
Vol.:(0123456789)

Plasmonics 
https://doi.org/10.1007/s11468-024-02318-0

RESEARCH

An Ultra‑Compact Surface Plasmon Transmission Line Based 
on Partially Grounded Coplanar Waveguide

Yu‑Xin Cui1 · Yu‑Xuan Zhang1 · Lin Li1

Received: 15 January 2024 / Accepted: 17 April 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
In this article, a new spoof surface plasmon polariton (SSPP) developed from partially grounded coplanar waveguides 
(PGCPW) is proposed. By utilizing folded-strip-type DGS, the dispersion characteristics can be controlled. Based on the 
equivalent circuit analyses, it is found that the proposed PGCPW SSPP features lower asymptotic frequency than the con-
ventional grounded coplanar waveguides (GCPW) SSPP with the same size occupation. As a result, the proposed PGCPW 
SSPP has a smaller size occupation to obtain the same asymptotic frequency. To illustrate the design principle, the proposed 
PGCPW SSPP TL is designed, fabricated, and tested. Results validate that the proposed PGCPW SSPP TL exhibits smaller 
unit cell size, transition size, and total size.

Keywords Spoof surface plasmon polariton (SSPP) · Partially grounded coplanar waveguides (PGCPW) · Dispersion 
curve · Defected ground structure (DGS)

Introduction

Surface plasmon polaritons (SPPs) are a special electro-
magnetic (EM) wave mode that exists at the interface of 
two media with opposite dielectric constants [1]. They can 
propagate along the interface but decay exponentially in the 
other directions according to Maxwell’s equations [2]. They 
have attracted significant attention in recent years due to 
their ability to concentrate light in subwavelength structures, 
which has potential applications in nanophotonics, sensing, 
and imaging [3]. Although devices and systems based on 
SPP have great potential, natural SPP cannot continue to 
propagate in the microwave and terahertz frequency bands 
due to the fact that metals behave as perfect electrical con-
ductors (PECs) [4].

To address these issues, spoof SPPs (SSPPs) were intro-
duced to simulate the performance of SPPs at microwave 
and terahertz frequencies [5]. In 2004, Pendry et al. first 
demonstrated that structured metal surfaces can support 

SSPPs [6]. However, SSPP devices typically require larger 
sizes, which to some extent limits the practical application 
of SSPP. On the one hand, relatively complicated transi-
tion structures are required to realize mode-conversion and 
impedance matching, which increases overall dimensions 
largely. On the other hand, the larger size of SSPP unit cell 
with higher asymptotic frequency poses the challenge to the 
compactness of SSPP devices, too.

In recent years, many new structures and techniques have 
been proposed to reduce the size of SSPPs. To reduce the 
size of unit cells, a T-shaped groove is designed in [7] to 
realize the miniaturization of the proposed filter by decreas-
ing the equivalent cutoff frequency of the SSPPs. In [8], 
by introducing capacitive loading metal strips, the width of 
SSPP transmission lines is reduced by half and the field con-
straints are stricter. However, its mode-conversion structure 
is still very complex. A surface plasmon transmission line 
using capacitive loading technology was proposed in [9], 
which has a much smaller linewidth. A compact folded SSPP 
TL was used in [10] to reduce the lateral size to nearly 2/5 
of the original size. In [11], by combining SSPP with differ-
ent substrate-integrated waveguides, the lateral width can be 
reduced to a certain extent.

Additionally, simplifying mode conversion structures to 
achieve better impedance matching can also promote the 
size reduction and performance optimization of SSPPs. In 
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[12], by using gradient corrugated strips with grounding 
on both sides, a simple and efficient conversion between 
waveguide and SSPP is achieved. In addition, the defected 
ground structure (DGS) further enhances the constraints of 
SSPP, achieving miniaturization of waveguides, too. In [13], 
a compact transition is built through two matching units and 
a tapered strip, achieving a simple mode conversion struc-
ture. In [14], a deceptive SPP transmission line with zigzag 
grooves was used to achieve better impedance matching and 
stronger field constraints. In [15], a new CPW SSPP with a 
simple and efficient mode conversion structure is initially 
proposed, and then an improved SSPP using GCPW and 
DGS is presented. This improved SSPP has both simplified 
mode conversion structure and unit cell with lower asymp-
totic frequency. However, transition composed of unit cells 
with gradient groove lengths is required to obtain impedance 
matching, which makes the size a little larger.

