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Abstract
In this paper, a novel coplanar waveguide (CPW) spoof surface plasmon polariton (SSPP) transmission line (TL) is firstly 
proposed. The equivalent circuit model is established to analyze the effects of the folded stepped groove and spiral-shaped 
structure. The investigation based on the equivalent circuit model indicates that the dispersion curves can be easily con-
trolled by changing the inductance brought by the etched grooves and spiral structure. The proposed SSPP has a lower cutoff 
frequency, stronger field confinement, and smaller system size. The proposed SSPP TL is designed, fabricated, and tested, 
providing experimental demonstration for the design and analysis. The measured S-parameters and electric field distributions 
indicate that the designed SSPP structure enhances the electric field confinement ability, while achieving miniaturization 
of SSPP TL.
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Introduction

Surface plasmon polaritons (SPPs) are a special type of elec-
tromagnetic (EM) wave mode with strong field constraints 
[1]. According to Maxwell’s equations, SPPs are excited at 
the interface of two media with opposite dielectric constants, 
which can propagate along the interface but exhibit exponen-
tial decay in other directions [2]. SPPs exhibit excellent field 
confinement properties, and have garnered widespread atten-
tion in the fields of nanophotonics and plasmonics over the 
past few decades. However, in the lower terahertz, millim-
eter-wave, and microwave bands, the behavior of metals is 
that of a conductor rather than a plasmonic material, which 
limits the further development of SPP-based devices [3].

To apply the outstanding physical properties of SPPs into 
terahertz and microwave engineering, the concept of spoof 
SPPs (SSPPs) supported by periodic subwavelength struc-
tures was developed [4]. In 2004, the first SSPP was real-
ized by a square metal hole array [5]. In SSPP structures, 

ultra-thin SSPP structures, also known as SSPP waveguides 
or SSPP transmission lines (TLs) [6, 7], have new advan-
tages over traditional microwave media, such as low cross-
talk [8], miniaturized packaging [9], and customizable dis-
persion [10]. In 2014, an ultrathin metal corrugated SSPP 
transmission line (TL) was proposed [11].

However, in the microwave and terahertz frequency 
bands, electromagnetic wave transmission lines are lim-
ited by wavelength. Through strong field confinement, the 
electromagnetic wave field can be localized to the sub-
wavelength scale, achieving precise control over the sub-
wavelength scale. In order to achieve strong field constraints, 
people have made a lot of efforts. In [12], the field confine-
ment of SSPPs is controlled by proposing a glider-symmetric 
double-layer (D-L) spoof surface plasmon polariton (SSPP) 
structure. In [13], a novel planar SSPP waveguide with a 
fishbone corrugated groove structure is proposed to control 
the field constraints of SSPPs. Nevertheless, according to the 
working principle of typical SSPP TLs [14], if stronger field 
constraints are expected in the millimeter or sub-terahertz 
band, much larger spaces are required. In [15], although the 
SSPP TL adopts a miniaturized single-sided structure, to 
achieve a cutoff frequency below 700 GHz, a width larger 
than 40 µm is required. In conclusion, there exists a con-
tradiction between achieving strong field confinement and 
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miniaturizing the geometric dimensions of spoof SPP TLs, 
which may be a critical limitation in practical applications.

In [14], the plot of field distribution was observed, and 
based on the dispersion analysis of spoof SPPs, it was con-
cluded that there is a negative correlation between the field 
constraint ability and the cutoff frequency. However, to our 
knowledge, there is currently no direct SSPP equivalent 
model proposed, which may greatly limit the further appli-
cation of SSPPs.

In this paper, a novel SSPP TL developed from copla-
nar waveguide (CPW) is firstly proposed. In comparison to  
the conventional uniform slotted SSPP TL unit cells, the 
proposed SSPP TL in the paper adopts a folded stepped 
slot and a spiral-shaped strip. An equivalent circuit model 
is established to analyze the effects of the folded stepped 
slot and spiral-shaped strip. The investigation of the CPW 
SSPP based on the equivalent circuit model indicates that 
the dispersion curves can be easily controlled by modifying 
the inductance brought by the stepped slots and the spiral-
shaped strips. This new type of CPW SSPP exhibits lower 
cutoff frequency, stronger field confinement capability, and 
smaller SSPP system size. A CPW-based SSPP structure 
is designed based on the methods derived from the model 
analysis to simultaneously achieve strong field confinement 
and miniaturization of the SSPP TL.

Theory and Design Principle

The conventional SSPP unit cell is shown in Fig. 1, where 
the metal film portion is represented in gray and the die-
lectric substrate portion is represented in white. The CPW 
waveguide shown has a line width of wma, a coupled gap of 
wpa, and a period of pa. Each groove structure consists of two 
strip-shape grooves with the length of lsa and the gap of wa, 
etched on both sides of the CPW grounds. The substrate in 
Fig. 1, and all the following examples in this paper, is FR4, 

with a thickness of 0.8 mm, a dielectric constant of 4.4, and 
a loss tangent of 0.02.

