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According to the electromagnetic field distributions, there exist two kinds of coupled spoof surface plasmon polaritons
(SSPPs), the symmetric and anti-symmetric modes, in the three-dimensional (3D) subwavelength spoof—insulator—spoof
(SIS) waveguide. We study the dispersion and excitation of the two kinds of coupled SSPPs supported by the 3D SIS
waveguide. The evolution of the dispersion with the thickness and gap width of the waveguide is numerically investigated,
and we give a theoretical analysis according to the coupling mechanism. Specially, based on the coupling mechanism,
we design a zipper structure, through which the excitation and propagation of the anti-symmetric coupled modes can be

realized effectively.
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1. Introduction

In ultraviolet, visible, and near-infrared frequency bands,
metals are usually described by the Drude model and behave
like plasma.!!! Coherent oscillation of conduction electrons
near the surface of a metal gives rise to surface plasmon po-
laritons (SPPs), which propagate along the surface and are
confined in the perpendicular direction.?! Owing to their high
spatial confinement of electromagnetic energy, SPPs have at-
tracted a great deal of interest and have been applied to many
fields in the last decade.l*> Sandwiching a thin insulator
layer with two metallic claddings forms a metal-insulator—
metal (MIM) waveguide.[*® In such an MIM waveguide,
each single interface can sustain bound SPPs. When the two
metal-insulator interfaces are close enough, the interaction
between the SPPs will give rise to coupled SPPs. The cou-
pled modes can be divided into symmetric and anti-symmetric
ones according to the symmetry of their electromagnetic field
distributions.:%8] In far-infrared, terahertz, and microwave
frequency bands, however, the metals behave like perfect elec-
trical conductors (PECs). A metal-insulator interface cannot
confine the surface electromagnetic waves effectively.!!%!1]
Although these waves can still propagate along the MIM
waveguide, high attenuation occurs and limits the propagation
distance.!'?! If some corrugations, such as holes and grooves,
are added to the metal—insulator interface, another surface
electromagnetic wave, spoof SPPs (SSPPs), could be excited
and confined at the interface.!!3-17]
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Among those corrugated interface structures, the
one-dimensional arrays of subwavelength grooves have
studied for their

simplicity.[>18-201 Two such groove-array waveguides sep-

been widely remarkable structural
arated by an insulator gap symmetrically create a new waveg-
uide, which is called a spoof—insulator—spoof (SIS) waveguide
for its analog to the non-corrugated MIM waveguide.[?!-23]
Similarly, an SIS waveguide supports two kinds of coupled
SSPPs, i.e., the symmetric and anti-symmetric modes. It is
worth noting that the symmetry of the coupled modes has
different definitions in the literature. For the coupled SPPs
supported by the MIM waveguide in the visible regime, peo-
ple always define the mode symmetry according to the electric
field distributions, 78] while in the microwave and terahertz
regions, the mode symmetry is usually defined according to
the magnetic field distributions.?!=23]

Recently, Shen et al.!**?3) proposed that the dispersion
of the SSPPs propagating along a three-dimensional (3D)
groove-array waveguide is insensitive to the thickness of the
waveguide. Their theoretical and experimental results demon-
strated that the SSPPs are well confined in the perpendicular
direction and can propagate long distances along arbitrarily
curved ultrathin comb-shaped waveguides. Based on those
discoveries, the 3D SIS waveguide has been proposed and
investigated.[?*26-3% However, current researches mainly fo-
cus on one kind of the coupled modes.?*28! If we consider
their magnetic field distributions, the modes are symmetric
ones. Recently, reference [30] proposed an effective method
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to excite the odd modes in the SIS waveguide. Actually, the
odd modes in that literature are also symmetric ones. There is
still no effective technique to excite the anti-symmetric modes
defined by the magnetic field. In this work, we propose a
coupling scheme and design a zipper structure. The anti-
symmetric coupled SSPPs can be generated effectively in this
structure.

2. Dispersion relations of coupled SSPPs

Figure 1(a) illustrates the diagram of a 3D groove-array
waveguide, where d, w, and ¢ are the period constant, width,
and thickness of the waveguide, respectively. The geomet-
ric parameters of the groove include the depth 4 and width
a. Such a comb-shaped waveguide supports highly confined
SSPPs, whose behavior depends primarily on the geometry
of the corrugations.?*?>! Two comb-shaped waveguides sepa-
rated by a vacuum gap g symmetrically form a 3D SIS waveg-
uide, as shown in Fig. 1(b). In the 3D SIS waveguide, each
comb-shaped waveguide supports a certain SSPP. When the
vacuum gap is small enough, the two SSPPs will interact with
each other, resulting in the coupled SSPPs.

Fig. 1. (a) The structure sketch of a 3D groove-array waveguide. (b)
The 3D SIS waveguide composed of two groove-array waveguides sep-
arated by a vacuum gap.

