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Abstract—We demonstrate spoof surface plasmon coupling of
a terahertz wave propagating in free space into a planar silicon
waveguide through a bull’s eye structure with a subwavelength
aperture. Spoof surface plasmon polaritons induced by the bull’s
eye structure on the backside of the substrate propagate to the
frontside through the aperture and couple into the waveguide.
Electromagnetic field simulations revealed that the spoof surface
plasmon polaritons propagating to the frontside show directivity
along the incident polarization direction, and that the phase can
be controlled by placing a Y-branched silicon waveguide beside
the aperture. A prototype device was fabricated by bonding a
copper-plated substrate with a bull’s eye aperture and a waveguide
fabricated by silicon micromachining. A monochromatic wave of
0.42–0.49 THz from a backward terahertz-wave parametric oscilla-
tor was injected into the bull’s eye structure, and the intensity of the
emitted wave from the end of the waveguide was measured. Direc-
tional coupling into the waveguide was confirmed from the intensity
change depending on the incident polarization direction when using
a straight waveguide. In addition, the phase difference between
the two ends of the Y-branched waveguide was confirmed by the
intensity change showing constructive or destructive interference
depending on the polarization direction. These results indicate that
it is possible to couple an incident wave into a planar waveguide
perpendicular to it by controlling the phase via spoof surface
plasmon coupling, suggesting its applicability to new experimental
and practical systems in the terahertz band, such as beyond 5G/6G
communications.

Index Terms—Bull’s eye aperture, phase control, silicon
waveguide, surface plasmon, terahertz.
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I. INTRODUCTION

T ERAHERTZ waves in the frequency band from 0.1 to
10 THz are attracting attention as carrier waves for next-

generation mobile communications called beyond 5G/6G [1],
[2], [3]. Terahertz waves, which have shorter wavelengths than
conventional radio waves and are closer to light waves, are
difficult to pass through the shadows of obstacles. Furthermore,
due to its large attenuation in the atmosphere, it is predicted that
the line-of-sight propagation with improved directivity using
beamforming will become mainstream [4].

Antennas that emit and receive directional terahertz waves
inside mobile devices are one of the extremely important
elements for the realization of beyond 5G/6G. In addition to
mobile antennas, compact and high-gain immobile antennas
are also required for converters between wireless and fiber
communications, which is the core of terahertz radio-over-fiber
technology [5], [6]. The common base that supports these an-
tennas is a coupling structure that transfers waves in free space
into waveguides. One of the well-known coupling structures is
a combination of a horn antenna and a hollow metal waveguide.
Some reports have been made even in the terahertz band [7], [8],
[9]. However, horn antennas require a sufficient length to be cou-
pled to a waveguide, making them unsuitable for mobile devices
due to their size. Another structure is a combination of a metal
planar antenna and a metal planar waveguide, which is used in
the conventional mobile devices [10], [11], [12], [13]. Although
commonly used, the Ohmic loss of metal in the terahertz band
is larger than that in the low-frequency band. Therefore, even
microstrip lines and coplanar lines conventionally used in the
millimeter wave band are considered difficult to apply in the ter-
ahertz band [14]. Moreover, dielectric waveguides that confine
the electromagnetic field within a dielectric material with lower
absorption, such as dielectric image lines, nonradiative dielectric
waveguides, and silicon waveguides, are desirable [15], [16],
[17], [18], [19], [20]. The antenna could also be constructed from
a low-loss dielectric material instead of metal [21]. However,
dielectric structures, such as lenses, require sufficient optical
path length to focus electromagnetic waves and couple them
into a waveguide, making them inappropriately large for mobile
devices, as are horn antennas.

Surface plasmon polariton is a phenomenon in which an elec-
tromagnetic wave interacts with electrons on the metal surface
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and propagates along the metal surface. Many applications based
on this phenomenon are already known [22], [23], [24], [25],
[26]. Among them, the bull’s eye structure is a typical structure
that focuses electromagnetic waves based on surface plasmon
polaritons and has been proposed for a wide range of frequencies
from visible to terahertz bands [27], [28], [29], [30], [31], [32],
[33], [34]. In the terahertz band, it is generally believed that
surface plasmon polaritons do not exist on flat metal surfaces,
but subwavelength periodic structures allow their coupling on
metal surfaces, known as spoof surface plasmon polaritons [35],
[36], [37]. A bull’s eye structure has a concentric periodic
structure resembling a bull’s eye. Thus, spoof surface plasmon
polaritons are excited at the resonant frequency corresponding
to the structural period and propagate toward the center of
concentric structure. When an aperture is formed in the center, an
enhanced transmission called extraordinary optical transmission
occurs, which cannot be seen with a subwavelength aperture
alone [38]. In fact, it has been pioneered that this wave-focusing
phenomenon can be explained by the theory that waves prop-
agating on metal periodic structures, described above as spoof
surface plasmon polaritons, are leaky waves [39], [40], [41].
Since the above phenomenon occurs on the surface rather than in
space, it is possible to create antennas that are much thinner than
dielectric lenses and horn antennas. Therefore, by coupling the
wave confined to the subwavelength aperture into a waveguide,
it is expected to create a thin and compact antenna that can be
applied to the next-generation mobile communications.