For the periodic structures, their electromagnetic charac-
teristics can be described by their unit cells. The dispersion 
curve can be drawn from the scattering matrix calculated by 
the circuit model of the cell. In order to gain a deeper under-
standing of the mechanism of the proposed SSPP unit, we 
established equivalent circuit models for different unit cells 
using mixed distribution and lumped circuit components.

The equivalent circuit model of conventional SSPP unit 
is shown in Fig. 1. The transmission lines with impedance 
Z1 and electrical length θ1 represent the two CPW lines with 
a width of Wma and a length of pa/2. The two grooves are 
modeled by the two inductors of L. The two transformers in 
Fig. 1 describe the electromagnetic coupling between the 
CPW lines and the etched groove structure. The turn ratios 
of two transformers can be extracted using the method pro-
posed in [16].

In the equivalent circuit model, the current and voltage 
are defined as the current flowing through a conductor and 
the potential difference between the conductor and ground, 
respectively. For the periodic structures, the relationship 
between the input (Vn, In) and output (Vn+1, In+1) can be 
calculated, namely the voltage and current of the unit cell. 
The voltage and current of the unit cell meet the following 
relationship.

where β is the propagation constant.
The transfer matrix, also known as the ABCD matrix, can 

be used to describe the input–output relationship between 
adjacent unit cells in a periodic structure.
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Fig. 1   Conventional SSPP 
unit cell and its corresponding 
equivalent circuit
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Due to the symmetrical structure proposed in this arti-
cle, the propagation constant β should satisfy the following 
relationship:

By utilizing the circuit parameters of the proposed equiv-
alent circuit model, the ABCD matrix can be calculated as 
follows:

By combining Eqs. (1), (2), (3), and (4), the relationship 
between the inductance L and propagation constant β can be 
obtained as follows:

where ω is the angular frequency.
As seen from Eq.  (5), the increase of L leads to the 

decrease of A, resulting in a larger β. In other words, the 
larger the L, the smaller the cutoff frequency of the disper-
sion curve, and also the better the field confinement.

To further reduce size occupancy and enhance field con-
finement capability, one way is to increase L by changing the 
width of the groove gap. In addition, using a spiral-shaped 
structure can also increase L. We propose the SSPP unit cell 
as shown in Fig. 2.
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Unlike conventional SSPP TLs, the groove structure we 
proposed consists of a narrow groove and a wider groove, 
forming a folded stepped groove. The length of the narrow 
groove is ls, the gap is ws, the length of the wide groove 
is ps, and the width is wd. In addition, to further control 
the dispersion curve, metal through holes and spiral-shaped 
strip structure is used. The lengths of each part of the spiral-
shaped strip from the outside to the inside are l1, l2, l3, and 

l4 and the widths are p1, p2, p3, p4, and p5, respectively. By 
utilizing these additional structures to form a CPW structure, 
better signal transmission and prevention of signal interfer-
ence can be achieved, thereby improving the overall perfor-
mance of the system.

Due to the additional inductance caused by changing the 
slot structure and adding a spiral-shaped strip, we update the 
equivalent model by adding two additional inductors with 
the value of ΔL as shown in Fig. 3.

In order to further verify the conclusion of Eq. (5), Fig. 2 
preliminarily compares the electromagnetic simulated 
dispersion curves of SSPP unit cells under different total 
inductance values Ltotal, and analyzes the simulation results 
using the SSPP unit intrinsic mode solver in the commer-
cial software CST Microwave Studio. Place the unit in the 
air box, set the boundary conditions in the x-axis direction 
as periodic boundaries, and set the y-axis and z-axis direc-
tions as ideal PEC boundaries. The dimension parameters in 
Fig. 2 are set as follows: ls = 9 mm, ws = 0.15 mm, ps = 7 mm, 
wd = 2 mm, l1 = 7 mm, l2 = 5.7 mm, l3 = 4.4 mm, l4 = 3.1 mm, 
p1 = 8  mm, p2 = 6.7  mm, p3 = 5.4  mm, p4 = 4.1  mm, 

Fig. 2   The proposed SSPP unit cell Fig. 3   The equivalent circuit model of proposed SSPP unit cell
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p5 = 2.8  mm, wp = 0.15  mm, wm = 2.65  mm, l = 55  mm, 
p = 25 mm. In Fig. 4a, wd is set to be 2 mm and the four 
values of ws are 0.01 mm, 0.05 mm, 0.10 mm, and 0.15 mm. 

In Fig. 4b, ws is set to be 0.15 mm and the four values of wd 
are 0.3 mm, 1 mm, 2 mm, and 3 mm.

As shown in Fig. 4, the proposed SSPP exhibits a typical 
SPP response. The dispersion curve approaches the light line 
at lower frequencies, but gradually moves away at higher 
frequencies. As mentioned earlier, the larger the L, the 
lower the cutoff frequency, and the more obvious the SSPP 
response, resulting in stronger field constraints.