To overcome the drawbacks of SSPP in [15] and further 
explore and refine simplified mode conversion structures, 
in this article, a new SSPP developed from the partially 
grounded coplanar waveguide (PGCPW) is proposed, which 
utilizes the folded strip-type DGS. This new PGCPW SSPP 

has the advantages of lower asymptotic frequency, improved 
impedance matching, and simple mode-conversion structure, 
which is beneficial to the size reduction of the SSPP system. 
The design principle is illustrated, and experimental exam-
ples are provided. The results demonstrate the effectiveness 
of the design strategy based on the proposed PGCPW SSPP.

Theory and Design Principle

Figure 1 shows the proposed SSPP unit cell, where the metal 
film portion is represented in gray and the dielectric substrate 
portion is indicated in white. This SSPP unit cell is developed 
from the conventional GCPW SSPP proposed in [15]. Like the 
GCPW SSPP unit cell in [15], the proposed SSPP unit cell has 
a CPW line in the middle of the top layer, and the meander-
ing spiral grooves etched on both sides of the CPW ground. 
Besides, two rows of metallic vias and a defected ground struc-
ture (DGS) are employed in the two SSPP unit cells in Fig. 1. 
With these extra structures to compose GCPW structure, better 
signal transmission and prevention of signal interference can 
be achieved, enhancing the overall performance of the system.

Fig. 1  a Conventional SSPP 
unit cell. b Proposed SSPP unit 
cell

Fig. 2  Comparison of simulated 
dispersion feature of conven-
tional and proposed SSPP unit 
cell
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However, there are two main differences between the 
proposed SSPP unit cell and the conventional one. Firstly, 
in terms of the coverage of the bottom ground structure, the 
ground in Fig. 1a covers all the bottom of the unit cell sub-
strate, while the ground in Fig. 1b only covers the correspond-
ing bottom part under the CPW line. Thus, the proposed SSPP 
is a partially grounded CPW (PGCPW) SSPP. Secondly, 
although both unit cells utilize the DGS, the conventional 
GCPW SSPP unit cell has a strip-type DGS, while the pro-
posed PGCPW SSPP unit cells use a folded strip-type DGS.

Figure 2 compares the simulated dispersion feature of 
the two different SSPP unit cells. Both unit cells and all the 
designs in this article are constructed on the dielectric sub-
strate FR4 with a thickness of 0.8 mm, a dielectric constant 
of 4.4, and a loss tangent of 0.02. All geometric parameters 
are shown in Table 1. Obviously, the dimensions of the CPW 
lines, the grooves etched on the top layer of the proposed 
unit cell are the same as those of the conventional unit cell, 
except for the DGS structure on the bottom layer.

As shown in Fig. 2, both two SSPPs exhibit obvious SSPP 
response, which stays close to the light line at low frequen-
cies but goes away at high frequencies. And the proposed 
PGCPW SSPP unit cell has a lower asymptotic frequency 
than the conventional GCPW unit cell. Therefore, the pro-
posed PGCPW SSPP unit cell can adopt a smaller size com-
pared to the conventional GCPW SSPP-TL to achieve the 
same asymptotic frequency.

