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Abstract: Terahertz is one of the most promising technologies for high-speed communica-
tion and large-scale data transmission. As a classical optical component, ring resonators are
extensively utilized in the design of band-pass and frequency-selective devices across vari-
ous wavebands, owing to their unique characteristics, including optical comb generation,
compactness, and low manufacturing cost. While substantial progress has been made in the
study of ring resonators, their application in terahertz surface wave systems remains less
than fully optimized. This paper presents several spoof surface plasmon polariton-based
devices, which were realized using ring resonators at terahertz frequencies. The influence
of both the radius of the ring resonator and the width of the waveguide coupling gap on
the coupling coefficient are investigated. The band-stop filters based on the cascaded ring
resonator exhibit a 0.005 THz broader frequency bandwidth compared to the single-ring
resonator filter and achieve a minimum stopband attenuation of 28 dB. The add—drop
multiplexers based on the asymmetric ring resonator enable selective surface wave outputs
at different ports by rotating the ring resonator. The devices designed in this study offer
valuable insights for the development of on-chip terahertz components.

Keywords: spoof surface plasmon polaritons; ring resonator; terahertz wave; functional devices

1. Introduction

Terahertz waves exhibit unique characteristics such as low photon energy, good
penetrability, and excellent capability for spectral analysis [1,2]. These attributes render
THz technology highly versatile across various fields, including high-speed communication,
non-destructive inspection, security checks, biology research, cancer diagnosis, and so
on [3-7]. However, existing optical devices are often bulky and lossy, which limit their
applicability in advanced technologies. On the other hand, on-chip or integrated optical
devices whose dimensions are significantly smaller than their free-space counterparts
have attracted considerable interest. Surface Plasmon Polaritons (SPPs) have become
one of the most promising technologies for developing an optical on-chip integrated
system. This is mainly attributed to their excellent binding ability and versatile design
flexibility, which facilitate the propagation of electromagnetic waves along the dielectric-
metal interface. Owing to their ability to overcome the diffraction limit, SPPs have led to
proposals for the manipulation and enhancement of surface waves using subwavelength
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devices [8,9]. The technology has shown vast potential for applications in areas such
as polarization detection [10], biosensing [11,12], super-resolution imaging [13-15], high-
density data storage [16,17], and other related fields. In the visible band, SPPs have been
extensively utilized [18-20]. However, their binding ability diminishes significantly in
the terahertz (THz) band, due to the metal’s near-perfect conductivity. To mitigate this
limitation and achieve robust confinements of microwaves and THz waves, a periodically
folded metal structure has been proposed to support confined surface waves, referred
to as spoof SPPs [21-23]. Although their generation mechanism is different from that of
optical SPPs, spoof SPPs display similar features, including dispersion, subwavelength
confinement, field enhancement, and sensitivity to the surrounding environment. Recent
studies have indicated that the properties of spoof SPPs at THz frequencies—such as
dispersion and subwavelength constraints—resemble those of visible light [24-26]. Several
practical applications utilizing spoof SPPs have been proposed, driving the increasing
demand for on-chip functional devices in THz systems. To enhance system integration,
various THz on-chip devices, such as logic gates [27,28], refractive index gradient lenses [29],
and demultiplexers [30], have been designed. However, those functional devices are far
from sufficient for the development of the on-chip system. Ring resonators (RRs) are
conventional optical devices that are widely utilized in silicon photonics for spectral
filters [31-34], but they are used less in SPPs.