The case of coupled SSPPs propagating in a two-
dimensional (2D) SIS waveguide has been analyzed in
Ref. [21], which defined the symmetric/anti-symmetric modes
based on the magnetic field distributions. In that paper, Kats
et al. obtained rigorous dispersion relations of the two cou-
pled modes numerically. According to the dispersion expres-
sions, the symmetric modes converge to the zero frequency,
while the anti-symmetric modes have cut-off frequencies; the
anti-symmetric modes have higher eigen-frequencies than the
symmetric modes.?!! In the following, we are concerned with
the coupled SSPPs supported by the 3D SIS waveguide. With
the purpose of comparing our results with those of the 2D case,
we also define the symmetry of the coupled modes according
to their magnetic field distributions. All the results are cal-
culated using the finite integration method in this paper. We
consider the microwave region and choose d = 5 mm as the
length unit, then a, h, and w are fixed at 0.4d, 0.8d, and d,
respectively. The metal is modeled as a PEC.

The influence of the waveguide thickness and gap width
on the dispersion relations is investigated. Figure 2(a) illus-
trates the dispersion curves with respect to different waveg-
uide thicknesses ¢, where the gap width g is fixed at 0.4 mm.
The solid symbols denote the symmetric modes and the hol-
low ones denote the anti-symmetric modes. The black line is

the light line, which represents the dispersion relation of the
light in the vacuum. We can see that the dispersion curves of
the symmetric modes are on the right of the light line, imply-
ing field confinement in the perpendicular direction, and they
converge to the zero frequency. The dispersion curves of the
anti-symmetric modes, which are above those of the symmet-
ric modes, pass through the light line and enter the radiation
region. These intersections with the light line correspond to
the cut-off frequencies. All the features of both the symmet-
ric and anti-symmetric modes agree with the coupled SSPPs
supported by the 2D SIS waveguide.?!! As the thickness de-
creases, the two kinds of dispersion curves approach each
other, which demonstrates that the interaction between the two
SSPPs becomes weak. The reason is that the confinement of
the SSPPs sustained by the comb-shaped waveguide becomes
higher with the decrease of the waveguide thickness.[>*?>! Fig-
ure 2(b) shows the evolution of the dispersion curves with the
gap width g while the thickness 7 is fixed at 0.018 mm, which
is one of the thicknesses of the printed circuit boards (PCB).
As the gap width increases, the interaction of the SSPPs be-
comes weak. Therefore, the dispersion curves of the symmet-
ric and anti-symmetric modes approach the dispersion curve
of the comb-shaped waveguide simultaneously, which corre-
sponds to the result when g takes infinite (marked by the red

crosses).
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Fig. 2. (color online) Dispersion curves for the symmetric (solid sym-
bols) and anti-symmetric (hollow symbols) coupled modes of the 3D
SIS waveguide for (a) different thicknesses ¢ with g = 0.4 mm and (b)
different gap widths g with # = 0.018 mm. The black line is the light
line. Here d = 5 mm, a = 0.4d, h = 0.8d, and w = d.
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Figure 3 shows the electromagnetic profiles of the two
kinds of coupled SSPPs. Figures 3(a) and 3(b) denote the H,
and E, profiles of the symmetric coupled modes, while fig-
ures 3(c) and 3(d) show those of the anti-symmetric ones. The
observation planes we chose are the central faces of the waveg-
uides in the y direction. Interestingly, the symmetric modes
have symmetric H), distributions while their E), distributions
are anti-symmetric, and the anti-symmetric modes have anti-
symmetric H, and symmetric E), distributions. That is why the
symmetry of the coupled SSPPs has two definitions. From this
point, the symmetric and anti-symmetric modes in this paper
correspond to the odd and even modes in Ref. [30], respec-
tively.

Iii

Fig. 3. (color online) The H, and E, profiles of a unit cell of the
SIS waveguide for the coupled SSPPs: (a) H), profile of the symmet-
ric coupled mode, (b) E, profile of the symmetric coupled mode, (c)
H, profile of the anti-symmetric coupled mode, (d) E, profile of the
anti-symmetric coupled mode.

3. Excitation and propagation of the anti-
symmetric coupled SSPPs

Reference [30] designed a transducer using an asymmet-
ric coplanar waveguide (CPW) and a slot line to excite the odd
coupled SSPPs, that is, the symmetric modes, but the excita-
tion of the anti-symmetric modes is still lacking. In the next,
we introduce a zipper structure, through which the generation
of the anti-symmetric coupled modes is realized. The zipper
structure, designed on the base of the coupling scheme, also
uses the property of the CPW.