In addition to the above practical demands, there has been
increasing interest in freely controlling the coupling nature itself.
In the optical region, it has been reported that the propagation
direction of coupled waves into a waveguide can be controlled
by the polarization state of waves incident on a nanoparticle as
a scatterer placed near the waveguide [42], [43]. This symmetry
breaking phenomenon is understood as the spin-orbit interaction
of light, by analogy with that of electrons, and is expected to be
applied to optical communications. Similarly, in the terahertz
region, it is predicted that not only the direction control but
also the phase control will be possible by exciting waveguide
propagation modes using the near field of a subwavelength
aperture with a bull’s eye structure [44]. In order to seamlessly
connect terahertz and optical communications, flexible coupling
control of terahertz waves is also necessary.

In this study, we propose a method to couple terahertz waves
confined in a subwavelength aperture by a bull’s eye structure
into a planar dielectric waveguide placed on the opposite side
of the substrate while controlling the phase. Fig. 1 shows a
conceptual diagram of the proposed device. The copper-plated
substrate has concentric grooves with subwavelength periods
and a subwavelength aperture in the center, that is, a bull’s eye
aperture. A waveguide made of silicon is placed on the opposite
side of the substrate. If the side with the bull’s eye structure is
defined as the backside of the substrate, the silicon waveguide
is on the frontside. The silicon waveguide formed on copper
functions as a dielectric image line that transmits terahertz
waves. When the longitudinal direction of the waveguide is the
x-axis, spoof surface plasmon polaritons excited by the backside
bull’s eye structure with x-polarized incidence are transmitted

Fig. 1. Conceptual diagram of spoof surface plasmon coupling from the
backside bull’s eye aperture into the frontside silicon waveguide.

to the frontside through the aperture and excite a coupled wave
propagating along the silicon waveguide. In addition, we also
reveal the coupling manner in a Y-branched waveguide instead
of a straight waveguide and demonstrate the phase control
depending on the incident polarization. Phase control enables
unidirectional propagation on a waveguide. Therefore, it offers
the possibility of controlling of the three degrees of freedom
of the amplitude, phase, and direction of waves propagating on
a waveguide by the amplitude, phase, and polarization of the
incident wave in free space.

II. DESIGN AND SIMULATION

We first defined the parameters regarding the dimensions of
the proposed device. Fig. 2 shows a schematic diagram of each
part of the proposed device. Fig. 2(a) shows the backside and
frontside of the copper-plated substrate alone. When viewed
from the backside, grooves with an aperture in the center are
formed. There are no grooves on the frontside, only the aperture.
An aperture with a diameter d is formed in a substrate with a
thickness s, and a groove with a width w and a height h is formed
with a period p around the aperture.

A silicon waveguide is placed on the frontside of the sub-
strate to guide the coupled wave excited through the aperture.
Fig. 2(b) shows a straight silicon waveguide placed over the
aperture from the frontside. The waveguide passes through the
center of the aperture and has dimensions of height a and width
b. The dimensions of the silicon waveguide must be selected
appropriately according to the desired propagation mode [15].
One end of the straight waveguide is defined as Port 1, and the
other end is defined as Port 2.

Fig. 2(c) shows a Y-branched silicon waveguide placed instead
of a straight waveguide. An arc part with a radius r and a central
angle γ extends from the branch point, and the end thereof is
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Fig. 2. Schematic diagrams of (a) bull’s eye aperture, (b) straight silicon
waveguide, and (c) Y-branched silicon waveguide.

connected to a straight waveguide. The width of the waveguide
before branching is 2b, and after branching, each waveguide has
a width b. The height of the waveguide is a. The center line of the
Y-shape passes through the center of the aperture, and the branch
point is located at a distance c from the center of the aperture.
The two branched ends are defined as Ports 3 and 4, and the
end before branching is defined as Port 5. It is worth mentioning
that the Y-branched waveguide itself has already been reported
for splitters and combiners in the terahertz region, as well as for
near-field probing applications [45], [46].