In this study, based on coupling theory and RRs theory [35], a band-stop filter and
optical splitters are designed and verified through numerical simulation. The operating
frequency of these devices is directly influenced by the radius of the RR and the separation
between the straight waveguide and the resonator. By physically cascading RRs of varying
radiuses, the band-stop filter’s operating frequency can be broadened, thus expanding
its bandwidth. The center frequency of the filter is 0.529 THz, with a bandwidth of 0.005
THz and a minimum stopband attenuation exceeding 28 dB. The coupling between the
straight waveguide and the RR can be controlled by the gap width; thus, asymmetric RRs
are adopted. In a single asymmetric RR rotational ADM, the spoof SPPs can be transmitted
forward and backward by rotating the ring. In the case of two asymmetric RRs, the spoof
SPPs can be transmitted along different ports. Thus, the optical shunt function is illustrated
by considering two states of the unrotated and rotated RR structure, demonstrating its
effective single-frequency division capability. This study expands the design possibilities
for on-chip THz communication devices. It has a good single-frequency division function.
It provides more possibilities for the design of on-chip THz communication devices.

2. Materials and Methods

As illustrated in Figure 1a, the spoof SPP device predominantly consists of a straight
waveguide and a looped waveguide. Those waveguides are composed of the same metal
pillars and arrayed on metallic surfaces. In front of the device, hole gratings are adopted
to couple free-space THz radiation to surface waves. For operations in the THz frequency
range, the parameters of periodic pillars in waveguides are chosen as a = 50 um, b = 80 pum,
h =100 um, and p = 100 um, as shown in the inset of Figure 1a.
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Figure 1. (a) Schematic of the device based on the RR, with geometrical parameters shown in the
inset. (b) Dispersion relation of the spoof SPP modes for different periods p. (c) The normalized
transmission spectra of an RR as a function of ring radius and gap width. Three sets of RR parameters:
ring radius R = 700 um and the gap width g =40 um, R—66 = 634 um and g = 40 um, and R = 700 pm
and g + 30 =70 um. The black line is the fitting line. (d) The normalized simulated electric component
| E, | distribution at 0.529 THz. (e) The normalized transmittance of ports and minimum attenuation
in stopband (red wire).

The dispersion relation of the SPP mode in this structure is analyzed numerically by
using the eigenmode solver of CST Microwave studio. In the simulation, both pillars and
the substrate are treated as perfect conducts, the periodic boundary conditions are applied
in the x-directions, and the phase variation in the x direction was ¢. The eigenfrequency
corresponding to each phase can be calculated to vary the phase from 0° to 180° with a step
of 5°. The values of k, were obtained based on the equation ky = ¢71/180p, where p is the
period of the unit cell. The calculated dispersion curves are displayed in Figure 1b. The
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propagation constant k, of the spoof SPP became larger than the light line (black line) with
increasing frequency, which means that the textured surface with pillars exhibits significant
field confinement ability. The effective refractive index of the spoof SPP modes can be
calculated by Neff = ky/ko.

The looped waveguide is the ring of radius R, which is positioned by the side of the
straight waveguide. The B = 6° is the angle of the two adjacent pillars, corresponding
to the center of the circle. The pillars in the ring have the same geometric parameters as
those in a straight waveguide except for the period pr (p, = BR7/180). In general, after
the surface waves couple to the ring and build up a round trip, the phase shift equals
the integer times of 27, the SPPs produce interference, and the resonance will occur. The
resonance frequencies are defined as [36]:

mc

fres 271.Rneﬁ[’m 4 ’3 ( )

The resonance frequencies are affected by the radius R and the effective refractive
index n,g. Previous studies have demonstrated that the geometric dimensions of the metal
structure significantly impact the dispersion relation of the SPP mode [37]. In Figure 1b,
the propagation constants of SPP modes for the different values of p,, which varied from
70 to 130 um, were displayed. The k, becomes larger with increasing p, at the same
frequency. Hence, the effective refractive index can be regulated by changing the period of
microstructure. Specifically, the propagation constants of the RR and the straight waveguide
should be approximately equal, thereby reducing discrepancies in propagation constants
and enhancing potential coupling effects.