The zipper structure proposed is divided into four re-
gions, as shown in Fig. 4(a). Their horizontal lengths are
15 mm, 60 mm, 135 mm, and 180 mm in sequence. We fix
the thickness of the waveguide at 0.018 mm and all the con-
nection points are smooth. Region I is a CPW with the central
bandwidth wepw = 30 mm and slit width gcpw = 0.4 mm (as
shown in Fig. 4(b)). Region II is a convertor composed of a
piece of PEC plate and two gradient gratings. The boundary of
the PEC plate is random as long as it has a similar shape with
the one shown in Fig. 4(c). The depths of the grooves on the
gradient gratings vary linearly from 0.4 mm to 4 mm. Region
IIT consists of two curved comb-shaped waveguides. Both of
them approach the x axis slowly and are parallel to each other

in the right end with a gap width of 0.4 mm. Region IV is a
3D SIS waveguide. An RO4003 slice whose relative dielec-
tric constant is 3.38 is used as the substrate. Its thickness is
0.058 mm. Ports 1 and 2 are the input and output ports, re-
spectively.

Fig. 4. (color online) (a) The top view of the zipper structure with an
RO4003 substrate. (b)—(e) The enlarged view of regions I, II, III, and
IV of the zipper structure.

In our design, regions I, II, III, and IV serve as the guided
wave source, SSPPs convertor, SSPPs coupler, and propaga-
tion waveguide, respectively. An ungrounded CPW supports
two guided modes. One is symmetric and the other is anti-
symmetric. The symmetric (anti-symmetric) guided wave will
convert to two symmetric (anti-symmetric) SSPPs lines when
it transmits through region II. The gradient gratings in region
II guarantee that the guided waves supported by the CPW con-
vert to SSPPs gradually.3-%? In region III, the two symmet-
ric (anti-symmetric) transmission lines of SSPPs couple with
each other gradually and form the symmetric (anti-aymmetric)
coupled SSPPs in the end. The coupled SSPPs will prop-
agate along the ultrathin SIS waveguide in region IV. How-
ever, it is noteworthy that the symmetric guided mode cannot
transmit in the CPW naturally because its existence needs the
electric symmetry condition. Only the anti-symmetric guided
wave can propagate in the CPW without any symmetry condi-
tions. It is a typical feature of the CPW. The electric symmetry
condition is difficult to operate in practice. Therefore, the zip-
per structure is only effective to generate the anti-symmetric
coupled SSPPs.

We use the finite integration method to simulate the whole
excitation process. Figure 5 illustrates the spatial distributions
of Hy and E in an xz plane, which is 0.5 mm above the sur-
face of the zipper structure. The frequency takes 6 GHz in
Figs. 5(a) and 5(b) and 10 GHz in Figs. 5(c) and 5(d). Such
results can be attributed to two factors. The first one is that
only an anti-symmetric guided wave exists in the CPW with
the aid of the input port. The second one is that coupling two
anti-symmetric SSPPs lines can generate anti-symmetric cou-
pled modes, which is the mechanism of coupling. The H, and
E, distributions of the whole structure show the generation and
propagation of the anti-symmetric coupled modes vividly. It
demonstrates the validity of our scheme.
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Fig. 5. (color online) The simulated electromagnetic field distributions
in an xz plane, which is 0.5 mm above the surface of the zipper struc-
ture: (a) H, distribution at 6 GHz, (b) E, distribution at 6 GHz, (c) H),
distribution at 10 GHz, and (d) E, distribution at 10 GHz.
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Fig. 6. (color online) The simulated S parameters of the zipper structure.

For an excitation system, it is necessary to check out its
S parameters, which express the excitation efficiency. Fig-
ure 6 illustrates the simulated S parameters of the zipper struc-
ture. The S1; and S, represent the reflection and transmis-
sion, respectively. We can obtain the working band of the zip-
per structure from the S parameters, which is from 4.3 GHz
to 12.8 GHz. Especially, the zipper structure has a high ex-
citation efficiency in the frequency range from 8.2 GHz to
12.6 GHz. The working band depends primarily on two fac-
tors. Firstly, the working frequencies have to satisfy the dis-
persion relations of the SSPPs supported by the comb-shaped
waveguide. The reason is that the SSPPs will generate and
propagate on the zipper structure. The dispersion relations of
the SSPPs mainly decide the maximum working frequency.
Secondly, the work frequencies are influenced by the disper-
sion relations of the coupled SSPPs since the coupled SSPPs
must be able to propagate in region I'V. They mainly decide the
minimum working frequency. Additionally, the working band
is also influenced by the substrate, but the influence is small
here because the substrate used is very thin.

4. Conclusion

In a 3D SIS waveguide, both the symmetric and anti-
symmetric modes have high confinement. But the applica-

tions of the SIS waveguide based on the anti-symmetric cou-
pled modes are lacking because of the lack of excitation tech-
nique. We designed an ultrathin zipper structure with an in-
herent coupling mechanism that couples two SSPPs lines. In
this structure, the anti-symmetric coupled SSPPs can be gen-
erated effectively. It is easy to conclude that the generation of
the anti-symmetric coupled modes through the zipper structure
is realizable in experiment. The scheme is simple, effective,
and has the potential for further design of novel planar devices
such as filters, resonators, and couplers.
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