IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received February 12, 2019, accepted February 18, 2019, date of publication February 22, 2019, date of current version March 12, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2901220

A Novel Three-Dimensional Integrated
Spoof Surface Plasmon Polaritons

Transmission Line

SENSONG SHEN"1, BING XUE'2, MENGXIA YU'!, AND JUN XU!

!'School of Physics, University of Electronic Science and Technology of China, Chengdu 610054, China

2nstitute of Electronics, Chinese Academy of Sciences, Beijing 100190, China

Corresponding author: Bing Xue (xuebing14 @mails.ucas.ac.cn)

This work was supported by the Millimeter-wave Circuits and Systems Laboratory, School of Physics, University of Electronic Science

and Technology of China.

ABSTRACT In this paper, a novel three-dimensional integrated spoof surface plasmon polaritons (SSPPs)
transmission line (TL) is proposed. The controlled slow surface wave can propagate along unit cells that
are planted on a metal strip periodically, which is similar to the typical SSPPs TLs. The dispersion
characteristics and high-order modes of the proposed TL are studied. In order to verify the transmission
performance of the proposed TL, a two-dimensional (2D) structure is utilized to do like the conversion.
We have designed the proposed TL and give the simulated results from 10-25GHz, which show good
propagation performance. The ohmic losses and dielectric losses of the proposed TL and typical 2D SSPPs
TLs are simulated and compared with the microstrip line, coplanar waveguide. The measured data for
the proposed TL indicates that the measured results are close to the simulations. The low-loss and highly
integrated characteristics of the proposed TL plays an important role in the microwave and terahertz SSPPs

transmission and integrated circuits.

INDEX TERMS Spoof surface plasmon polaritons (SSPPs), dispersion characteristics, high-order modes,

loss characteristics.

I. INTRODUCTION

Surface plasmon polaritons (SPPs) are electromagnetic
waves formed by light incident on a metal surface, which
propagate along the interface of air-metal and decay expo-
nentially in the transverse direction. It has extensive research
in the optical field, and has broad application prospects in
the fields of biomedicine, chemical sensing and micro-nano
photonics [1]-[7]. Hereafter, the abnormal transmission phe-
nomenon of freely propagating coherent terahertz radiation
through free-standing metal foils perforated with periodic
arrays of sub-wavelength apertures was observed experimen-
tally by Gémez Rivas et al. [8], Cao and Nahata [9], [10].
Pendry et al. proposed a new theory for the surface plas-
mon polariton-like bound surface states, which is called
spoof surface plasmon polaritons (SSPPs), thus unifying
the similar phenomena in microwave and optical frequen-
cies [11], [12]. The prominent advantages of SSPPs structure
are that its dispersion characteristics and the ability to confine
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electromagnetic waves are completely determined by its
structural size. The presentation of SSPPs extends its research
scope from optical field to terahertz and microwave fre-
quencies, greatly expanding its application range. A vari-
ety devices had been proposed and studied, such as the
three-dimensional (3D) terahertz splitter and bending slow-
wave system [13], 3D terahertz switch [14] and 3D terahertz
polarizer controller [15].

As the foundation of microwave devices and systems,
transmission lines (TLs) combine different types of devices
into multiple functional systems by delivering electromag-
netic power or signals. The SSPPs TLs for terahertz and
microwave frequencies are 3D structures in the early days,
which can propagate along periodic etched grooves or gaps
in metal conductors [16], [17]. Since then, a variety of
different 3D TLs have been proposed [18]-[21]. However,
such TLs are difficult to process and are costly. A two-
dimensional (2D) SSPPs planar TL is proposed, which is
realized by a single-line strip-shaped metal with periodically
arranged grooves. It not only has advantages of high field
confinement and controllable dispersion properties, but also
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have pliable properties and can fabricate directly by printed
circuit board (PCB) process [22]. Subsequently, conversion
structures of coplanar waveguide (CPW) and microstrip line
to SSPPs TLs are proposed, making it possible to study and
measure their transmission performance [23]-[25]. More-
over, the SSPPs structures can support high-order modes,
which is similar to some traditional microwave TLs. The
high-order modes of SSPPs supported by periodically cor-
rugated metal surfaces were investigated theoretically. The
expression for the existence condition of high-order modes
was presented [26]. And then, the high-order mode SSPPs for
terahertz sensing was been investigated [27]. More recently,
the terahertz high-order mode broadband SSPPs propagation
is proposed for the first time, which indicates that high-order
mode transmission has significant potential for application
at microwave and terahertz frequencies [28]. Meanwhile,
linear and nonlinear microwave devices based on SSPPs TLs
have been proposed, which lays the foundation for the future
establishment of SSPP system [29]—-[37].

