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An ultra-wideband bandpass filter (BPF) with a wide out-of-band rejection based on a surface plasmonic waveguide
(SPW) slotline with ring grooves is designed and analyzed. A paired microstrip-to-slotline transition is designed for quasi-
TEM to TM mode conversion by using a microstrip line with a circular pad and the slotline with the same circular slot. The
mode conversion between the TM and the surface plasmon polariton (SPP) mode is realized by using a gradient slotline
with ring grooves and an impedance matching technique. The upper cut-off frequencies of the passband can be adjusted
by using these proposed SPP units, while the lower frequencies of the passband are created by using the microstrip-to-
slotline transitions to give an ultra-wideband BPF. The dispersion curves of SPP units, electric field distribution, and the
transmission spectra of the proposed ultra-wideband bandpass filter are all calculated and analyzed by the finite-difference
time-domain (FDTD) method. The simulated results show that the presented filter has good performance including a wide
3-dB bandwidth of 149% from 0.57 GHz to 3.93 GHz, an extremely wide 40-dB upper-band rejection from 4.2 GHz to
18.5 GHz, and low loss and high selectivity in the passband. To prove the design validity, a prototype of the BPF has been
manufactured and measured, showing a reasonable agreement with simulation results. The unique features of the proposed
BPF may make it applicable for integrated circuit and plasmonic devices in microwave or THz frequency ranges.

Keywords: surface plasmonic waveguide (SPW), bandpass filter, out-of-band rejection, ultra-wideband
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1. Introduction
Surface plasmon polaritons (SPPs) are a kind of electron

density wave formed by the interaction between electromag-
netic wave and free charge on the metal surface.[1] The unique
transmission characteristics of an SPP make it rapidly applied
in the optical band.[2,3] In 2004, Pendry et al. demonstrated
slow-wave transmission in microwave segment by etching air
slots periodically arranged at a sub-wavelength spacing in a
metal cube to simulate the dispersion characteristics of SPPs
in the microwave or millimeter-wave band.[4] This structure is
called spoof surface plasmon polaritons (SSPPs), which sim-
ulates the transmission characteristics of natural SPPs through
artificial periodic arrays.[5] To date, a variety of different
SSPP structures have been proposed, with operating frequen-
cies that cover the microwave, millimeter-wave, and terahertz
band.[5–9] However, all the previous work has been to guide
SSPP propagation through a three-dimensional (3D) structure,
which cannot meet the requirements of miniaturization and
high integration of modern communication systems.

In 2013, Cui et al. first proposed the realization of pla-
nar SSPPs using an ultra-thin surface plasmonic waveguide
(SPW) with approximately zero thickness.[10] In 2014, a
matching transition was proposed for conversion between the
quasi-TEM waves and the surface plasmons.[11] Since then,
the planar SPW represented by this corrugated metal strip

structure has been studied extensively and applied in a variety
of microwave circuits.[12–16] It is well known that the disper-
sion of SSPPs shows wide low-pass frequency characteristics,
and the steep cut-off sideband of the SSPP filter also shows a
low-pass band.[4,5,10] Therefore, the direct application of the
SPW in the microwave band is to realize a low-pass filter, be-
cause its cut-off sideband is much steeper than a conventional
filter.[17–20] However, when SSPP is used to implement the fil-
ter, it shows a large reflection coefficient and insertion loss
in the low-frequency band close to zero Hz.[21–23] Hence, to
realize the SPW BPF, it is only necessary to introduce low-
frequency transmission zeros to suppress the lower frequency
band. Researchers have constructed ultra-wideband bandpass
filters with good performances in various ways,[14–23] but the
out-of-band suppression characteristic of the BPF is infre-
quently considered.

The ultra-wideband surface plasmonic filter has the ad-
vantages of low insertion loss, convenient manufacture, wide
bandwidth, and flexible integration with other circuits, so it is
considered to be the development direction for next-generation
communication systems. Thus, some efforts have been made
in the design of UWB filters, such as the slow-wave half-mode
SIW,[14] ultra-thin symmetric SPW,[15–20] and hybrid SSPP
and SIW,[24] but their effectiveness on upper-band rejection
and sideband selectivity is still limited.
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In this paper, the novel slotline SSPP bandpass filter with
ultra-wide passband and wide upper stopband is proposed. It
consists of a top microstrip feed layer and a bottom plasmonic
slot waveguide with a ring grooves layer. The dispersion and
transmission characteristics of the slot waveguide with ring
grooves are investigated, followed by the design and analy-
sis of the matching structure between the slot and plasmonic
waveguide. The simulated results show that the proposed
bandpass filter not only ensures a wide passband, but also has
a wide out-of-band suppression characteristic, and the upper
and lower cut-off bands are independently adjustable. The ex-
perimental results of the fabricated sample agree with the sim-
ulation results well, which proves the design validity. This
work builds a solid foundation for the advanced plasmonic
functional device.

