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Independent design method of multiple surface modes using a domino-ring structure
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This paper proposes a method for generating and independently controlling multiple modes of surface modes
using a domino-ring structure. The domino structure, which forms a waveguide, gives a reference potential to
the ring structure to realize a waveguide in which multiple surface modes are formed. The two-dimensional
periodic structure of the ring mimics the helical edge state, one of the characteristic properties of topological
materials, and the number of modes is independent of the shape. The quasi-two-dimensional periodic structure
obtained by stacking the ring structure and combining it with the domino structure multiplexes the surface modes
and produces coupling modes as the complimentary modes. Eigenvalue analyses are performed to calculate the
dispersion relations for the domino, ring, and domino-ring structures, and the results were compared with the
theoretical curve for the domino structure and the fitting curve for the ring structure, and the mode controllability
and skin depth of the modes are discussed. The results show good agreement between the theoretical and fitting
curves and the analytical results and also confirmed that the modes are generated according to the number of
rings in the unit cell. And it confirmed that the skin depth of the multiple surface modes on the domino-ring

structure varies with each coupling point and can be controlled by the exciting condition.
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I. INTRODUCTION

Surface waves are unique electromagnetic modes that form
at the boundary of a medium and propagate within the
boundary due to oscillations caused by compressional waves.
Surface plasmon polaritons (SPPs) are better known as surface
wave modes excited by light waves [1-11]. Gold, silver, and
platinum are the main materials known as conductors that can
excite SPPs [1-3]. The basic principle of SPP excitation is
that the excitation wavelength is determined by the material
properties and the angle of incidence. There are two excitation
methods using a conductor plate and prism: the Kretschmann
configuration and the Otto configuration [1,4,5]. There is also
a method of excitation without using a prism by applying a
periodic structure to the conductor [2]. SPPs have important
features such as field concentration effects and resolution
beyond the diffraction limit, and have been used in combi-
nation with scanning near-field optical microscopy and other
techniques, mainly in chemical and biosensing applications
[6-10].

A similar phenomenon of electromagnetic field mode
formation in the frequency bands lower than the optical fre-
quency band has been discovered and is called spoof surface
plasmon polariton (SSPP). This phenomenon was discovered
by Pendry in 2004, and is known that surface wave-like elec-
tric field distributions are formed on a conductive periodic
structure [12]. As well as SPPs, the extraordinary transmis-
sion (EOT) phenomenon, showing energy transmission over
the aperture ratio is also known as a characteristic property
of SSPP [11,13-15]. SSPP structures are classified as one
of metamaterials in the broad sense, since it can be used
to control the wave modes [11,12,16—-19]. SSPPs have been
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applied to spatial filters, high-frequency transmission lines,
and antennas, and are mainly used for sensing [20-23].

From the viewpoint of condensed matter physics in surface
modes, topological materials have attracted much attention
in recent years [24-30]. The quantum Hall effect was first
observed in two-dimensional systems and was later extended
to three-dimensional systems [24]. One of the characteristics
of topological materials is that they exhibit dielectric prop-
erties in the bulk region while exhibiting a metallic state at
the surface. This metallic state is due to topological order
and is known to be resistant to structural perturbations, unlike
ordinary surface states. This feature has the same meaning as
the topological distinction between donuts and balls by the
number of holes.

When considering engineering applications, surface wave
structures are mainly expected to be used for sensing, the
focus has been on improving sensitivity and spatial resolu-
tion and controlling skin depth [31-33]. For the enhancement
of sensitivity and spatial resolution, improvement of sensor
structure and multimode generation by thin-film technolo-
gies have been studied [31,32]. In the area of skin depth
engineering in the optical bands, studies on suppressing light
seepage in fibers and reducing transmission loss have been
reported [33]. On the other hand, in the terahertz region,
the relationship between the skin depth and the structure
of the SSPP structure has been studied theoretically, ana-
Iytically, and experimentally, and the possibility of medical
applications is also being considered [34—38]. In recent years,
however, millimeter-wave and terahertz-wave applications
have become popular not only for sensing but also for wire-
less communications, and there is an increasing number of
scenarios where both technologies are required simultane-
ously [39,40]. For example, in automatic driving, information
obtained by radar can be shared with surrounding vehicles
in real time via millimeter-wave communications. In such
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applications, it is important not only to expand bandwidth, but
also to use multiple individual bandwidths.