Next, we investigated the propagation of spoof surface plas-
mon polaritons on the bull’s eye structure and coupled waves
on the waveguide using electromagnetic field simulation soft-
ware based on finite-element analysis (COMSOL Multiphysics,
COMSOL, Inc.). Frequency-domain solver in the wave optics
module of COMSOL Multiphysics was used to solve a time-
harmonic electromagnetic problem [47]. The mesh size was set
to be one-sixth or less of the incident wavelength. The relative
tolerance was set to 0.001. Fig. 3(a) shows a schematic diagram
of the simulation model. The waveguide part was made of silicon
with a refractive index of 3.4. The remaining parts were made
of air with a refractive index of 1. The surface of the bull’s
eye aperture was defined as a perfect electric conductor (PEC).
For the proposed device, the calculated results were almost the
same as in the case of PEC even when the finite conductivity

TABLE I
PARAMETER VALUES IN SIMULATION

was taken into account (see Fig. S1 in Supplementary Material).
Note that Fig. 3(a) shows a cross section of the model; in other
words, the entire model was 3-D, and the part of the bull’s eye
aperture, except for the waveguide, was axisymmetric around
the z-axis. A Gaussian beam was incident from the wave source
coaxially with the center of the bull’s eye aperture. In addition,
in order to calculate the transmittance of the bull’s eye aperture
and that after coupling and propagating to the waveguide, power
monitors were set at a position above the frontside surface and
at the ends of the waveguide.

For the following simulation, we set the parameter values, as
summarized in Table I. Aiming for a device that functions around
the 0.5 THz band, the period of the bull’s eye structure p was
made to match the wavelength of 600 μm in free space [28]. The
total diameter of the bull’s eye aperture substrate was 9000 μm,
and six grooves were made on it. It is worth mentioning that
even if the number of grooves is increased, the transmission en-
hancement gradually saturates [27]. The end faces of the silicon
waveguide were located at the circumference of the substrate.
The radius of the beam waist and the electric field amplitude at
the beam center of the Gaussian beam were 3000 μm and 1 V/m,
respectively. The distance from the backside surface of the bull’s
eye aperture to the wave source and that from the frontside
surface to the power monitor above it were both 750 μm.

Fig. 3(b) shows the calculated transmittances normalized by
the maximum value at the transmission peak. The transmittance
of the bull’s eye aperture was calculated from a power monitor
above the frontside surface using a model without waveguides.
The transmittance of the coupled wave to the waveguide was
calculated from a power monitor placed at the end face of straight
waveguide. The bull’s eye aperture alone showed a unimodal
transmission peak at 0.492 THz. This value is slightly lower
than 0.5 THz, which is the frequency of a wave with the same
wavelength as the period of the grooves, 600 μm. The peak was
asymmetrical and steeper on the high-frequency side than on the
low-frequency side. These characteristics are consistent with
the previous literature [29]. In addition, the full width at half
maximum (FWHM) was 33 GHz, and the quality factor (QF)
calculated by dividing the FWHM by the resonant frequency,
0.492 THz, which indicates the sharpness of the peak, was 15.
The spectrum of the coupled wave into the silicon waveguide
showed a similar shape.

Fig. 3(c)–(h) shows the calculation results of the z-axis com-
ponent of the electric field at 0.492 THz. Fig. 3(c) shows the
frontside surface of a model without waveguides viewed from
the +z-axis direction. Fig. 3(d) shows its cross section passing
through the center of the aperture viewed from the −y-axis
direction. The incident polarization was in the x-axis direction.
As can be seen from Fig. 3(d), an electric field is generated
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Fig. 3. (a) Schematic diagram of the simulation model. (b) Calculated normalized transmittances after passing through a bull’s eye aperture alone and that after
coupling and propagating into a straight silicon waveguide. (c–h) z-axis component of the calculated electromagnetic fields. E0, H0, and k0 represent the electric
field, magnetic field, and wave vector of the incident wave, respectively. (c) Front and (d) cross-sectional views on a bull’s eye aperture without waveguides.
(e) Front and (f) cross-sectional views on a bull’s eye aperture with a straight waveguide. Front views on a bull’s eye aperture with a Y-branched waveguide with
(g) x-polarized incidence and (h) y-polarized incidence. The colors used to represent the electric field are displayed on the gradation of the color bar if it is between
−1 and 1 V/m. If it is less than −1 V/m or more than 1 V/m, the color is the same as the minimum or maximum value, respectively. Scale bars: 1000 μm.

periodically along the grooves, and its strength increases toward
the aperture. The electric field leaks from the backside to the
frontside through the aperture. Then, the wave propagates along
the frontside conductor surface. As shown in Fig. 3(c), the
wave propagates from the center while spreading in the x-axis
direction, which corresponds to the incident polarization, and
has opposite phases in the +x and −x directions.