The existed substrate integrated SSPPs TLs are 2D con-
version structures that make them difficult to integrate with
classical 3D TLs such as microstrip lines. Although the
conversion structure from microstrip line to SSPPs TL is
proposed, the conversion efficiency is low and the loss is
high [24], [25]. In contrast, the 3D TL that can be integrated
on the PCB has a wider range of applications. An integrated
3D TL is proposed recently, which is implemented on a
single-layer substrate with metallized via holes planted on
a ground plane and excited by substrate integrated waveg-
uide (SIW) working at Ka band [38]. This TL has profound
implications in the microwave frequency, its structure is
semi-open and the anti-interference ability is similar to the
microstrip line. However, the feeding method and perfor-
mance of this TL are poor, which limits the practical applica-
tion. In [38], ohmic loss, dielectric loss and radiation loss of
this TL are not studied respectively. Although the total losses
has been studied, it is still not accurate due to the radiation
loss varies nonlinearly with the length of SSPPs TL [39]. It is
more reasonable to study the ohmic loss, dielectric loss and
radiation loss for these SSPPs structure separately.

This paper, based on [38], proposes a new SSPPs 3D TL,
which can also be integrated with microwave circuits and has
more advantageous ways of adjusting the dispersion charac-
teristics and more flexible TL configurations. The possibility
of applying SSPPs TLs to microwave integrated circuits has
been greatly increased. A simple high-efficiency 2D conver-
sion structure is utilized to convert the CPW guided waves
to the proposed TL, which has a more compact structure and
better performance than [38].

This paper is organized as follow. Section II gives the
dispersion characteristics and field distributions of funda-
mental and high-order modes. Section III gives the con-
version structure of the proposed TL connected to CPW
and simulated scattering parameters (S-parameters). In the
Section IV, the ohmic losses and dielectric losses of the pro-
posed TL and some typical published SSPPs TLs are studied,
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and compared with the microstrip line and CPW. Section V
gives the fabricated TL, the measurement topology and
measured S-parameters.

(a) (b)

()

FIGURE 1. The schematic illustration of the unit cells. (a) The unit cell
in [38]. (b) The proposed unit cell, in which p is the period, Ix and J, are
the width and length of the rectangular piece, respectively. (c) The
proposed unit cell composed of several parallel metallized via holes.

Il. WORKING PRINCIPLE AND PARAMETRIC STUDY

A. UNIT CELL STRUCTURE

The SSPPs unit cell, composed of a metal element and a
metallized via hole proposed by [38], is shown in Fig. 1(a),
which is planted on a ground plane. Different dispersion
characteristics can be obtained by changing the radius of the
element when the radius of the metallized via hole is constant.
However, only one variable can be used to tailor the element,
which limits its specific application. The proposed unit cell
consists of a rectangular metal piece and a metallized via hole,
as shown in Fig. 1(b), the dispersion characteristics can be
tailored by two variables: length and width. The unit cell can
be adapted to a variety of microwave integrated circuits by
planting in a metal strip or a ground plane to form fully-open
structures or semi-open structures. On the basis of Fig. 1(b),
unit cell composed of several parallel metallized via holes is
proposed, as shown in Fig. 1(c). The unit cell obtains more
degrees of freedom to tailor dispersion characteristics than
Fig. 1(b) by increasing the number of metallized via holes,
further extending its range of applications.

B. DISPERSION CHARACTERISTICS OF

THE FUNDAMENTAL MODE

Dispersion characteristics of the proposed unit cell (Fig. 1(b))
can be obtained by eigenmode analysis of full wave simu-
lation, as shown in Fig. 2(a). The external area is bounded
by periodic boundary in the transmission direction of electro-
magnetic wave (x-direction), and perfect magnetic conductor
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FIGURE 2. Relationships between the key parameters of proposed unit cell and the dispersion characteristics. The black
line indicates the light line in free space. (a) Boundary settings of the eigenmode analysis, p is the period of the unit cell,
d is the thickness of the F4B substrate. (b) Variation of the dispersion relationships with different values of /y, in which
Ix is 1 mm, d is 1mm and g is 1.5mm. (c) Variation of the dispersion relationships with different values of g, in which