2. Design and analysis
Figure 1 shows the proposed slotline SPW with ring

grooves, in which the yellow part is copper and the blue
part is dielectric. The unit structure is arranged periodically
in the x-direction. The dielectric substrate is the commer-
cially available F4B, whose dielectric constant is 3.5, thick-
ness 0.508 mm, and loss tangent 0.001. The slotline SSPP
waveguide is a one-dimensional array of rectangular and ring
grooves with width g, depth h, radius r of the ring groove,
width of the central slotline waveguide w, and period of the
unit cells P, as shown in Fig. 1.
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Fig. 1. Geometry of the proposed slotline SPW with ring grooves. Reference
dimensions are P = 5, w = 0.17, g = 0.4, r = 2, h = 3, a = 4.6, and t = 0.508
(unit: mm).

It is universally acknowledged that the ultra-thin SPW
structures can support fundamental mode and high-order mode
transmission. Firstly, to determine the conditions of single-
mode transmission, the dispersion characteristics of the pro-
posed SPW structure are numerically calculated and analyzed
by the finite-difference time-domain (FDTD) method, which
is very important for the design of bandpass filters with wide
stopband characteristics. In our analysis, dispersion curves
of the proposed SSPP unit cell with different groove depth
h are shown in Fig. 2(a). The light line in Fig. 2(a) repre-
sents the dispersion curve of electromagnetic waves transmit-
ted in a vacuum. The dispersion curve only appears in the

fundamental mode, and the dispersion diagrams of the fun-
damental mode of the SSPP deviate markedly from the light
line (that is, the slow-wave region) when h < P, as shown
in Fig. 2(a). In addition, we can see that the asymptotic fre-
quency for the fundamental mode of the SSPP decreases as
the depth of the grooves increases. However, the high-order
mode of SSPP units is excited in a certain range of frequen-
cies when h > P, as shown in Fig. 2(a). Therefore, the number
of modes in the proposed SPW structure is closely related to
the groove depth h, which will excite the higher order modes
when the groove depth is greater than the periodic length of
the units. The corresponding transmission coefficients (|S21|)
of the SPW structure with different h are depicted in Fig. 2(b).
It can be observed that with the increase of groove depth, there
are multiple passbands in the transmission spectrum, corre-
sponding to each mode of the dispersion curve in Fig. 2(a).
We find that only one passband appears in a wide frequency
band when h = 3 mm (h < P), corresponding to the character-
istics of single-mode transmission, as schematically illustrated
in Fig. 2(b). Thus, a low-pass filter can be realized by select-
ing appropriate parameters to make the SPW work in single
mode.
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Fig. 2. (a) Dispersion curve of the proposed SSPP unit cell with different h.
(b) The corresponding transmission coefficients (|S21|).

We have designed an ultra-wideband SSPP bandpass fil-
ter based on the proposed slotline SPW, which is composed
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of a microstrip-to-slotline feed structure, transition structure,
and slotline SPW with ring grooves structure, as shown in
Fig. 3. The detailed region I of Fig. 3 shows the microstrip
with circular plate feeding lines and the slotline with the same
circular slot, which is used for quasi-TEM to TM mode con-
version. The width w of the slotline waveguide is 0.17 mm.
The width l0 and length l1 of the microstrip lines are 1.1 mm

and 11.12 mm, respectively. Region III is the proposed slotline
plasmonic waveguide of N-cascaded SSPP units. As depicted
in Fig. 3(b), region IV and region V are mirrored symmetri-
cally with region II and region I along the y-direction, respec-
tively. The geometrical dimensions in Fig. 3(b) are h1 = 1 mm,
h2 = 2 mm, h3 = 4 mm, h4 = 1.72 mm, h5 = 3.14 mm,
r1 = 1.3 mm, r2 = 1.6 mm, N = 3, and r0 = R = 4 mm.
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Fig. 3. Two-dimensional (2D) schematic diagram of the proposed ultra-wideband SSPP bandpass filter. (a) The top view. (b) The bottom view.
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Fig. 4. (a) Dispersion curves of different units in region II of the bandpass
filter. (b) The simulated S-parameters of the plasmonic bandpass filter with
and without the matching structure.