Fig. 3(e) shows the frontside surface of a model with a straight
waveguide viewed from the+z-axis direction. Fig. 3(f) shows its
cross section passing through the center of the aperture viewed
from the −y-axis direction. The incident polarization was in
the x-axis direction. As shown in Fig. 3(e), compared to the

case without waveguides, the coupled wave propagates along the
waveguide. Furthermore, as shown in Fig. 3(f), although there is
some leakage at the silicon–air interface, most of the propagating
waves propagate through the conductor–silicon interface. The
wavelength of the coupled wave is approximately 265 μm,
which is approximately 2.3 times smaller than the wavelength
in air, 609 μm. Therefore, the effective refractive index of this
waveguide coupling mode is considered to be 2.3. Note that
no coupling to the waveguide was observed when the incident
polarization was in the y-axis direction.

Fig. 3(g) shows the frontside surface of a model with a
Y-branched waveguide viewed from the +z-axis direction when
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the incident polarization was in the x-axis direction. Fig. 3(h)
shows the result when the incident polarization was in the
y-axis direction. Unlike a straight waveguide, coupling also
occurs for a y-polarized wave. Considering the phase difference
between the branched waveguide ports (Port 3 and Port 4), the
x-polarized wave gives the same phase, and the y-polarized
wave gives the opposite phase. It is known that when the
coupling to the waveguide has a dependence on the incident
polarization, the phase difference at each port can be controlled
[44]. If the electric field of the coupled wave to each port with
x- and y-polarization incidence is expressed as EPort3,x, EPort3,y,
EPort4,x, and EPort4,y, the combined electric field at each port,
EPort3 and EPort4, with polarization incidence rotated by θ from
the x-axis is expressed as follows:

EPort3 = EPort3,x cos θ + EPort3,y sin θ (1)

EPort4 = EPort4,x cos θ + EPort4,y sin θ. (2)

Furthermore, considering that the phase at each port is
reversed with respect to the incident polarization direction,
EPort3,x, EPort3,y, EPort4,x, and EPort4,y are expressed as fol-
lows: (

EPort3,x

EPort4,x

)
= Aeiα

(
1
1

)
e−iωt (3)

(
EPort3,y

EPort4,y

)
= Beiβ

(
1

−1

)
e−iωt. (4)

Here, A and B are the amplitude transmittances, α and β are
the phase delays, ω is the angular frequency of wave, and t is
the time. In the ideal case, where A = B and β − α = 90◦,
the following equation holds from (1) to (4)(

EPort3

EPort4

)
= A

(
eiθ

e−iθ

)
e−i(ωt−α). (5)

Obviously, the phase difference between Port 3 and Port 4
is 2θ; thus, by rotating the polarization by 90°, it is possible
to change the phase difference from 0° to 180°. From the
simulation results, the parameters A, B, and β − α related to
the coupling in the Y-branched waveguide were determined to
be 0.65°, 0.8°, and 129°, respectively. Although this device does
not perfectly match the ideal case, phase control based on the
polarization dependence of coupling is expected. In this study,
we actually fabricate the device and experimentally verify its
phase controllability.

III. FABRICATION

We fabricated the proposed device based on silicon micro-
machining. Fig. 4 shows the fabrication processes. The bull’s
eye aperture and silicon waveguides were fabricated separately
and later bonded together. For the bull’s eye aperture, we first
prepared a cleaned silicon substrate of 20 mm × 20 mm ×
0.1 mm as a starting substrate. Second, a photoresist pattern for
the grooves was formed using photolithography. Third, silicon
was etched to a depth of 60 μm using deep reactive ion etching
(DRIE). Fourth, the photoresist was patterned for the aperture
by photolithography on the side opposite the grooves. Fifth,
the aperture was formed through etching with DRIE. Sixth, the

Fig. 4. Schematic diagram of the fabrication processes.

silicon surface was coated with copper by electroless copper
plating (Circuposit 6530, DDP Specialty Products Japan K.K.)
using a primer (ML-1440, IOX Co., Ltd.). Fig. 5(a) shows the
fabricated bull’s eye aperture with ten grooves. It was confirmed
that the entire part, including the grooves and aperture, was
copper plated.