The devices were designed and simulated using the time domain solver of CST
(version 2020). A 5.2 x 10.4 mm?-sized aluminum block with a 0.2 um thickness is treated
as the substrate. The boundary conditions in the x and y directions are set to open, and
the boundary condition in the z direction is set to open (add space). On the metal film,
an array of arc-shaped curved slits is employed to couple free-space THz radiation into
surface waves. Each curved slit has a width of 40 um, arranged at a period of 500 um along
the radial x direction, corresponding to excited SPPs at a frequency of 0.6 THz. A plane
wave was used as the source to excite the SPPs. The first device was designed to have
700 um-radius rings, separated by a 40 pm-gap (the minimum distance between the edge of
the waveguide and the edge of the ring) from a straight waveguide. Based on Equation (1),
the resonance should occur at 0.511 THz, 0.528 THz, 0.542 THz, and 0.553 THz within
the range of 0.5 THz to 0.56 THz. The transmission spectra of the RR are periodic with
respect to the phase accumulated by the ring per circulation, which is shown in Figure 1c.
The resonant frequencies match the calculated results. The electric field | E, | distribution
diagram at 0.529 THz is shown in Figure 1d, with a good filtering effect. The transmission
ratio T is expressed as [33]:

y a? + 12 — 2tacos @
14-a2t2 — 2tacos @

T = =L(A) 2)
where Pq is output power, Pi, is input power, L(A) is the total loss of the devices, « is the
field attenuation factor per roundtrip in the ring, and ¢ is the field transmission coefficient
through the interaction region in the straight waveguide. The phase shift around the ring
is given by ¢ = 2mR(27/ A)neg(A). When fitting the simulated data, the parameter was
found to be at a = 0.55 and ¢ = 0.6557 (black line in Figure 1c). Considering the influence of
R and g on the resonance frequencies of the RR, the transmission spectra of the RR with
different radii and the gap widths of RR are shown in Figure 1c. For the RR with a radius
of 634 pm and a similar effective refractive index, the fitting parameters are a ~ 0.58 and
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t ~ 0.7. It indicates that the field attenuation in the ring increases as the radius decreases. In
addition, the gap width also has an impact on the transmission spectra. The transmission
spectra for different gap widths are displayed in Figure 1c; as the gap width increases to
30 um, the resonant frequency decreases as a whole due to the increase in optical path. In
this case, the fitting parameter of a ~ 0.55 remains constant, and the transmission coefficient
t increases to 0.72. It indicates that when the width gap is larger, there is a weaker coupling
effect. Therefore, when the radius of the RR remains constant, altering the gap width of g
allows for the precise control of the coupling effect. When the variation in g is sufficiently
large, three coupling states can occur between the straight waveguide and the RR: under-
coupled, over-coupled, and fully coupled. In both the under-coupled and over-coupled
states, the resonant effect of the ring is suppressed. In the under-coupled state, increasing
the coupling distance leads to a shift in the resonant frequency. In the over-coupled state,
the coupling region is larger than the distance that is required for complete coupling
corresponding, causing the wave to begin coupling back into the input waveguide. In the
state of full coupling, the resonant function of the ring operates optimally. Determine the
optimal coupling gap by evaluating the transmittance [31], as shown in Figure 2a. The
bending radius of the curvature is R” = 930 um, and the operating frequencies are 0.522 THz
and 0.5315 THz. The T = P»/ P;, is the transmission efficiency for the coupling between a
curved waveguide and a straight waveguide, as presented. By analyzing different coupling
gaps in Figure 2b, it is possible to estimate that the RR can achieve complete coupling with
the straight waveguide at ¢ ~ 70 pm.

(a) (b)

0.9
—0.522THz
—0.5315THz
P in | I pass 08 |
=
=
< 0.7F
g
B =
R P, E 0.6
05F
0.4
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Figure 2. (a) Coupling between a curved waveguide and a straight waveguide. (b) Setting the RR’s
radius at R” = 930 um. The transmittances of curved waveguide are affected by changes in g, at
0.522 THz and 0.5315 THz.

