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High-Order Mode Application of Spoof Surface
Plasmon Polaritons in Bandpass Filter Design

Yiqun Liu, Kai-Da Xu

Abstract—In this letter, high-order mode dispersion of a novel
spoof surface plasmon polariton (SSPP) unit cell is reported,
which has excellent bandpass propagation feature. Its asymptotic
frequency and intersection frequency with light line can be inde-
pendently manipulated by changing the geometric parameters
of the slot in proposed SSPP unit cell. In order to validate the
feasibility of high-order mode of SSPPs applied in the design of
bandpass filters, two SSPP waveguides based on the method with
different bandwidths are fabricated and measured. No mode-
conversion transition part is introduced in the procedure of
waveguide design which avoids extra addition of layout area
and reduces complexity of devices. The measurements show
that the proposed SSPP waveguide based on high-order mode
characteristics can achieve bandpass signal propagation smoothly
with controllable bandwidth.

Index Terms— High order mode, bandpass filter, spoof surface
plasmon polaritons, waveguide.

I. INTRODUCTION

URFACE plasmon polaritons (SPPs) are surface electro-

magnetic (EM) waves which can be excited and effec-
tively propagated along metal-dielectric surface with decayed
exponentially in the vertical direction to the surface [1].
Unfortunately, SPPs are tendentiously replaced by Sommerfeld
or Zenneck surface waves which have weak surface confine-
ment property in terahertz and microwave frequencies [2]-[4]
for the reason of metal behavior resembling PEC. In recent
years, the appearance of spoof SPPs (SSPPs) bridges the
field of SPPs and terahertz or even lower frequency [S]-[7].
In particular, the planar SSPPs which have similar ability of
field confinement and adjustable dispersion characteristics are
widely used in the design of antennas [8], [9], filters [10]-[12],
power dividers [13], and frequency splitters [14], [15].
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However, most of aforementioned works focus on the fun-
damental mode based SSPPs design that requires extra mode-
conversion transition, and few investigations have been made
on the application of high-order mode SSPPs so far [16].
On the other hand, even though some works on high-order
mode SSPPs have been researched such as the one in [17],
only SSPP waveguide is designed without any other device
applications. Therefore, it is highly worthy to investigate the
applications of the high-order mode SSPPs.

In this letter, a new SSPP structure is presented through
embedding slots into the conventional grating metallic strip
SSPP waveguide. The high-order mode characteristics of the
proposed SSPPs are further investigated. The relations between
geometric parameters of slots and dispersion characteristics
are analyzed. It is found that the proposed SSPP structure can
be easily applied in the design of bandpass filter (BPF) and
effectively increase the adjustability of bandwidth compared
with the conventional one.

II. HIGH-ORDER MODE CHARACTERISTICS OF SSPPS

In this section, a novel SSPP unit cell is structured as shown
in Fig. 1(a) by embedding a narrow slot in the middle stub
of the conventional SSPP unit cell. Two different groups of
SSPP unit cells are investigated to study the high-order mode
characteristics of the new SSPP unit cell, where each group
contains the SSPP unit cells with narrow slot and without
slot (i.e., the conventional one) for characteristic comparisons.
Both groups of SSPP unit cells are designed on the FSD220G
substrate (¢ = 2.2, tand = 0.0009, thickness of 0.127 mm)
with metallic ground plane on the back of substrate to improve
electromagnetic field confinement ability of SSPPs. Due to the
copper is generally regarded as PEC at microwave frequency,
SSPP conductor is set as a PEC material with 18 um conductor
thickness. All geometrical parameters are given in Table I,
where the period is p, the width of stub is w, the length of stub
is h, the length and width of slot are #; and wy, respectively.