There are two main approaches to multiple-modes surface
wave generator structures. One is to use only propagat-
ing plasmons and design the periodic structure to generate
multiple modes, such as multiple-modes transmission lines
and harmonic generation waveguides [41,42]. The other is
to combine localized plasmons and propagating plasmons,
in which both are excited simultaneously [32,43]. In this
method, particles that excite localized plasmon are stacked
three dimensionally to form a periodic structure that excites
propagating plasmon. Here for example, localized plasmon
particles refer to those of gold and silver. When only propa-
gating plasmons are used, although multimode transmission
lines can be applicable for increasing the number of prop-
agation modes by separating ports, the number of modes
corresponding to a single port cannot be increased to multiple
modes [41]. In the conventional method the number of modes
depends directly on the type of unit cell in the transmis-
sion line, and this can complicate the design by changing
the length of the transmission line and the combination of
unit cells. As similar techniques, there are examples of using
harmonic modes, but the strong correlation between modes
makes it impossible to design each mode independently [42].
In the case of combining localized plasmon and propagating
plasmon, there are two possible methods: one is to design
multiple types of particles that excite localized plasmons for
creating multiple modes, and the other is to form multiple
modes by arranging periodic structures composed of particles.
In the former method, there is a concern that the particle
diameter may change depending on the mode, making the
design difficult [32]. In the latter case, as in the case of
multiple-modes transmission lines, the length of the transmis-
sion line and the combination of the unit cells may change,
complicating the design [43]. As discussed above, the essen-
tial difficulty of multiple-modes design originates from the
design of boundary conditions based on wave theorem. It
is geometrically difficult to superimpose aperture-type struc-
tures that serve as reference potentials in parallel. On the
other hand, when designing a resonant circuit based on circuit
theory, it is difficult to set a reference potential, and waves
on each resonator are reradiated without propagating along
the structure.

In this paper, a method for designing independent mul-
tiple modes of surface waves is proposed. The method is
based on the combination of a domino structure, which is
a typical structure for generating surface waves, and mul-
tiple ring structures. The domino structure, which forms a
waveguide, gives a reference potential such as ground/GND
to the ring structures to realize a waveguide in which multiple
modes are formed. The two-dimensional periodic structure
of the ring also has the properties of a topological ma-
terial and is considered to simulate a helical edge state
when assuming a finite array in a vertically canceling static
magnetic field. Stacking this two-dimensional system in com-
bination with a domino structure allows the bulk to be
multiplexed as a propagating surface mode. And multilayered
two-dimensional systems simultaneously create complemen-
tary spaces, which form coupling modes. This is consistent
with the shape-independent nature of the number of surface
modes corresponding to Chern number [30].

The modes generated by the domino and the ring struc-
tures are determined by each structure, and can be controlled
by structural parameters such as size, position, and period
of the structure. The proposed design enables simpler, more
controllable, and more accurate design of multiple surface
modes compared to the conventional methods. First, the pro-
posed surface wave structure with domino and multiple-ring
structures and the operating principles of surface wave gen-
eration are described. Next, generation and control method
of multiple surface modes using the proposed structure is
discussed. Finally, it summarize the results obtained from the
examinations as a conclusion.