Another way to control the dispersion curve is to add 
a spiral-shaped strip structure. To investigate the influ-
ence of this structure, the EM simulation dispersion curves 
under different turns of spiral-shaped structure are com-
pared in Fig. 5.

The total inductance values corresponding to the three 
spiral-shaped strip structures shown in Fig. 5 are 11.56 
nH, 9.97 nH, and 8.06 nH, respectively. Obviously, the 
proposed SSPP corresponds to the structure A shown in 
Fig. 5. It can be seen from the figure that the larger the 
number of turns of the spiral-shaped strip, the larger the 
total equivalent inductance, the more obvious the SSPP 
response, and the stronger the field confinement is. The 
conclusion in the figure is consistent with that obtained 
from Eq. (5), which verifies the accuracy of the proposed 
model.

Therefore, as shown in Fig. 5, the proposed SSPP in this 
paper achieves flexible dispersion control by changing the 
folded stepped groove and spiral-shaped structure, and fur-
ther reduces the circuit size to a certain extent, achieving 
stronger field constraints.

Fabrication and Measurement

Based on the cell dispersion characteristics analyzed above, 
corresponding SSPP TL with low-pass filtering characteris-
tics is designed. The transverse width of SSPP TL is reduced 
by adopting a folded stepped groove and a spiral-shaped 
structure. The schematic configuration of the transmission 
line is shown in Fig. 6, which consists of three parts: (I) 
CPW serves as the input/output port connected to the SMA 
connector for measurement, (II) the transition area from 
CPW to SSPP waveguide is used for mode conversion, and 
(III) the SSPP structure has a periodic arrangement of nine 
units.

In order to further quantitatively evaluate the perfor-
mance of SSPP waveguides, we made a prototype as shown 
in Fig. 7, with the same parameters as the configuration in 
Fig. 2. Figure 8 shows the comparison between simulated 
and measured S-parameters at the cutoff frequency. At low 

(a)

(b)

Fig. 4   The dispersion curves with different total inductance Ltotal. a 
Different ws result in different values Ltotal. b Different wd result in 
different inductance values Ltotal

Fig. 5   The dispersion curves with different turns of a spiral-shaped 
structure
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(a)

(b)

Fig. 6   The schematic configurations. a The top layout of the SSPP. b The bottom layout of the SSPP (dimensions in mm)

Fig. 7   a Top view of the fabri-
cated CPW SSPP waveguide. b 
Bottom view of the fabricated 
CPW SSPP waveguide

(a)

(b)
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Fig. 8   Simulated and measured S-parameters

Fig. 9   Simulated E-field distributions of frequency in pass band and reject band along the proposed SSPP TL

Table 1   Performance of 
previous works and this work

λa the wavelength at fa, wt the lateral width of SSPP TLs, p the period of SSPP TLs, IL insertion loss, RL 
return loss

Ref fa (GHz) Shape wt (λa) p (λa) IL (dB) RL (dB)

[12] 8.9 Double layer 0.890 0.297 2.6 10
[13] 6.5 Fishbone 0.110 0.301 3 11.4
[14] 6.1 Zigzag 0.101 0.162 2.5 10
[15] 9 Smooth gradient 0.359 0.372 2 10
This work 0.81 Stepped 0.024 0.068 4 10

frequencies, the simulation results are in good agreement 
with the measured results, indicating that the proposed 
SSPP TL has excellent filtering characteristics consistent 
with the theoretical design, while occupying a relatively 

small volume. The difference between simulated and 
measured values is caused by factors such as manufactur-
ing tolerances and measurement environment.

In addition, the proposed SSPP TL exhibits obvious fil-
tering performance. To visualize the filtering performance 
of the proposed SSPP TL, the simulated electric field dis-
tributions of the SSPP TL are investigated in Fig. 9. It can 
be observed in Fig. 9 that in the pass frequency band the 
EM waves propagate smoothly along the TL, while in the 
reject frequency band, most of the waves are reflected.

In Table 1, we compared the proposed SSPP TL with 
some reported SSPP TLs in terms of asymptotic frequency 
fa, groove shape, lateral width wt, and period p. It is evident 
that the proposed SSPP TL has the narrowest lateral width, 
and the shortest p, insertion loss (IL), and return loss (RL). 
It is evident that the proposed SSPP TL has the narrowest 
lateral width, and the shortest p. In addition, by increasing 
the inductance brought by the bottom spiral-shaped struc-
ture, the size of the SSPP can be further reduced.
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Conclusion

This article proposes a novel SSPP TL based on the folded 
stepped groove and spiral-shaped structure. Research based 
on equivalent circuit models shows that the proposed SSPP 
has a lower asymptotic frequency, a stronger field con-
finement ability, and a smaller system size. In addition, 
by changing the folded stepped groove and spiral-shaped 
structure, the dispersion curve can be flexibly controlled. 
Finally, based on the proposed structure, a CPW SSPP TL 
is designed, manufactured, and tested to validate our design 
theory. The measurement results indicate that the structure 
has low asymptotic frequency and low-pass filtering charac-
teristics, which is conducive to promoting the development 
and application of SSPPs.
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