulation results well. The
proposed novel SSPPs waveguide not only makes the design
of slot waveguide more diversification, but also provides a
good reference value for the application of high-performance,
strong field confinement, and miniaturized plasmonic devices
in the microwave and THz bands.
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