II. OPERATING PRINCIPLE OF MULTIPLE SURFACE
MODES

First, the design concept of the domino-ring structure
is explained. The relationship between the two-dimensional
periodic structure of the ring and topological materials is dis-
cussed. Assuming a finite array of rings, modes are generated
and chiral edge states are formed as shown in Figs. 1(a) and
1(b) [26]. The static magnetic field and the corresponding
electron motion (electric field) are divided into two patterns:
clockwise and counterclockwise. This mimics the mode for-
mation of edge magnetoplasmon, which is known to produce
integer quantum Hall effect in the actual mode [30]. If there
is no static magnetic field, the bidirectional static magnetic
field can be regarded as canceling each other, resulting in a
superposition of the two modes (helical edge state) due to
time-reversal symmetry. The model remains consistent when
generalized to include the case of infinite periodic arrays. This
phenomenon is closed within a two-dimensional system, and
is considered to be maintained even when N layers are stacked
perpendicular to the two-dimensional periodic structure of the
ring, as shown in Fig. 1(c). Therefore, the combination with
the domino structure that produces surface modes makes it
possible to form multiple surface modes. On the other hand,
when combined with a domino structure, the complementary
space formed between rings and dominos likewise creates a
two-dimensional structure, and modes are formed in a manner
corresponding to the number of rings. This is defined as a cou-
pling mode. From the above discussion, the two-dimensional
periodic structure of the ring has a number of modes (corre-
sponding to Chern number) that is independent of the shape
and simulates topological properties. The two-dimensional
periodic structure of the rings acts as a wave source for the
incident wave, transmitting and reflecting the wave, so that a
propagation plane is not actually formed. This can be regarded
as simulating the bulk state. Combined with the domino struc-
ture, a quasi two-dimensional surface is formed in which the
multilayered structure of the ring surface is integrated, and
multiple surface modes propagate. The proposed method of
multiplexing surface modes is considered a reasonable design
concept based on the above theory. On the other hand, the
specific design of the multiple modes in this study can be
more concisely understood by considering it as a combination
of wave theory and circuit theory. In this study, the design
concept of deriving the propagation mode by treating the
conducting structure as a reference potential and solving the
boundary conditions is called the wave theory. The design
concept of deriving the propagation mode based on the current
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FIG. 1. The two mode formations on a two-dimensional structure of a ring that mimic the helical edge state of (a) the clockwise rotation
and (b) the counterclockwise rotation with static magnetic fields toward the front of the paper and toward the back of the paper respectively,
and (c) stacking pattern of two-dimensional periodic structure of rings with multiple surface modes.

flowing in the conductor structure and the potential difference
generated between the structures is called the circuit theory.

Next, the principles of surface wave generation on the
domino-ring structure are described. As shown in Fig. 2(a),
the domino structures are placed through the interior of the
ring structure. And the domino and ring structures generate
surface wave modes based on the principles of wave theory
and circuit theory, respectively. As shown in Fig. 2(b), in
the domino structure, the electric field distribution is formed
by the boundary conditions. In the ring structure shown in
in Fig. 2(c), the voltage formed between the ring and the
reference potential (GND) of the domino structure and the
current in the ring are formed. Figure 2(d) shows that in cou-
pling mode, an electric field distribution is formed between
the reference potential of the domino structure and the ring
structure. Surface modes excited by domino structures depend
on the size of the unit cell and are generally on the subwave-
length order. On the other hand, surface modes excited by ring
structures depend on the circuit constants of the unit cell and
include regions outside the subwavelength range. Coupling
modes also depend on ring structures and thus include regions
outside the subwavelength range.

Assuming that the conductive part of the domino structure
is a perfect conductor, first the effective medium parameters

can be obtained by calculating the propagation mode and
energy flow rate in the unit cell. Next, the dispersion relation
can be derived by applying the resonance condition to the
reflection coefficient at the boundary between the free space
and the structure to find the singularity [44],

2
k=2 (1=%) an(Z2) +1,
c d 2 wp

_JTC
T 2n

wp (1)
Here, c, k, and w are the velocity of light, a wavenumber, and
an angular frequency, respectively. And a and d are the width
and the arrangement period of the domino. wp is the cut-off
angular frequency of the domino structure. As can be seen
from Eq. (1), the contribution of the height % of the domino
structure to the dispersion relation is relatively larger than the
other parameters. In other words, in the domino structure, the
electric field distribution forms a dominant mode in the verti-
cal direction rather than in the arrangement direction. Figure 3
compares the dependence of w/wp given by Eq. (1) on a/d
and on height A. Figures 3(a) and 3(b) show the dependencies
on a/d, and on height h, respectively. Comparing the results
of Figs. 3(a) and 3(b), it can be seen that the change in the