The stopband attenuation (SBA) and the quality factor (Q-factor) serve as crucial
criteria for assessing the quality of resonant filtering. Within the stopband, a specific
frequency point (or frequency range) is designated as the benchmark for evaluating the
minimum suppression attenuation. To obtain this value, the ratio of the output power at
this frequency point to the input power is calculated, and this ratio is expressed as [38]:

P.
SBA = 10log,, P (©)
|P out|
At a center frequency of 0.528 THz, the device has a minimum stopband attenuation
of 22 dB, as shown in Figure le. The quality factor (Q-factor) represents the number of
oscillations before the energy decays to 1/e of the initial vale as [39]:
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where AFWHM is the full width at the half maximum of a resonance peak. The Q-factor
is about 180 at 0.528 THz for an RR structure, with a gap width of 40 um and a radius
of 700 um. Compared to the filter device consisting of two identical split-ring structures
(Q ~50) [40] and the terahertz filters fabricated from graphene metamaterials (Q ~ 140) [41],
this designed RR demonstrates a superior Q-factor. Although this design can also achieve
high-intensity filtering like devices based on the principle of plasmonically-induced inter-
ference [42,43], it exhibits a relatively lower transmission efficiency within the passband.

(4)

3. Results
3.1. Band-Stop Filter

We cascade two RRs with distinct radii to achieve a band-stop filter with a stronger
filtering effect. As illustrated in Figure 3a, cascaded RRs with the radius of Ry = 700 um
and R; = 634 um are positioned on either side of the straight waveguide to avoid field
interactions between the resonators.
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Figure 3. (a) Schematic of the band-stop filter with cascaded RRs. (b) Transmittance for a single
RR with R = 634 um and cascaded RRs with R; = 700 um and R; = 634 um, respectively. (c) The
normalized port transmittance and stopband attenuation corresponding to frequencies. (d) The
normalized simulated electric component | E, | distribution at different frequencies.

Despite the differing radius, these two RRs exhibit similar effective refractive indices,
resulting in resonant frequencies that are closely matched. As illustrated in Figure 3b, the
Rj = 634 um radius of a single RR operates at a frequency of 0.529 THz and has an operating
bandwidth of 0.002 THz. The operating frequency of the cascaded stopband filter is the
superposition of the resonant frequencies of two RRs of different radii; the stopband is
widened to 0.005 THz. At the same time, due to the addition of an RR to stopband filters,
the loss of the device will increase, resulting in a decrease in transmission efficiency. As
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(a)

z

illustrated in Figure 3c, within the resonance frequency range from 0.529 THz to 0.53 THz,
the maximum stopband attenuation reaches 28 dB. Compared to the single RR filter shown
in Figure 1le, the cascaded RR configuration achieves a 6 dB higher stopband attenuation,
demonstrating a significantly stronger filtering effect. The electric field distributions | E, |
at different frequencies are shown in Figure 3d. It gives the simulated electric field diagram
at 0.528 to 0.531 THz. The filtering effect on the SPPs in this band is very significant. It can
be used as a reference for widening the stopband filter device.

3.2. Add-Drop Multiplexer (ADM)

The implementation of an add—drop multiplexer (ADM) can be efficiently realized
through the utilization of RRs. Figure 4a illustrates the diagram of the device, where an
RR with a radius Rz = 970 um is placed in the middle of two straight waveguides. The gap
width between RR and straight waveguides are g1 = 65 pm and g, = 110 um, respectively.
The surface wave transmits from the input waveguide to the ring, where it couples to
the second straight waveguide. At resonance, the incident field undergoes destructive
interference at the pass port, causing the wave to be redirected to the drop port. According
to the resonance condition defined in Equation (1), reverse output occurs at the resonance
frequencies of 0.517 THz, 0.526 THz, and 0.541 THz. The transmission at the two output
ports can be calculated as follows [44]:
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Figure 4. (a) Schematic diagram of the add—drop multiplexer. (b) The normalized transmittance of
the pass port and the drop port.