We notice a significant mismatch of momentum between
the slotline that supports TM waves and the proposed SPW
that supports the SSPP, as shown in Fig. 4(a). To solve the
problem, a matching structure from the slotline to the SPW is

designed and demonstrated to make the momentum gradually
match between the slotline and plasmonic waveguide as shown
in Fig. 4(a). The matching structure is composed of grooves
and ring grooves with five different unit sizes based on the
wave vector and impedance matching technique, as shown in
region II in Fig. 3(b). To demonstrate efficient single-mode
transmission, figure 4(b) shows the simulated S-parameters of
the plasmonic bandpass filter with and without the matching
structure. The plasmonic bandpass filter without the matching
structure will have a large reflection loss and very low trans-
mission efficiency. However, small reflection loss and high-
efficiency transmission in the passband can be achieved in the
proposed BPF by introducing the proposed matching structure,
as shown in Fig. 4(b). The high-performance filter passband
has a UWB frequency range from 0.57 GHz to 3.93 GHz, in
which the reflection coefficient is lower than −11 dB and the
average insertion loss is less than 0.5 dB. Therefore, the above
results in Fig. 4 give a very good insight into the larger prop-
agation loss of the SPW in Fig. 2(b) with the black solid line.
It can be seen from Fig. 4(a) that the more matching structural
units, the better the matching effect of wave vectors will be,
but the physical size of the filter structure will be increased at
the same time. Hence, to miniaturize the overall design of the
BPF, we did not use more matching structural units because
the proposed matching structure already has a better matching
effect.

To verify the high-pass characteristics of the microstrip-
to-slotline feed structure, a high-pass filter based on the mi-
crostrip with a circular plate-to-slotline conversion structure
was designed, as shown in the inset of Fig. 5(a). The high-pass
filter consists of two microstrip with a circular plate-to-slotline
conversion structures and slotline waveguides with a width of

114101-3



Chin. Phys. B 31, 114101 (2022)

w. The circular slot line is used as an impedance matching
structure at low frequency to improve the impedance matching
of the high-pass filter, in which the radius of the circular slot
determines the lower cut-off frequency of the high-pass filter.
Figure 5(a) shows the simulated S-parameters of the proposed
microstrip-to-slotline transitions structure with different val-
ues of r0. The lower cut-off frequency of the high-pass filter
decreases with the increase in the radius r0 of the circular slot,
as shown in Fig. 5(a). Figure 5(b) shows the corresponding
transmission coefficients of the proposed SSPP BPF varying
with the radius of the circular slot. It can be clearly seen from
the illustration in Fig. 5(b) that the lower cut-off frequency of
the BPF decreases with the increase in r0, which is consistent
with the change of the transmission spectrum of the high-pass
filter in Fig. 5(a). Therefore, the lower cut-off frequency of
the BPF can be adjusted within a certain frequency range by
adjusting r0.
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Fig. 5. (a) Simulated S-parameters of the proposed microstrip to slotline
transitions with different values of r0. (b) The corresponding transmission
coefficients of the proposed SSPP BPF.

To explore the performance of the designed BPF more
clearly, we analyze the key geometrical dimensions of the
structure. According to the analysis of the transmission char-
acteristics of the SPW proposed in Fig. 2, the groove depth
h has an important influence on the dispersion characteris-
tics. The calculated dispersion curve of the proposed SSPP

units with different values of h under the guarantee of efficient
single-mode transmission is shown in Fig. 6(a). We can see
that the asymptotic frequency increases as the groove depth
decreases. Figure 6(b) shows the transmission performance
of the BPF with varying depth h; obviously, the upper cut-
off frequency edge of the transmission spectrum is consistent
with the asymptotic frequency of the corresponding dispersion
curve. Meanwhile, an extremely wide 40-dB upper-band re-
jection from 4.2 GHz to 18.5 GHz can be obtained when the
grove depth h is 3.0 mm. Therefore, the upper cut-off fre-
quency of the BPF can be adjusted by changing the groove
depth of the SSPP units. The above results indicate that the
cut-off frequency of the upper and lower sideband of the BPF
can be independently controlled by changing the structural pa-
rameters of the SPW and microstrip-to-slotline transitions, re-
spectively.
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Fig. 6. (a) Calculated dispersion curve of the SSPP units with different values
of h. (b) The corresponding S-parameters.

(a)
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(c)

Fig. 7. The simulated electric field distribution of the z-component on the
x–y plane above the top surface of the filter at (a) 0.4 GHz, (b) 3 GHz, and
(c) 6 GHz.