For the silicon waveguide, we first prepared a cleaned silicon
substrate of 20 mm × 20 mm × 0.1 mm as a starting substrate.
Second, a photoresist pattern was formed using photolithogra-
phy. Third, silicon was etched through with DRIE. Because it is
difficult to hold a thin and fragile waveguide alone, two support
parts connected to the waveguide with four beams are built,
which are also connected to the frame by beams. The frame
was handled during assembly and was removed after bonding
the support parts to the bull’s eye aperture. Fig. 5(b) shows the
fabricated Y-branched silicon waveguide. The width of the beam
connecting the support part and the waveguide was 70 μm, and
the length was 1200 μm. Elliptical joints are used to suppress
propagation loss [48]. The ends of the waveguide are tapered
over a length of 1500 μm, allowing waves propagating through
the waveguide to exit into free space.

To assemble them, we first attached the bull’s eye aperture
onto a base made of acrylonitrile-butadiene-styrene resin us-
ing a 3-D printer. The epoxy adhesive was used for bonding.
Note that the base was not required for the device itself but
was attached because it facilitates handling during experiments.
Next, the waveguide was aligned to the aperture under micro-
scope observation and bonded to the bull’s eye aperture. During
bonding, deionized water was dropped onto the substrate, and
after alignment, it was allowed to air dry for temporary bonding.
After that, the area around the support parts other than the
waveguide was bonded using epoxy adhesive. Afterward, the
frame was removed by destroying the beams connecting to the
support parts. Fig. 5(c) and (d) shows a device with a Y-branched
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Fig. 5. Photographs of (a) bull’s eye antenna, (b) Y-branched waveguide,
(c) fabricated device with a Y-branched waveguide, (d) enlarged view of the
vicinity of the aperture with the Y-branched waveguide, (e) fabricated device
with a straight waveguide, and (f) enlarged view of the vicinity of the aperture
with the straight waveguide. Scale bars: (a–c and e) 1000 μm. (d and f) 300 μm.

waveguide and its enlarged view of the vicinity of the aperture,
respectively. The alignment error between the center line of
Y-branched waveguide and the center of aperture was 2 μm. The
distance between the branched point and the center of aperture
was 350 μm. Note that the length measurement was based on the
fitting line because the branched point in the actual device was
rounded to avoid stress concentrations. Fig. 5(e) and (f) shows
a device with bonded straight waveguides and its enlarged view
of the vicinity of the aperture, respectively. The alignment error
between the center line of straight waveguide and the center of
aperture was 11 μm.

IV. EXPERIMENT AND RESULT

A. Evaluation of the Bull’s Eye Aperture

We first evaluated the transmission characteristics of the fabri-
cated bull’s eye aperture alone. Fig. 6(a) shows the experimental
setup. A backward terahertz-wave parametric oscillator (BW-
TPO) was used as the monochromatic and frequency-tunable
terahertz-wave source [49], [50], [51]. A lens with a focal length
of 50 mm (Tsurupica, Pax Co.) focused the wave onto the bull’s
eye aperture, and the transmitted wave was again collimated
with a lens with a focal length of 50 mm and entered the detector
(3DL 12C LS2500 A1, ACST GmbH). Using the state without
the bull’s eye aperture as a reference, the transmitted intensity

Fig. 6. (a) Schematic diagram of the experimental setup for the evaluation
of the bull’s eye aperture. (b) Measured transmittance of the fabricated bull’s
eye aperture. (c) Measurement results of beam focusing using the knife-edge
method with and without the bull’s eye aperture.

was measured in the frequency range from 0.42 to 0.49 THz.
When evaluating the focusing ability of the beam, a knife edge
was inserted behind the bull’s eye aperture, and the transmitted
intensity was measured.

Fig. 6(b) shows the measured transmittance of the bull’s
eye aperture. To focus only on the shape of spectrum, the
transmittance was normalized by the peak value. The FWHM
and QF were 22 GHz and 21, respectively. Compared with
the simulation, the shape of the spectrum was consistent in
which there was a unimodal peak, which was slightly steeper
on the high-frequency side than on the low-frequency side. The
resonant frequency of the fabricated sample was 0.462 THz,
which was lower than the simulation result of 0.492 THz.

Fig. 6(c) shows the evaluation results of beam focusing using
the knife-edge method. The incident frequency was 0.462 THz.
When the position of the knife edge was moved from −1000 to
1000 μm, the beam was blocked, and the intensity decreased.
It is known that the beam diameter can be determined from the
distances at which the transmitted intensity is 10% and 90% [52].
The intensities, as shown in Fig. 6(c), are normalized so that the
maximum value is 1. The distance between the 10% and 90%
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Fig. 7. (a) Schematic diagram and (b) photograph of the experimental setup
for the evaluation of the antenna–waveguide coupling device.

positions was 487 μm with a bull’s eye aperture and 1370 μm
without it, that is, the wave was focused by a lens. Compared
with the wavelength of 649 μm at a frequency of 0.462 THz,
when the bull’s eye aperture was used, the wave was focused on
the subwavelength size.