The transmission for each port is calculated and depicted in Figure 4b. At an operating
frequency of f = 0.517 THz, the power at the pass port is significantly lower than that at the
drop port, which exhibits a transmission ratio of 170. This clearly demonstrates that the
output strength at the drop port is positively correlated with the coupling coefficient. The
coupling coefficient is highly sensitive to the gap spacing, decreasing exponentially as the
gap width increases. To control the coupling efficiency and enable selective output port
selection, the RR is designed with an asymmetric structure. The RR is divided into two
parts along its diameter, as shown in Figure 5a. The upper and lower parts are composed
of pillars with different widths b, which are 80 pm and 120 pm, respectively. The radius
of the ring remains constant at R3. The gap width between the RR and input waveguide
is g3 = 50 um, and the gap width between the other waveguide is g4 = 140 um (6 = 0°). In
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(a)

this case, there is nearly full coupling between the input waveguide and RR, where the
coupling effect between them is strong. The resonant function of RR is operating normally,
as the transmission curve indicates by the solid line in Figure 5b. At the resonant with
frequencies of 0.503 THz, 0.514 THz, 0.524 THz, and 0.5315 THz, the SPPs are outputs in
the opposite direction along output2. As the RR rotates 180° around its center point of the
inner diameter (6 = 180°), the gap widths change to g3 = 10 um and g4 = 180 um, causing
the coupling effect between the input waveguide and the RR to shift into an over-coupled
state. In this configuration, SPPs are coupled back into the input waveguide and propagate
along the direction of outputl. The transmittance of output portl and port2 are displayed
by the dashed lines in Figure 5b. Observing the change in the red line from solid to dashed,
it can be inferred that the output2 port transitions from open to closed as the rotation angle
changes from 0° to 180°. At a frequency of 0.5315 THz, when the rotation state is 0°, RR
directs the spoof SPPs to output port 2; when it is rotated to 180°, the RR redirects the
spoof SPPs to the outputl port. The transmission values at output ports 1 and 2 are —5 dB
and —9 dB, respectively. Figure 5c,d exhibit the electric field distributions at a specific
frequency of f = 0.5315 THz for the RR oriented at 0° and 180°, respectively. Without
rotation, the surface waves are directed through output2, whereas, after rotation, they are
directed through outputl. Based on this principle, selective forward and reverse SPP output
can be achieved by controlling the rotation of the RR.

input lg outputl
ey g
\\“‘ H
1)
§ E =30F _0=0°’Tmnpuﬂ ‘\ ,L
S = i
“ l \\R\ E —8 0°’Tnutpu12 ' “ !
L} o 1 1
ki - \'\\\ bZ 40f - - O=I805T outputl : Y
- - O=180°T :
output2 “ oupa2 — f=() 5315THz
"5 0.51 0.52 0.53 0.54
% Frequency(THz)

x (mm)

Figure 5. (a) Schematic diagram of add—-drop multiplexer, with an asymmetric RR. (b) Comparison of the
transmittance of outputl and output? for ADM with different 6 (c,d). The normalized simulated electric
component | Ez| distribution at 0.5315 THz for ADM with different 6 of 0° and 180°, respectively.