(b)
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FIG. 2. (a) Schematic of domino-ring structure, and mode formations on the unit cell in the case of (b) domino, (c) ring, and (d) coupling
mode. Here, Ap is a wavelength in free space at the cut-off frequency of the domino structure.
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FIG. 3. Dispersion relations of domino structures in the cases of varying (a) a/d and (b) h.

dispersion relation is greater for 4 than for a/d with respect
to the rate of change of values. This property can be used
to generate a new mode with little effect on the dispersion
relation of the domino structure, even if the ring structures are
added.

On the other hand, it can be interpreted like that the ring
structure forms a periodic transmission line to the propagation
direction. Therefore, first the dispersion relation of the ring
structure is obtained as follows, by deriving the characteristic
impedance of the periodic transmission line [45,46]:

cosh(ikd) = 1 + Z(w)Y (»). 2)

Here, Z(w) and Y (w) are an impedance and an admittance of
the equivalent circuit model shown in Fig. 4(a), respectively.
And these functions can also be expressed as, using circuit
constants,

. 1
Z(w) = 1(a)L — a)_C’>’
Y(w) = iwC, 3)

where L is the inductance of the ring structure, C is the
capacitance between rings and the reference potential, and C’
is the capacitance between the ring structures. Therefore using
these values, Eq. (2) can be replaced as
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The cut-off angular frequency of the ring structure wgr in
Eq. (4) can also expressed as, using the circuit constants of

L,C,and C/,
'’
wp = S2E ®)
LCC’

Since the capacitance between the ring structures is assumed
to be sufficiently larger than the capacitance between the ring
structure and the reference potential, Egs. (4) and (5) can be
approximated as follows, assuming that C' > C,

2
cm@@:l—(£>, (6)

WR

[ 1
WR =~ E @)

The graph of Eq. (6) is shown in Fig. 4(b). since it is difficult
to derive L and C directly of the ring structure, the theoret-
ical curve is fitted using the eigenmode frequency obtained
from the analysis of the ring structure alone, and is used
for comparison with the analysis results for the domino-ring
structure. Finally, formation of coupling modes are explained.
Propagation modes are created by the electric field distribu-
tion generated between the domino structure, which serves
as the reference potential, and the ring structure, which has
a constant potential. Thus, the number of coupling modes cor-
responds to the number of rings in the unit cell. The difference
from the ring-derived mode is that the mode is generated from
the boundary between the domino and the ring structure as
a potential surface, and is not a mode created by the current
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FIG. 4. (a) Equivalent circuit model and (b) dispersion relation of ring structure.
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TABLE I. The structural parameters of a domino-ring structure
as a reference model.

Parameter d a h r Z

Value 0.25Ap  0.0891p  0.25Ap  0.224p  0.056Ap

flowing in the ring. The difference from the domino-derived
mode is that ring structures are also included as boundaries
used for mode formation.

The coupling mode is useful for fine-tuning and tuning
the frequency band without changing the structure because
the cut-off angular frequency can be changed by moving the
ring up and down. When the number of frequency bands
used for sensing is to be increased, bands can be added by
moving them within the target frequency band. For example,
in bio/chemical sensing, the information obtained depends on
the bandwidth, which can be advanced by shifting or increas-
ing the bandwidth. When applied in the optical domain, as in
the above example, the light lines are coupled at the bottom
of the light line using a prism, or the backside of the light line
is used for coupling. In the radio domain, the lattice scattering
effect of the periodic structure is used to couple them in free
space [13].