The fundamental mode (Mode 0) and the first high-order
mode (Mode 1) of SSPP unit cells for both groups are depicted
in Fig. 1(b). Same as those of the conventional SSPP unit
cell, the asymptotic frequencies of the proposed SSPP unit
cell for both modes are also affected by the stub length /.
The higher value of 4 is set, the lower asymptotic frequencies
of dispersion curves will be obtained. Considering high-order
mode excitation [18], [19] and wide tunability of the inserted
slot length, the stub length / is chosen as 13 and 15 mm for the
two cases. As shown in Fig. 1(b), the asymptotic frequencies

1041-1135 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.


https://orcid.org/0000-0001-9408-1347
https://orcid.org/0000-0001-8714-6819
https://orcid.org/0000-0002-3192-9184

LIU et al.: HIGH-ORDER MODE APPLICATION OF SSPPs IN BPF DESIGN

w
\7/‘-7 slot
h

Conventional unit cell Unit cell with slot

Metal Substrate
(a)
12 —— Group A w/o slot
- Group A slot
| = — Group B w/o slot
10 ---- Group B slot l\jo-d’e_} .
N 84 e
eu] 7.38 GHz -
P 631 GHz <—, L
g 6 4
3 -
g 5.39 GHz
=44 Light Line Mode 0
24 =S
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
kp/
(b)

Fig. 1. (a) Layouts of two types of SSPP unit cells. The front and back metal
parts are attached on both sides of the substrate. (b) Dispersion characteristics
of two groups of SSPP unit cells using TM mode. Each group contains
conventional one and SSPP unit cell with slot.

TABLE 1
SSPP UNIT CELL PARAMETERS (UNIT: mm)

Parameter  p w h hy wy
zrl‘;‘:tz 3 78 12 15 13 09
gvr/‘(’)“sfi (;?) 78 12 15 - -
Z{‘O’g; 78 12 13 11 09
((vivr/‘(’)“spkf) 78 12 13 - -

of the dispersion curves of the Group B with 2 = 13 mm
are higher than those of the Group A with 2~ = 15 mm,
which are more obvious for high-order modes of the two types
of SSPP unit cells. For two groups, the frequencies of the
intersection points between the Mode 1 dispersion curves and
light line in free space are obviously decreased from 6.31 GHz
and 7.38 GHz to 5.39 GHz and 6.31 GHz, respectively, after
inserting the narrow slot. The insertion of narrow slot improves
the operating bandwidth significantly if the Mode 1 is applied
in the design of BPF. Moreover, it is a key point that the
Mode 0 and Mode | have no overlapping part, indicating the
single mode propagation is available and it is feasible to use
the high-order mode for the design of BPF.

In order to verify the above assumption, a simple SSPP
waveguide without transition part is constructed as shown
in Fig. 3(a). The SSPP unit cell with 15 mm of stub length
is chosen as the design prototype, i.e., Group A, and only
parameter /1 can be adjustable in the procedure of compar-
isons. The first part of the waveguide is a microstrip line with
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Fig. 2. Dispersion curves of the proposed SSPP unit cell (slotted one in
Group A) against different slot lengths.
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Fig. 3.  (a) Waveguide configuration and (b) simulated S-parameters of
the high-order SSPP waveguide with parameter /| variations from 9 mm
to 13 mm.

TABLE 1I
SSPP UNIT CELL PARAMETERS (UNIT: mm)

Parameter P w h w; w; w3 1 15

Value 7.8 1.2 15 0.9 0.3 312

038 9.4

w3 = 0.38 mm for 50 Q characteristic impedance matching
and the second part is the SSPP structure containing four
identical unit cells. The back of substrate is covered by the
metallic ground plane to strengthen field confinement of SSPP
waveguide. All other parameters of waveguide are fixed, as
tabulated in Table II. Although there is no transition structure
for the conversion from quasi-TEM mode to SSPP mode,
good performance of passband generated by the first high-
order mode still can be achieved.
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Fig. 4. Dispersion curves of the proposed SSPP unit cell (Group A) against
different slot widths.
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Fig. 5. Simulated S-parameters of the high-order SSPP waveguide with
parameter w; variations from 0.7 mm to 1.1 mm, where 21 = 13 mm and
other parameters are shown in Table II.

As shown in Fig. 3(b), with the increase of slot length,
the upper cut-off frequency corresponding to —3 dB of the
passband changes from 7.46 GHz to 8.26 GHz, while the
lower cut-off frequency has no obvious change. These two
frequency points are basically consistent with the asymptotic
frequencies of Mode 1 in Fig. 2, proportional to the slot
lengths. Moreover, about 38% of bandwidth adjustment for
this case can be achieved by changing the slot length from
9 mm to 13 mm.