Ix is 1mm, Iy is 4mm and d is 1mm. (d) Variation of the dispersion relationships with different values of Iy,

in which /y is 4mm, d is 1mm and g is 1.5mm. (e) Variation of the dispersion relationships with different values of d,

in which /y is 4mm, Ix is 1 mm and g is 1.5mm. (f) Variation of the dispersion relationships with different numbers of

metallized via holes, in which Ix is 1 mm and /,, is 4mm.

boundary (PMC) in the y-direction, with perfect electric con-
ductor (PEC) in the z-direction. The relationships between
the key parameters of proposed unit cell and the dispersion
characteristics are given in Fig. 2 (b), (c), (d), (e) and (f). It is
shown that the dispersion relationships deviate significantly
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from the light, both of which are non-radiative modes, indi-
cating that the proposed unit cell supports the propagation
of confined modes. The dispersion characteristics are deter-
mined by the structural parameters, which are similar with the
typical SSPPs structures [4], [12], [40], [41].
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With the increase of wave number, the dispersion relation-
ships of the unit cells deviate from the light and eventually
approach the cutoff frequency. The diameter of the metal-
lized via hole is 0.6mm and the period p is 1.5mm. [, is
the width of the rectangular piece, /, is the length of the
rectangular piece, d is the thickness of F4B substrate and g
is the width of the metal strip. Fig. 2 shows the relationship
between the key parameters of the unit cell and the disper-
sion characteristics. When I, is 1 mm, d is Imm and g is
1.5mm, varying the length /,, the dispersion relationships
are obtained as shown in Fig. 2(b). The cutoff frequency
of the unit cell is significantly reduced while the length of
the rectangular piece is increased. When I, is 1 mm, [, is
3 mm and d is 1mm, varying the width g, the dispersion
relationships are obtained as shown in Fig. 2(c). The cutoff
frequencies are not significantly different while the width of
the metal strip is varied, which indicates that the dispersion
characteristics of the proposed unit cell are relatively stable.
When [, is 4 mm, d is Imm and g is 1.5mm, varying the
width [, the dispersion relationships are obtained as shown in
Fig. 2(d). The cutoff frequency of the unit cell is significantly
reduced, when the width of the rectangular piece is increased.
When [, is 1 mm, [, is 3 mm and g is 1.5mm, varying the
the thickness d, the dispersion relationships are obtained as
shown in Fig. 2(e). The cutoff frequency of the unit cell is
significantly increased, when the thickness of the substrate
is declined. Combining Fig. 2 (b), (c), (d), and (e), it can be
found that the length and width of the rectangular piece of
the unit cell and the thickness of substrate are very obvious
for the regulation of the dispersion characteristics. And the
combination of these parameters can effectively regulate the
characteristics of the proposed TL. When /, is 1 mm and [, is
4 mm, the number of metallized via holes is increased, the dis-
persion characteristics are obtained as shown in Fig. 2(f).
The cutoff frequency of the unit cell significantly increased,
while the number of metallized via holes are increased, which
indicates that the unit cell can be easily extended to a new unit
cell with different dispersion characteristics.

C. ELECTROMAGNETIC FIELD DISTRIBUTIONS

OF THE FUNDAMENTAL MODE

When the frequency of the propagation wave is lower than
the cutoff frequency, it can propagate along the proposed TL.
The electromagnetic energy mainly exists above the surface
of the unit cells. The electric-force lines are emitted from
the surface of the metal pieces and terminate in the adjacent
unit cells, which indicate that the electromagnetic energy is
tightly trapped in the TL, as shown in Fig. 3(a). The electric
field distributions and the dispersion relationship indicate this
TL satisfies SSPPs transmission. The |Ey| magnitudes of the
electrical field at cross section of the proposed unit cell are
given in Fig. 3(b). The electric field distributions of the unit
cells composed of parallel metallized via holes (Fig. 1(c)) are
similar to the unit cells (Fig. 1(a) and Fig. 1(b)), as shown
in Fig. 3(b).
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FIGURE 3. (a) Electric field distributions of unit cells with single
metallized via hole on xoy plane and xoz plane at 19GHz, in which
Ix is 1 mm, Iy is 4mm, d is 1mm, g is 1.5mm and the diameter of the
metallized via hole is 0.6mm. (b) |Ex | magnitudes of electric field at
central, edge of the unit cell and between two unit cells at 19GHz.