III. RESULTS AND DISCUSSIONS

Eigenvalue analysis was performed using an electromag-
netic simulator (HFSS, 2020 R2) to verify the proposed
method for generating and controlling multiple modes of
surface waves using the domino-ring structure. First, the gen-
eration of multiple modes was confirmed by comparing the
analytical results of dispersion relations for domino, ring,

and domino-ring structures with the theoretical curve for the
domino structure and the fitting curve for the ring structure.
In the domino-ring structure, the dispersion relations of the
domino- and ring-derived modes obtained by the analyses are
compared to the theoretical and fitting curves, respectively.
Next, the controllability of the domino-derived mode and the
ring-derived mode in the domino-ring structure was validated
by comparing the analytical results of the structural parameter
dependencies with the theoretical curves of the domino struc-
tures and the fitting curves of the ring structures. The reference
dimensions of the structural parameters for the domino-ring
structures are set as shown in Table 1. Here, as shown in Fig. 2,
r is the length of one side of ring and z is the position of ring.

The results of the comparison of the dispersion relations
for the domino, ring, and domino-ring structures are shown
in Fig. 5. In the following comparison with the analytical
results, the results originated from the domino structure use
the theoretical dispersion relation curve in Eq. (1), and the
results originated from the ring structure use the fitting curve
in Eq. (6) to the analytical results for the stand-alone case.
Figures 5(a)-5(c) show that the domino structure has an eigen-
mode frequency of approximately 0.78 wp and size of 1/5
wavelength or less, while the ring structure has an eigen-
mode frequency of approximately 1.2 wp and size of 1/3
wavelength or less. For the domino and ring structures, respec-
tively, the analytical results are in good agreement with the
theoretical and fitting curves, and especially for the domino-
structure mode, the error between the theoretical curve and
the analytical results is less than 3.7 percent. The dispersion
relation of the domino-ring structures shows that the charac-
teristics of each structure are maintained. In addition, a new
mode that is not consistent with the domino and ring structures
has been identified, and this mode is referred to as the cou-
pling mode. This mode is considered to be formed between
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FIG. 5. Comparison results of dispersion relation between (a) domino, (b) ring, and (c¢) domino-ring structures. Electric distributions of
(d) domino, (e) ring, and (f)—(h) domino-ring structures at each eigenmode frequencies of (d) 0.75 wp, (¢) 1.18 wp, (f) 0.78 wp (corresponding
to the domino mode), (g) 1.2 wp (corresponding to the ring mode), (h) 1.64 wp (corresponding to the coupling mode).
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of the reference model.

the domino and ring structures. Figures 5(d)-5(h) show the
electric field distributions at the eigenmode frequencies of
the domino structure, the ring structure, and the first to third
modes of the domino-ring structure, respectively. From the
results of Figs. 5(d) and 5(f), the first mode of the domino-ring
structure behaves similarly to the electric field distribution
of the mode of the domino structure, confirming that the
first mode is derived from the domino structure. Similarly,
from the results of Figs. 5(e) and 5(g), the behavior of the
second mode of the domino-ring structure is similar to the
electric field distribution of the mode of the ring structure,
and it confirmed that the second mode is derived from the ring
structure. Figure S5(h) shows the electric field distribution of
the third mode. The third mode is considered to be a coupling
mode because the distribution spreads between the ring and
domino structures. On the other hand, the third mode has
smaller wavenumbers at the eigenmode frequencies of the
domino (0.78 wp) and ring modes (1.18 wp), so it can be
judged to be a different mode from domino and ring modes
when compared to the distributions of Figs. 5(d) and 5(e).
Next, the structural parameter dependencies of each modes
in the domino-ring structure are described. Based on the
reference model shown in Table I, the results of the disper-
sion relations are compared when each structural parameter
is varied. Note that the dispersion curves of the reference
model shown in Table I are in Fig. 5(c). Figures 6(a) and