To gain a deeper insight into the size reduction mecha-
nism of the proposed PGCPW SSPP unit cell, the equiva-
lent circuit model in Fig. 3 is presented to depict both the 
conventional and proposed SSPP unit cell. In the figure, the 
CPW lines are represented by the transmission lines, the 
effect of the slot-type grooves on the CPW ground and the 
DGS on the bottom ground are represented by the inductors, 
and the parameters of the equivalent circuit can be extracted 
from EM simulations of the unit cell. Table 2 compares the 
extracted parameters of the two SSPP unit cells with the 
dimension listed in Table 1.

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 calcu-
lated, namely the voltage and current of the unit cell. The volt-
age and current of the unit cell meet the following relationship.

where β is 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.

Due to the symmetrical structure proposed in this article, the 
propagation constant β should satisfy the following relationship:

By utilizing the circuit parameters of the proposed 
equivalent circuit model, the ABCD matrix can be calcu-
lated as follows:

where ω is the angular frequency.
By combining Eqs. (3) and (4), the propagation constant 

β can be obtained as follows:

And the asymptotic frequency corresponds to the fre-
quency where |�| = ∞ . Based on the formula presented 
above, the correlation between the asymptotic frequency fa 
and circuit components can be derived as below.

As seen from Eqs. (5) to (6), the increase of L leads to the 
decrease of A, resulting a larger β and a lower fa. And it can 
be seen from Table 2 that the proposed PGCPW SSPP has a 
larger inductance than the conventional GCPW SSPP. As a 
result, just as shown in Fig. 2, the proposed PGCPW SSPP 
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Table 1  SSPP Parameters (unit: 
MM)

Parameter pc lc wd wn wk l1 l2 l3 l4

Value 10 20 0.15 2.2 0.5 5 4.5 3 3.5

Parameter p l wp wm ws ls1 ls2 ls3 ls4

Value 10 20 0.15 2.2 0.5 5 4.5 3 3.5

Fig. 3  The equivalent circuit model of the unit cell
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exhibits lower asymptotic frequency and more obvious SSPP 
response than the conventional GCPW unit cell.

Since the main difference between the two SSPP unit 
cells is the DGS, the decrease in asymptotic frequency can 
be attributed to the extra inductance brought by the folded 
strip-type DGS. To investigate the relationship between 
the asymptotic frequency and the dimension of the folded 

strip-type DGS, Fig. 4a, b depicted the equivalent circuit 
(E.C.) computed and E.M. simulated dispersion curves with 
different wl and ll, respectively.

In Fig. 4a, ll is set to 4.5 mm, and the values of wl are 0 
mm, 0.3 mm, and 0.6 mm, respectively. Clearly, the case 
of wl = 0 corresponds to DGS without folded structure. As 
shown in Fig. 4a, the asymptotic frequency of the proposed 
PGCPW SSPP unit cell with wl = 0.3 mm, and wl = 0.6 mm is 
lower than that of the PGCPW SSPP unit cell without folded 
structure. Moreover, the larger the value of wl is, the lower 
the asymptotic frequency is, and the smaller the size of the 
corresponding structure.

The dispersion curves can also be influenced by the 
length of the folded structure ll. Figure 4b compares the 

Table 2  Equivalent circuit parameters

Z0 θ L

Conventional SSPP 38 30 4.1
Proposed SSPP 38 30 6.2

Fig. 4  The E.C. computed 
and E.M. simulated disper-
sion curves of the proposed 
SSPP unit cell. a Different wl 
and fixed l1. b Different l1 and 
fixed wl



Plasmonics 

Fig. 5  The schematic configurations. a The top layout of the proposed SSPP. b The bottom layout of the proposed SSPP. c The top layout of the 
conventional SSPP. d The bottom layout of the conventional SSPP (dimensions in mm)
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equivalent circuit computed and EM simulated dispersion 
curves with different ll. The corresponding size parameters 
are set as follows: wl = 1 mm, and ll has three values of 
1 mm, 3 mm, and 5.5 mm, respectively. From Fig. 4b, it 
can be observed that with the increase of ll, the asymp-
totic frequency decreases, and the SSPP response becomes 
more pronounced.