To further obtain the SSPP propagation characteristics
of the BPF, the simulated electric field distribution of the z-
component on the x–y plane above the top surface of the filter
at 0.4 GHz, 3 GHz, and 6 GHz are plotted in Figs. 7(a)–7(c),
respectively. We find that only the signals at 3 GHz can be
propagated through the BPF because the signals are in the de-
signed passband. The signals at 6 GHz vanish rapidly along
the SSPP propagation direction because the frequency is above
the cut-off frequency of the SSPP unit structure, as illustrated
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in Fig. 7(c). Moreover, owing to the introduction of the struc-
ture of the microstrip-to-slotline transitions, the waves cannot
be transmitted through the slotline waveguide at 0.4 GHz, as
shown in Fig. 7(a).

3. Experimental results
In order to verify the correctness of the design method,

the designed BPF is produced according to the schematic dia-
gram of Fig. 3. A prototype of 113 mm×20 mm is fabricated
and measured. Specifically, the metallic pattern is realized by
PCB technology on the 0.508 mm thick F4B (εr = 3.5) sub-
strate. Figure 8 shows a photograph of the fabricated BPF.
The prototype BPF was measured by an Agilent N5245A vec-
tor network analyzer.

Table 1. Performance comparison.

Ref.
f0 FBW IL RL Upper-band

(GHz) (%) (dB) (dB) rejection

Ref. [14] 12 75 0.2 12 −7 dB/16.2 GHz–17 GHz
Ref. [15] 5.19 62.5 1.2 10 −30 dB/7.5 GHz–22 GHz
Ref. [19] 16.7 57 0.5 10 −40 dB/22.5 GHz–30 GHz
Ref. [21] 2.27 174 1.1 11 −20 dB/4.5 GHz–11.5 GHz
Ref. [22] 6.73 101.9 0.8 16 −20 dB/10.9 GHz–25.1 GHz
Ref. [24] 9.25 44 1.2 12 −40 dB/11.8 GHz–19.8 GHz
This work 2.24 148 0.5 11 −40 dB/4.5 GHz–18.5 GHz

(a)

(b)

Fig. 8. Photograph of the fabricated filter. (a) The top view. (b) The
bottom view.

As shown in Fig. 9, the measured and simulated results
of the proposed BPF are completely consistent, which demon-
strates the design’s correctness. In particular, the results show
that the 0.5 dB average insertion loss can be achieved from
0.6 GHz to 3.85 GHz, and the 3-dB fractional bandwidth
from 0.58 GHz to 3.9 GHz with 148%, as shown in the pass-
band view in Fig. 9(a). Meanwhile, the passband of the fil-
ter achieves a high rectangular coefficient, which greatly en-
hances the reliability of the bandpass filter. Moreover, a wide
40-dB upper-band rejection can be observed from 4.5 GHz to
18.5 GHz, which is a slightly higher |S21| compared to the
simulated results, as shown in the wide spectrum range view in
Fig. 9(b). This discrepancy can be permitted because when the
out-of-band transmission is less than−40 dB, the transmission
energy of the signal is already very weak, and the measured re-
sults are very sensitive to the noise of the equipment.
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Fig. 9. Measured and simulated S-parameters of the BPF. (a) The passband
view. (b) The wide spectrum range view.

A comparison with other related work is shown in Table 1
to verify the good performance of the ultra-wideband SSPP
BPF with a wide upper-band rejection, in which f0, FBW, RL,
and IL expresses the central operating frequency, fractional
bandwidth, return loss, and insertion loss, respectively. We
can see from Table 1 that the proposed BPF has good perfor-
mance in terms of working bandwidth, low insertion loss, and
out-of-band rejection.

4. Conclusion
In this article, an ultra-wideband bandpass filter based

on a slotline SPW, which is composed of rectangular groove
and ring grooves structures, has been presented. The elec-
tric field distribution, dispersion, and transmission character-
istics of the proposed SPW structure are analyzed. The mode
conversion of quasi-TEM to TM mode and TM to the SPP
mode of the proposed matching structure is applied to de-
sign the UWB filter. Moreover, the effect of the geometrical
parameters of the filter on the transmission characteristics is
investigated, in which the upper and lower stopband are in-
dependently adjusted. Results indicate that a filter working
bandwidth with 0.5 dB insertion loss can be achieved from
0.57 GHz to 3.39 GHz with an extremely wide 40-dB upper-
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band rejection from 4.2 GHz to 18.5 GHz. A prototype of
the proposed BPF has been manufactured and measured, mea-
surement and simulation results show good agreement. This
work can be used in the design of suppressing wide out-of-
band noise signals and broadband microwave filters.
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