6(b) compare the dispersion curves for different heights of
domino A, in the domino-ring structure. The analytical results
of the domino-derived modes and the corresponding theoreti-
cal curves show good agreement, with an error of less than 5.8
percent. It can also be confirmed that there is a shift to the low
frequency side as the height % increases from (a) to (b). This
result is consistent with the fact that the cut-off frequency wp
expressed in Eq. (1) is inversely proportional to the height 4.
And the other modes are almost unvaried when changing 4.
Similarly, Figs. 6(c) and 6(d) compare the dispersion curves
when a/d is varied. Here, d was kept constant and only
the width of domino a, was varied. The theoretical curve is
consistent with the analytical results, with an error of less than
5.6 percent. It can also be seen that the analytical results of
the domino- and ring-derived modes are almost unvaried and
the coupling mode is shifted to the lower frequency band as
a/d increases from (c) to (d). In Fig. 6, the results indicate
that the dispersion curve of the ring-derived mode are almost
unchanged when % and a/d are varied, and that the dispersion
curves of the domino-derived modes and the coupling modes
can be controlled independently by changing % and a/d, re-
spectively.

Figures 7(a) and 7(b) show the change in the dispersion
curves of the domino-ring structure for different values of
r. The analytical results of the ring-derived modes are in
good agreement with the corresponding fitting curves; a shift
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the reference model.

to the low-frequency side as r increases from (a) to (b) is
also reproduced. The analytical results of the domino-derived
modes remains almost unchanged, while the analytical results
of the coupling mode show a frequency shift in conjunction
with the results of the ring-derived modes. In other words,
the susceptibility of the coupling mode to changes in the
structural parameters of the ring in the domino-ring structure
is confirmed. Similarly, Figs. 7(c) and 7(d) show the change
in dispersion curves when the position z of the ring structure
is changed. Both the fitting curve and the analytical results
for the ring-derived modes are almost unchanged, and the
analytical results of the domino-derived mode and the cou-
pling mode are changed when z is increased from (c) to (d).
Therefore, it can be seen that the relative positional rela-
tionship between the domino and ring structures affects the
coupling mode. From the above, it indicates that the frequency
band of the coupling mode can be controlled by changing
the position of the ring structure although the domino-derived
mode is also changed. The ring-derived mode is almost in-
dependent of the position, suggesting that the cut-off angular
frequency wg is dominated by the inductance L of the ring
structure. The fact is also consistent with the design concept
since the mode operation of the ring structure is assumed to
be closed within a two-dimensional system.

From the above discussions, it confirmed that the domino-
and ring- derived modes in the domino-ring structure can be

independently controlled by changing the height £, and one
side r and the position z. The coupling mode can be controlled
independently by changing the position a/d. The anaylytical
results of the domino- and ring-derived modes in the domino-
ring structure are in good agreement with the results of the
dispersion curves of the domino and ring structures respec-
tively, suggesting that the entire design is not necessary and
can be easily handled by the individual designs. The features
of the structural parameter dependencies of the dispersion
relations on the domino-ring structure are summarized as Ta-
ble II.

Finally, Fig. 8 shows the results of varying the number
of ring structures. However, all of the ring structures have
different positions, and three patterns are used: z; = 0.011Ap,

TABLE II. The features of the structural parameter dependencies
of the dispersion relations on the domino-ring structure.

Type of mode
Domino Ring Coupling
Structural parameter h Varied Unvaried  Unvaried
a/d  Unvaried  Unvaried  Varied
r Unvaried  Varied Varied
z Varied Unvaried  Varied
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FIG. 8. Number-of-ring dependency of dispersion relation of the domino-ring structure. (a) The case of one ring at z = z;, (b) the case of
two rings at z = z; and 25, (c) the case of three rings at 7 = zj, 2, and z3. Skin depth characteristics of the surface modes of domino, ring, and
coupling modes in the cases of (d) the result of (a) with the condition when coupled with evanescent waves using prisms with refractive index
of 1.35 and (e) the result of (c) with the condition of refractive index of 1.1.

72 = 0.089Xp, and zz = 0.17Ap. Although the size of the
rings are the same as the domino-ring structure shown in
Table I, in Figs. 8(a)-8(c), the domino-derived mode and
each ring-derived mode, and coupling modes formed between
each ring structure and the domino structure were confirmed.
The number of modes is three for one ring structure in (a),
five for two ring structures in (b), and seven for three ring
structures in (c). These results indicate that new modes can
be generated by adding rings of different positions, and that
as many coupling modes are generated as the number of
rings. The correspondence between the ring-derived/coupling
modes and the number of ring structures with different ge-
ometries is consistent with the design concept of domino-ring
structures described in the previous section. The domino-ring
structure can be considered to mimic a topological material as
a two-dimensional electronic material, suggesting that each
structure can be stacked independently. It is also found that
the surface modes can be multiplexed following to the design
principle. In this verification, the number of rings is limited to
a maximum of three, but the number of multiple modes can
be further increased by optimizing the size and shape of the
rings.