B. Evaluation of the Aperture–Waveguide Coupling Device

Next, we evaluated the transmission characteristics of a device
in which a waveguide was bonded to a bull’s eye aperture.
Fig. 7(a) and (b) shows a schematic diagram and a photograph
of the experimental setup, respectively. The terahertz waves
emitted from the BW-TPO passed through a half-wave plate to
control the polarization angle and entered the bull’s eye aperture
through a lens with a focal length of 50 mm. The detector was
placed near the end of the waveguide via a wire grid polarizer
(WGP). In the case of the Y-branched waveguide, the interfered
wave from both ports was first measured. Then, one side of the
ports was blocked with a knife edge, and the output from each
port was measured.

Fig. 8(a) shows the output intensity measured when a
x-polarized or y-polarized wave was incident in the frequency
range of 0.42–0.49 THz. It shows the individual outputs from
Ports 3 and 4 and the interfered output from both ports. The
transmission axis of WGP was in the z-axis direction. When
inputting a x-polarized wave, the interfered output from both
ports exceeded the individual outputs from Ports 3 and 4 across
all frequency ranges. Also, even the sum of the outputs of Ports
3 and 4 was smaller than the interfered output value. This is
thought to be because the outputs from both ports are waves
that are in phase, causing constructive interference. When a
y-polarized wave was input, the interfered output from both
ports was roughly the same as the output from Port 4 in the

Fig. 8. (a) Output intensity spectra from the fabricated device with a Y-
branched waveguide when irradiated with an x-polarized or y-polarized wave.
(b) Output intensity at 0.482 THz when irradiating a Y-branched or straight
waveguide while changing the incident polarization angle.

range of 0.42–0.46 THz, and Port 4 was larger at 0.46 THz or
higher. In addition, at 0.48 THz or higher, the output from Port 3
also exceeded the interfered output. This is thought to be that the
outputs from both ports are waves with opposite phases, causing
destructive interference.

Comparing with Fig. 6(b), when a y-polarized wave was
incident, a single peak appeared around 0.462 THz, which was
the same as the bull’s eye aperture alone, whereas multiple peaks
were seen with an x-polarized wave. The reason for these mul-
tiple peaks is probably because when an x-polarized wave was
incident, a part of the spoof surface plasmon polariton coupled
onto the bull’s eye structure may be radiated into space from
the substrate edge, causing interference with radiation from the
waveguide end. When a y-polarized wave was incident, it seems
that it was coupled to the waveguide while maintaining the same
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transmission spectrum shape as the bull’s eye aperture alone,
similar to the simulation result, as shown in Fig. 3(b). Also,
when a y-polarized wave was input, an output intensity above
the noise level could not be obtained at Port 3 below 0.48 THz.
We speculate that the reason for this is that the radiation pattern
at the end of the waveguide was disrupted due to manufacturing
errors, such as bonding, and the waves did not reach the detector
properly.

At 0.482 THz, where the output at Port 3 was confirmed when
a y-polarized wave was incident, measurements were performed
while the half-wave plate was rotated 180° in 15° increments;
thus, the incident polarization angle was rotated 360° in 30°
increments. Fig. 8(b) shows the measurement results for the
device with a Y-branched or straight waveguide. In the case
of the Y-branched waveguide, the interfered wave from both
ports and output from each port are shown together. The incident
polarization angle θ was defined as the angle from the +x-axis
toward the +y-axis when viewed from the +z-axis direction, as
shown in Fig. 7(a). First, when rotating the incident polarization
angle from 0° to 30°, the output of Port 3 increased and the
output of Port 4 decreased. Then, the output of Port 3 reached
its maximum value around 30°, and the output of Port 4 took
its minimum value around 60°, below the noise level. This is
because the waveguide branched near the aperture is tilted by
20°, which is the central angle of the arc part. The polariza-
tion direction was parallel to the waveguide when the incident
polarization angle was 20° for Port 3, achieving the maximum
coupling efficiency. On the other hand, it was perpendicular to
the waveguide when the incident polarization angle was 70° for
Port 4, achieving the minimum coupling efficiency. After that,
extrema appeared every 90° in both Port 3 and Port 4, suggesting
that it was a trigonometric function related to 2θ. Regarding the
interfered wave from both ports, the maximum value was taken
at 0° (360°) and 180°, that is, x-polarization, and the minimum
value was taken at 90° and 270°, that is, y-polarization. This
agrees with the observation obtained from Fig. 8(a) that the
outputs from both ports have the same phase when x-polarized
and y-polarized have opposite phases.