D. CHARACTERISTICS OF HIGH-ORDER MODES
According to [26], the height of the proposed TL is limited
by the thickness of the dielectric substrate so that the high-
order modes in z-direction are not easily supported below
millimeter frequency. Therefore, the high-order modes in the
y-direction are our interest.
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FIGURE 4. The dispersion relationships of the modes, in which /, = 4mm,
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FIGURE 5. The electric field distributions of the modes on the proposed
unit cell. (@) 1-order mode. (b) 2-order mode. (c) 3-order mode.

The purpose of this section is to investigate the perfor-
mance of the modes, so we set the proposed unit cell /,
to 4mm and p to 1.5mm, which can support the high-order
modes. The dispersion relationships and electric field distri-
butions of different modes are given by simulations in Fig. 4
and Fig. 5, respectively. The high-order modes begin to be
supported by the unit cells at the intersection point of the
dispersion curves of high-order modes and light dispersion
curve. Three modes are supported by the proposed unit cell at
0-60GHz, whose velocities are less than the velocity of light
in free space, indicating their wave numbers are greater than
the wave number of the light in free space. The electric field
distributions of the three modes are significantly different,
which indicates that the electromagnetic field in y direction
satisfies the standing wave distribution.

IIl. TRANSMISSION AND CONVERSION STRUCTURE

In order to verify the performance of the proposed TL,
a simple high-efficiency 2D conversion structure is utilized to
convert the guided waves to the proposed 3D SSPPs TL. The
proposed SSPPs TL and conversion structure are printed on
Imm thick F4B substrate with dielectric constant of 2.65 and
loss tangent of 0.001. The thickness of ultrathin copper strips
is selected to be 0.018mm, as shown in Fig. 6. The proposed

26904

Part1,Part2 Part3 , ‘
ICPW | CPW-SSPP: transmission line: |
! ! transition '

y=fx) Py
L _{—S /Pl
1‘1}1_ ]_, » o o @ o ® & ® o 0® 0 0
L

(b) (c)

i
A

(d)

FIGURE 6. Structure of the proposed TL. (a)Top and bottom view of the
proposed TL, in which L; = 10mm, L, = 17mm, L3 = 24.5mm. (b) Part 1:
CPW structure, in which w = 1.5mm, s = 0.1mm. (c) Part 2: Bottom view
of the conversion structure. (d) Part2: Top view of the conversion
structure, in which /; = Tmm, /¢ = 2.35mm.

TL is an axisymmetric structure and consists of three parts.
CPW with 50€2 characteristic impedance, regard as the exci-
tation waveguide, is denoted as Part 1, as shown in Fig. 6(a).
Part 2 is the 2D conversion structure, as shown in Fig. 6(c).
In order to obtain impedance matching with the proposed TL,
the conversion process is accompanied by a gradual structure
in which the length of the rectangular piece is from /; to /1o
with a step of 0.15mm, as shown in Fig. 6(d). The TM wave
impedance of the proposed TL is expressed by

Zm I ﬂ—j—1 1)
2\ ky

where ng is the characteristics impedance of the free space,

B is the wave vector in the propagation direction, kg is the

wave number in free space [42]-[44]. The impedance can be

used to check the impedance matching between CPW and the

proposed TL.
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P1(x1,y1) and P2(x2, y2) are the start point and end point of the
Vivaldi curve respectively. Part 3 is the SSPPs TL, the period
p is 1.5mm, the width of the rectangular piece [, is 1 mm and
the length /, is 2.5mm.
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FIGURE 7. Simulated S-parameters of the proposed TL by using the TL
model and the full wave simulation.

The S-parameters of the proposed TL are simulated by
using the TL model and the full wave simulation, as shown
in Fig. 7. The cutoff frequency is in accordance with the
analysis of dispersion characteristics. The SSPPs waves can-
not propagate above the cutoff frequency. The S-parameters
indicate that electromagnetic waves can propagate efficiently
along the TL.