Based on the above concept, another asymmetric ring is added and positioned side-by-
side between the two straight waveguides. By controlling the coupling through the rotation
of the RR in the same manner as before, SPPs can be selectively output through different
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ports. The structure and geometric parameters of the device are shown in Figure 6a. The
pillars of different widths, by = 80 pm and b, = 120 um, remain unchanged. The radius
of the ring remains the same as Rj3. In this case, the gap width between the upper RR
and the input waveguide is g5 = 70 pm, the gap width between two RRs is gg = 80 um,
and the gap width between the lower RR and the other waveguide is g7 = 85 um (6 = 0°).
Under the same curvature radius and spacing, the effective coupling length of a nonsym-
metric coupler is larger than that of an asymmetric coupler by a factor of about /2 [45].
Therefore, the coupling states corresponding to these waveguides indicate that g5 and gy
correspond to fully coupled states, while g¢ corresponds to an under-coupled state. Due to
the attenuation on the ring, the wave becomes weak after it propagates through the ring
twice, and the second-order resonance can be ignored. The resonant frequency of the ring
can be referenced based on the principles of a single ring, as depicted by the solid line
in Figure 6b. The coupling between the RR and the input waveguide induces resonance
effects at frequencies of 0.502 THz, 0.512 THz, 0.522 THz, and 0.53 THz. These frequencies
also correspond to the resonant frequencies of the RR, with slight offsets due to different
gap widths. At these frequencies, SPPs are transmitted from output2. After both RRs rotate
by 180° around their center points of the inner diameter (6 = 180°), the gap widths change
to g5 = 30 um, gg = 160 um, and g7 = 45 um. For the RR with 6 = 180°, a narrower gap
width leads to the over-coupling effect between the input waveguide and the upper RR.
Meanwhile, the wider gap between the two RRs leads to a weaker coupling effect, causing
most of the SPPs at various frequencies to be coupled back into the input waveguide. These
SPPs are then transmitted to the output. The transmissions at output ports 1 and 2 are
—6 dB and —10 dB, respectively. Figure 6¢c,d exhibit the electric field distributions at a
specific frequency f = 0.522 THz for the RRs oriented at 0° and 180°, respectively.

(a) (b)
0 T
input | outputl -
gi‘ ’.'n ,-\-10 §
.l I' =)
) % | E
‘ % §-20f
Very, W 2
g6\\‘ ‘/I. 2-30- 1
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outpu 0.5 0.51 0.52 0.53 0.54
Frequency(THz)
(d)

output?

4 6 8 10
X (mm) X (mm)
Figure 6. (a) Conceptual diagram and parameters of the add type coupled device. (b) The output loss

of the port in the operating state of the device before and after rotation, respectively. (c¢,d) Normalized
Ez electric field simulation before and after rotation, respectively, where z = 150 um.
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Without rotation, the coupling between the straight waveguide and the RR is in
the normal coupling state, with the output directed through output2. After rotation, the
disconnection between the two RRs causes the spoof SPPs to be coupled back into the
input waveguide, with the output now directed through output port 1. Based on this
principle, the rotation of the RR controls the coupling, enabling selective outputs at differ-
ent ports. Furthermore, the principle is straightforward, promoting the integration and
miniaturization of on-chip THz systems.

4. Discussion

The technical application of RR plays a pivotal role in enabling large-capacity, high-
speed integrated communication systems. In this study, the RRs are applied to control the
propagation of spoof SPPs. A miniaturized and integrated band-stop filter and two types of
splitters are designed and evaluated. The sensitivity of the RR’s resonant wavelength to the
resonator’s radius is analyzed, and an expression relating the RR radius and central angle
is provided for optimal design. Simulation data and theoretical calculations are fitted to
validate the design’s rationality. Building on this foundation, a cascaded RR band-stop filter
and two dual-channel asymmetric rotating splitters are designed. These three functions are
realized at operating frequencies of 0.529 THz, 0.5315 THz, and 0.522 THz, respectively. The
cascaded RR band-stop filter exhibits a 0.005 THz wider bandwidth than the single RR filter,
with a maximum stopband attenuation of 28 dB. In the single asymmetric RR rotational
ADM (ADM), the transmissions at output ports 1 and 2 are —5 dB and —9 dB, respectively.
When two asymmetric RRs are used, the transmissions at output ports 1 and 2 are —6 dB
and —10 dB, respectively. This design and its simulation provide valuable insights for
the design and optimization of coupling mechanisms between different waveguides. The
cascaded RR band-stop filter and the asymmetric splitter serve as key components for the
integration of terahertz on-chip systems, supporting further advancements in miniaturized
and efficient terahertz communication technologies.
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