Next, we considered the phase difference ϕ between Port 3
and Port 4 based on the measurement results. If the intensities
of the waves output from Port 3 and Port 4 are I3 and I4,
respectively, and that of the interfered wave from both ports
is I, the following equation holds true

cosϕ =
(I3 + I4)− I

2
√
I3I4

. (6)

Note that (6) is derived from the law of cosines regarding the
resultant electric field (see Fig. S2 in Supplementary Material).
Although the value of ϕ cannot be determined by intensity mea-
surement alone, if the phase controllability shown in (5) holds
true, the value of ϕ is expected to be 2θ. Fig. 8(b) also shows
the value of cos(ϕ) calculated using (6) from the measurement
results for each incident polarization angle. The result was close
to cos(2θ). One possible reason why the minimum value does
not reach −1 is that when θ is 90° or 270°, the interfered output
of both ports does not become 0 and is limited by the noise level.
Also, the reason why the maximum value does not reach 1 is that

when θ is 0° or 180°, that is, x-polarization, interference due to
radiation of the spoof surface plasmon polariton is included as
background noise.

Finally, in the case of the straight waveguide, the transmission
axis direction of the WGP was set as the z-axis or y-axis, as
shown in Fig. 8(b). When the transmission axis was in the y-axis
direction, the output was below the noise level. On the other
hand, when it was in the z-axis direction, it was confirmed that
the output depended on the incident polarization angle. This
result shows that the output from the waveguide is z-polarized,
suggesting that the waves were coupled into the waveguide, as
considered in Fig. 3(e) and (f), and emitted into free space.
In addition, when θ was 90° or 270°, the straight waveguide
produced an output equivalent to the noise level, whereas the
Y-branched waveguide produced an output above the noise level
from each port alone, which is also evidence that waves were
coupling and propagating from the aperture to the waveguide.

C. Discussion

Based on the above results, we demonstrated for the first
time that aperture–waveguide coupling was possible via spoof
surface plasmon polaritons by placing a silicon waveguide over
the bull’s eye aperture. The greatest advantage of this device
over conventional coupling structures is its thinness, which is
extremely advantageous for mounting on mobile devices. The
combined thickness of the bull’s eye aperture and waveguide is
200 μm, whereas a horn antenna in the same frequency band
requires a length of several tens of millimeters [7]. The origin of
this feature is based on two effects. One is that the spoof surface
plasmon polaritons are generated by the bull’s eye aperture and
focused on the aperture. The other is that the spoof surface
plasmon polaritons couple into the waveguide on the opposite
surface. We also revealed that phase control with the incident
polarization angle was possible by using a Y-branched wave-
guide. Linearly polarization incidence was used in this study.
However, it is known that extending to circularly polarization
allows unidirectional propagation because the amplitude and
phase of each port can be controlled independently [44]. In
recent years, in addition to frequency multiplexing and spatial
multiplexing, polarization multiplexing has attracted attention
in order to efficiently utilize limited bandwidth [53]. The pro-
posed device can separate orthogonal polarizations into different
waveguide ports, which enables polarization multiplexing with
a single antenna.

In order to further examine the basic characteristics of the
proposed device as a receiving antenna, additional simulations
were performed with different incident angles and polarizations.
Fig. 9 shows the receiving pattern and the phase difference
between Ports 3 and 4, ϕ, when the incident angle η is changed.
As shown in the inset in Fig. 9(a), η was changed around the
y-axis, which is orthogonal to the axis of symmetry of the Y-
branched waveguide. A plane wave was used for the calculation,
whose wavenumber vector was expressed as k = ((2π/λ)sin(η),
0, (2π/λ)cos(η)), where λ was the wavelength in free space. To
calculate the gain G, the effective area Aeff was first calculated,
which was the ratio of the power at the waveguide end to
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Fig. 9. Simulation results of receiving patterns for (a) bull’s eye aperture alone,
(b) bull’s eye aperture with a Y-branched waveguide with x-polarized incident,
and (c) y-polarized incident. Phase difference between Port 3 and Port 4 was
also calculated in (b) and (c).