Figures 8(d) and 8(e) show the results of calculating the
skin depth of each mode for the structures showing dispersion
curves in (a) and (c) respectively, assuming that the modes are
coupled with evanescent waves using prisms with refractive
indices of 1.35 and 1.1 [33-36]. Note that in (e), the cases
domino and coupling modes are omitted. From (d), the skin
depths for the domino mode, ring mode, and coupling mode

are 1.1Ap, 3.6Ap, and 3.8Ap, respectively. Since the skin depth
differs depending on the mode, it is considered that the depth
information can be derived by combining the sensing infor-
mation obtained from each mode. From (e), the respective
skin depths of the modes in each ring are 1.4 Ap, 2.1 Ap,
and 2.1 Ap, respectively. It can be seen that the skin depths
of Ring 2 and Ring 3 modes are almost equal. Therefore,
there is a possibility that two-dimensional information on a
specific depth position can be obtained with high accuracy
or high resolution in multiple bandwidths. Thus the two re-
sults suggest that the incident waves of multiple bandwidths
may simultaneously excite surface modes in multiple band-
widths, increasing the wavelength information of sensing and
improving spatial resolution, and open up the possibility of
improving the communication and sensing technologies such
as optical- and radio frequency waveguides, bio/chemical
sensing, and biomedical diagnosis.

IV. CONCLUSIONS

In this study, a design method for generating and control-
ling multiple surface wave modes by using the domino-ring
structure is proposed. This method is based on the combina-
tion of a domino structure, which is a typical structure for
surface wave generation, and multiple ring structures. The
design is based on the concept of mimicking the physical
properties of topological material such as helical edge state
and Chern number by using the two-dimensional periodic
structures of the ring and stacking the structures for mul-
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tiplexing the modes. The domino structure, which forms a
waveguide, gives a reference potential to the ring structures
to realize a waveguide that forms multiple modes. In or-
der to verify the proposed method, first the generation of
multiple modes was confirmed by comparing the analytical
results of the dispersion relations for the domino structure,
ring structure, and domino-ring structure with the theoreti-
cal curve for the domino structure and the fitting curve for
the ring structure. Next, the controllability of surface wave
modes originating from the domino and ring structures in
the domino-ring structure was validated by comparing the
analytical results of the structural parameter dependencies
with the theoretical curves of the domino structures and the
fitting curves of the ring structures.

The results confirmed the possibility of generation of mul-
tiple modes in the domino-ring structure. And the domino-
and ring-derived modes showed good agreement with the
theoretical curve of the domino structure and the fitting curve
of the ring structure, respectively. The domino-derived mode
showed a maximum error of 5.8 percent compared with the
theoretical curve.

It is also confirmed that the domino- and ring-derived
modes in the domino-ring structure can be independently
controlled by changing the height 4, and one side r and

the position z. Also, the coupling mode can be controlled
independently by changing the size ratio of a/d. The dis-
persion curves of the domino- and ring-derived modes in
the domino-ring structure are in good agreement with the
results of the dispersion curves in the case of the domino and
ring structure respectively, suggesting that the entire design is
not needed and can be easily handled by individual design.
And, the results indicated that new modes can be generated
by adding rings of different positions and sizes in the unit
cell, and that as many coupling modes are generated as the
number of rings. Finally, the skin depth of multiple surface
modes on the domino-ring structure was calculated under the
assumption that the modes are coupled with evanescent waves
using prisms with refractive indices of 1.35 and 1.1. The
results indicated the possibility of increasing the wavelength
information and improving spatial resolution if using multiple
surface modes.
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