Based on the above analysis, due to the extra inductance 
brought by the folded strip-type DGS structure, the proposed 
SSPP has a lower asymptotic frequency than the conven-
tional SSPP, which is beneficial to the size reduction of the 
whole system. Besides, the size-reduction effect can be flex-
ibly adjusted by changing the geometric parameters of the 
folded structure.

Fabrication and Measurement

The conventional GCPW SSPP and proposed PGCPW SSPP 
are shown in Fig. 5. It can be observed that these SSPP TLs 
consist of three different kinds of parts marked as I, II, and 
III, respectively. Part I is CPW region at two terminals. Part 
II is the transition region working as a mode converter and an 
impedance transformer to connect Part I and Part III. Part III 
is the SSPP transmission waveguide. The dimension param-
eters of the conventional and designed SSPP TLs are set 
as follows: ls1 = l1 = 5 mm, ls2 = l2 = 4.5 mm, ls3 = l3 = 3 mm, 
ls4 = l4 = 3.5 mm, wp = wd = 0.15 mm, wm = wn = 2.2 mm.

To validate the lower asymptotic frequency of the pro-
posed SSPP TL, Fig. 6 compares the simulated S-parameters 

Fig. 6  Comparison of simulated 
S-parameters between the con-
ventional and proposed SSPP 
unit cell

Fig. 7  a Top view of the fabri-
cated CPW SSPP TL. b Bottom 
view of the fabricated CPW 
SSPP TL
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between the conventional and proposed SSPP TLs. It can be 
observed that the asymptotic frequencies of the conventional 
and proposed SSPP TL are 2.02 GHz and 1.73 GHz, which 
indicates that the proposed SSPP TL has more compact size 
than the conventional one with similar response.

We also fabricated the designed SSPP TL, and its top 
and bottom views are shown in Fig. 7a and b, respectively. 
Figure 8 depicts the measured and simulated S-parameters. 
It can be easily observed that the measured results are in 
accordance with the simulated ones, and the -3dB asymp-
totic frequency is only 1.845 GHz, implying its ultra-strong 
ability of field confinement. The difference between simu-
lated results and measured results may be attributed to fab-
rication tolerances and measurement environment.

It should also be noticed that the size of the proposed 
SSPP TL unit cell is only 10 mm × 20 mm, which corre-
sponds to 0.0064 �2

a
(0.057 �a × 0.113 �a ), where �a is the 

free space wavelength at the asymptotic frequency. For com-
parison, performances of the proposed SSPP TL and some 

previous SSPP TLs are listed in Table 3 in terms of asymp-
totic frequency fa, unit size, transition structure size, and 
overall size. It can be observed that the proposed SSPP TL 
exhibits more compact unit size, transition size, and overall  
size.

Conclusion

A new SSPP TL based on partially grounded coplanar wave-
guide (PGCPW) is proposed in this paper. The analysis 
based on simulation results shows that the proposed SSPP 
TL has a lower asymptotic frequency, improved impedance 
matching, and a simple mode conversion structure There-
fore, a compact PGCPW SSPP TL was designed, fabricated, 
and tested based on the proposed structure. The measure-
ment results indicate that the proposed PGCPW SSPP TL 
has an ultra-compact unit cell size, transition size, and over-
all size.
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Fig. 8  Simulated and measured 
S-parameters

Table 3  Performance of previous works and this work

Ref fa (Ghz) Unit size (λa
2) Transition 

size (λa
2)

Overall size (λa
2)

[7] 7.9 0.058 0.504 1.813
[8] 8.1 0.156 1.296 6.480
[9] 5.8 0.241 2.870 11.360
[10] 17.6 0.405 2.464 7.060
[11] 8.9 0.213 0.31 1.880
[12] 9.2 0.234 1.919 6.692
[13] 8 0.068 0.135 0.915
[14] 6 0.100 0.728 3.00
[15] 8.9 0.057 0.249 0.933
This work 1.7 0.006 0.008 0.043
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