IV. TRANSMISSION LOSSES
The transmission loss of the SSPPs TL is a very important
indicator, especially at high frequencies. The total losses
of the SSPPs TL (Fig. 1(a) and Fig. 8(d)) are studied
by [38] and [45], which includes ohmic loss, dielectric loss
and radiation loss. For different TLs, the ohmic loss, dielectric
loss and radiation loss have different occupation rates in total
losses due to their different transmission modes. Therefore,
the total losses can not reflect the actual loss characteristics of
the TLs. The ohmic loss of the double sides comb-like SSPPs
TL was investigated and compared with CPW. However,
the dielectric loss was not studied [43]. Accordingly, in this
section, the ohmic losses and dielectric losses of the proposed
TL and some typical published SSPPs TLs are studied and
compared with the microstrip line and CPW by simulations.
To assess the dielectric losses, the proposed TL and the
published SSPPs TLs with its copper metal replaced by PEC
are simulated. On the other hand, the proposed TL and the
published SSPPs TLs on lossless substrates are simulated to
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FIGURE 8. The array structures and detailed parameters of the
published TLs. (a) 502 microstrip line. (b) 50© coplanar waveguide.

(c) Double sides comb-like TL. (d) Single side comb-like TL. (e) SSPPs TL
proposed by [47]. (f) SSPPs TL proposed by [44].

evaluate the ohmic losses. In order to eliminate the effects of
conversion loss conveniently, the Bianco-Parodi (BP) method
is adopted [46]. This method cannot be used to analyze the
radiation loss, because the radiation loss varies nonlinearly
with the length of the SSPPs TLs. The method of obtain-
ing the radiation loss of double sides comb-like SSPPs TL
(Fig. 8(c)) is complex and not very accurate [39]. Therefore,
the radiation loss is not discussed in this paper.

The ohmic losses and dielectric losses of the proposed TL,
double sides comb-like TL, single side comb-like TL, SSPPs
TL proposed by [44] and SSPPs TL proposed by [47] are
compared with the 502 microstrip line and 502 CPW. The
array structures and detailed parameters of the TLs are given
in Fig.8. The dielectric substrate of these TLs are 1mm thick
F4B substrate with dielectric constant of 2.65 and loss tangent
of 0.001. The cutoff frequencies of these published SSPPs
TLs are similar to the proposed TL (I, is 1 mm, [, is 4mm
and the diameter of the metallized via hole is 0.6mm). The
dispersion characteristics of the proposed TL and these pub-
lished SSPPs TLs are given in Fig.9. The ohmic losses and the
dielectric losses are given in Fig. 10 and Fig. 11, respectively.

From the comparison of ohmic losses and dielectric losses,
we can find that the ohmic losses and dielectric losses of the
proposed TL are comparable to single side comb-like TL,
SSPPs TL proposed by [44] and SSPPs TL proposed by [47].
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The ohmic loss and dielectric loss of the double sides comb-
like TL are higher than other SSPPs TLs. The ohmic losses of
these SSPPs TLs are less than the CPW at low frequencies and
higher than the microstrip line, while the dielectric losses are
lower than the microstrip line and CPW. This phenomenon is
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FIGURE 14. Simulated and measured S-parameters of the proposed TL.

caused by the fact that the electromagnetic energy of SSPPs
TL is mainly concentrated on the metal surface and upper
half-space of the unit cell.

V. FABRICATION AND MEASUREMENT

The proposed TL is fabricated according to the parameters of
Fig. 6, as shown in Fig. 12. It is measured by an Agilent Tech-
nologies E8363B network analyzer, as shown in Fig. 13. The
simulated and measured S-parameters are given in Fig. 14.
The S-parameters of measured are close to the simulation
from 10 to 21GHz, indicating that the proposed TL has rela-
tively good transmission performance in this frequency range.
Differences between the simulated and measured are mainly
caused by the mismatch between SMA connectors and the
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conversion structure of the proposed TL, and the fabrication
tolerances.

VI. CONCLUSION

In this paper, a novel 3D integrated SSPPs TL is proposed.
The dispersion characteristics and electric field distributions
of fundamental mode and high-order modes are analyzed
and simulated. Different dispersion characteristics can be
obtained by tailoring the parameters of the unit cells. The
proposed TL structures have an army of adjustable parame-
ters, which can be easily tailored according to different appli-
cation scenarios. The ohmic losses and dielectric losses of
the proposed TL and some typical published SSPPs TLs are
investigated and compared with the microstrip line and CPW.
The comparison of the ohmic losses and dielectric losses
between SSPPs TLs and conventional TLs indicates the low
loss characteristics and potential for specific applications of
the SSPPs TLs. The proposed TL is simulated and exper-
imented, which verifies the conversion structure between
CPW and the proposed TL is effective. The proposed TL has
a common metal strip and two-layer-metal structure as the
bases, making it more convenient to integrate with existing
microwave circuits and systems and laying the foundation for
developing high-performance SSPPs systems in the future.
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