the power density in free space. Then, it was converted to G
using the relational expression Aeff = (λ2/4π)G [54]. The same
procedure was performed when changing the incident angle
around the x-axis (see Fig. S3 in Supplementary Material).
Fig. 9(a) shows the receiving pattern of a bull’s eye aperture
alone. The maximum gain was on the broadside, with a value of
17.0 dBi. The dependence on the incident angle was different for
x- and y-polarization. The half-power beamwidth (HPBW) was
4.3° for x-polarization and 8.6° for y-polarization. This result
corresponds to the fact that the HPBW becomes narrower in
the polarization direction even when radiating from the bull’s
eye aperture [27]. Fig. 9(b) and (c) shows the results when
x-polarized and y-polarized waves are incident on a bull’s eye
aperture with a Y-branched waveguide, respectively. The receiv-
ing patterns of Ports 3 and 4 overlapped due to the symmetry
of the Y-branched waveguide. For x-polarization, the maximum
gain was located +1° away from the broadside, with a value
of 0.3 dBi, which means that the gain is higher when the

incident wave enters from the opposite direction of ports across
the aperture. A similar trend was observed for y-polarization,
although the maximum gain of 1.7 dBi was observed closer to
the broadside. The HPBW was 4.3° for x-polarization and 8.4°
for y-polarization. The phase differenceϕwas approximately 0°
for x-polarization and 180° for y-polarization, regardless of the
incident angle in the HPBW range, which allows phase control
based on the incident polarization direction.

In the prototype we designed this time, waveguides were
placed directly over the aperture. Although we were able to
demonstrate the phase controllability of our device, the cou-
pling efficiency from the aperture to the waveguide was not
sufficient. As shown in Fig. 9, in the case of x-polarization,
the gain decreases from 17.0 to 0.3 dBi at the end of waveguide
compared with the case of a bull’s eye aperture alone, which
means that only about 2% of the power was coupled into the
waveguide. On the other hand, when a hollow metal waveguide
is connected vertically to the aperture of bull’s eye aperture, a
coupling efficiency of 90% can be obtained [27]. In our device,
much of the power transmitted through the aperture is radiated
again. Structures around the aperture that efficiently couple the
focused waves into waveguides need to be further explored.
Another solution is to increase the gain of the bull’s eye aperture
alone, which would require optimization of the structure, such
as adding a Bragg reflector, changing the aperture shape, and
using Fabry–Pérot resonances [29], [30], [55]. A recent study
reported that complementary split-ring apertures can reduce the
sidelobe level and improve the directivity of bull’s eye structure
[56]. Practically, it is also important to reduce the propagation
loss after coupling by making the copper plating uniform and
smoothing the sidewalls of the silicon waveguide [57]. It has
been pointed out that surface roughness associated with fabri-
cation leads to losses, such as scattering and phase mismatch
in the propagation of spoof surface plasmon polaritons, which
cannot be estimated simply by applying an effective conductivity
[58]. Our proposed method still has major challenges in terms
of efficiency. Therefore, improvements are needed that take the
above points into account.

The bull’s eye aperture itself has broadside directivity and
is not an antenna capable of beamforming. However, in recent
years, reconfigurable metasurfaces driven by various methods,
such as liquid crystal, graphene, phase transition materials, and
microelectromechanical systems, have been developed that can
control the phase distribution of beam and bend the optical
path [59], [60], [61], [62], [63], [64]. By combining them with
our device, dynamic control of antenna characteristics will be
expected. Furthermore, since the wave-focusing mechanism of
our device is based on spoof surface plasmon polaritons on
the bull’s eye structure, other structures based on them are
also available, making the coupling between the aperture and
waveguide more functional. For example, a Bessel beamformer
would be beneficial for near-field probing [65].

The fabrication of the proposed device is based on silicon
micromachining, which is suitable for the collective fabrication
of a large number of elements required for future mobile devices.
It is also compatible with silicon-based elements for steering
terahertz waves [18], [19], [20], [21], [66]. Structures that can
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be formed using silicon micromachining have dimensions com-
parable to the wavelengths of terahertz waves, 30–3000 μm, and
are believed to be necessary to develop a wide variety of devices
to realize beyond 5G/6G.

V. CONCLUSION

We proposed a method of coupling from a bull’s eye aperture
to a planar silicon waveguide via spoof surface plasmon po-
laritons in the terahertz band. A device combining a bull’s eye
aperture that functions in the 0.5 THz band with a straight or Y-
branched silicon waveguide was designed using electromagnetic
field simulation and fabricated using silicon micromachining
and copper plating. The transmission peak of the bull’s eye
aperture alone was observed at 0.462 THz. In a device with
a straight waveguide, directional propagation was confirmed in
which only linearly polarized waves parallel to the waveguide
were coupled. In a device with a Y-branched waveguide, the
phase controllability between the two waveguide ports according
to the incident polarization angle was confirmed. This device re-
alizes the thin and compact phase controllable coupling required
for the next-generation mobile communication, beyond 5G/6G.
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