Then, the relations between dispersion characteristics of the
proposed SSPP unit cell and slot width are studied. As shown
in Fig. 4, the intersection point of the Mode 1 dispersion curve
with light line decreases from 5.82 GHz to 5.10 GHz when
the slot width increases from 0.7 mm to 1.1 mm, while the
asymptotic frequency of the dispersion curve remains almost
unchanged. Therefore, the lower cut-off frequency of BPF
using the proposed SSPPs can be adjusted by varying slot
width, which is validated by the simulations in Fig. 5.

From the above analysis, we can draw the conclusion
that the lower and upper cut-off frequencies of the pass-
band can be independently adjusted by the slot width and
length, respectively, in the design of BPF using the pro-
posed high-order SSPP waveguide. In order to further study
the high-order mode propagation characteristics of the SSPP
waveguide, Fig. 6 illustrates simulated electric field distribu-
tions at 3.5 GHz (out-of-band) and 7.0 GHz (in band). It can
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Fig. 6.  Simulated electric field distributions of the SSPP waveguide at
(a) 3.5 GHz and (b) 7.0 GHz.

TABLE III
SSPP UNIT CELL PARAMETERS (UNIT: mm)

Parameter  p w h hy  w; W w3 I I
WGI 7.3 1.1 13 10 0.3 033 0.38 6 23
WG II 7.3 0.6 15 13 0.3 033 0.38 9 225

be seen that the energy is effectively transmitted from the input
port to output port at 7 GHz, while it suffers from propagation
attenuation quickly at 3.5 GHz.

III. IMPLEMENTATION RESULTS

Based on the relations between high-order mode dispersion
characteristics of the proposed SSPP unit cell and the geo-
metrical variations of slot, Waveguide I and Waveguide II with
different bandwidths for the applications of BPFs are designed
and fabricated as shown in Fig. 7(a) and Fig. 7(b), respectively.
All detailed parameters of these two waveguides are tabulated
in Table III.

Fig. 7(c) and Fig. 7(d) show the comparisons between
the simulated and measured S-parameters of these two
waveguides, where good agreement between the simula-
tions and measurements can be observed. The discrepancies
between the simulated and measured results for insertion
losses are likely due to the fabrication tolerance and ohmic
losses of metal strips which are not included in the electro-
magnetic simulations. In Fig. 7(c), Waveguide I can achieve
the bandwidth of 2.9 GHz with the upper and lower cut-off
frequencies at 9.5 GHz and 6.6 GHz respectively, and the
lowest insertion loss in passband is about 1.48 dB. In contrast,
the bandwidth of Waveguide II is 3.38 GHz with upper
and lower cut-off frequencies at 6.1 GHz and 9.48 GHz,
respectively, and the lowest bandpass insertion loss is 1.46 dB.
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Fig. 7. Fabricated samples of (a) Waveguide I and (b) Waveguide II. Simu-
lated and measured S-parameters of (c) Waveguide I and (d) Waveguide II.

It should be noted that the bandwidth of Waveguide II is
wider than that of Waveguide I with nearly same upper cut-off
frequency, which is attributed to two reasons. On the one hand,
the Waveguide II has larger stub length than the Waveguide I,
which causes smaller lower and upper cut-off frequencies for
BPF design, as validated in Fig. 1. On the other hand, longer
slots embedded into the SSPP unit cells pull up the asymptotic
frequency for compensating the decrease of the upper cut-off
frequency caused by the increase of the stub length.

IV. CONCLUSION

In this letter, the high-order dispersion characteristics of
proposed SSPP unit cell have been studied, dependent on the
geometrical parameters of the stub and slot of the SSPP
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waveguide. Compared with the conventional SSPP structure,
the proposed one can easily design the BPFs with differ-
ent bandwidths using high-order mode. The passband lower
and upper cut-off frequencies of BPF can be independently
adjusted by the slot width and length, respectively. Good
agreement between the simulations and experimental results
demonstrates the feasibility of the SSPP high-order mode
applied in BPF design.
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