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Phase and Direction Control of a Terahertz Wave
Propagating in a Waveguide Coupled With a Bull’sEye Structure
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Abstract – A bull’s-eye structure, wherein a subwavelength-scale hole on a metal substrate is surrounded by a concentric circular grating structure, has been
known to exhibit an anomalous transmission effect for a
normal-incident electromagnetic wave when the wave
resonates to the grating structure. We present a
waveguide structure coupled with a bull’s-eye structure
introducing a simple method of symmetry breaking. In
such a structure, an identical waveguide mode can be
coupled with the incident light to the bull’s-eye
structure, even if there is a linear polarization direction
while the wave experiences a phase delay through the
coupling. We modeled the situation with simple
formulae and numerically simulated it in a terahertz
region. The results indicate the possibility of controlling
the phase and the propagation direction of a terahertz
wave in the waveguide via the polarization state of the
incident wave to the bull’s eye.

1. Introduction
Because of increasing amounts of information
requiring a faster communication rate, the carrier
frequency for wireless communication is expected to
shift to higher frequencies. In particular, the terahertz
(THz) region is attractive as a possibility for a
frequency resource for rapid communication in portable
devices [1]. At the ﬁrst stage of signal processing, for
communication within a circuit for the THz wave,
phase- and direction-control techniques for a wave
propagating in a waveguide play fundamental and
crucial roles. In the optical region, control techniques
for the waves in a waveguide have also been used for
communication, and they have underpinned information
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in our society. Recently, propagation direction control
in a waveguide has attracted attention in fundamental
physics, due to its analogy with the spin–momentumlocking nature of spin–orbit interaction or the quantum
spin–Hall effect in electron systems [2, 3]. In designing
the controllability and functionality of the propagating
wave in such a waveguide system, the near-ﬁeld effect
around the waveguide and the light source coupling to
the waveguide play important roles.
With respect to the near-ﬁeld effect, a bull’s-eye
structure, which consists of a concentric metallic
grating with a sub-wavelength-scale hole at the center,
has been found to be an artiﬁcial structure that shows
anomalous transmission [4]. It works well not only in
the optical region but also in the THz region [5]. The
focusing nature of the incident light into the central hole
of the bull’s-eye structure is proposed as a sensing
technique for biomolecules [6] and a high-gain antenna
for capturing the propagating millimeter wave in the air
[7]. As for the THz region, the coupling between the
bull’s-eye antenna and a waveguide have been less
explored, despite proposals of many applications of
THz waves; exploring coupling control is essential for
realizing ultrafast THz processing devices such as THz
integrated circuits using bull’s-eyes.
We will focus on the bull’s-eye structure’s
application to a THz antenna, and we assume a system
that combines the bull’s-eye structure with a waveguide. Here we propose phase and propagation direction
control of the THz-wave propagation in such a system.
The phase-control technique in the THz region has
previously been reported using a liquid-crystal device
[8] and a Fresnel rhomb [9]. Since these devices are
bulky, they are appropriate for experiments in a
laboratory but not for portable applications. In the past
two decades, active metamaterials and metasurfaces
have been developed as thin, lightweight devices for
controlling the phase [10]. However, in many cases, due
to their working principle based on resonance phenomena, the working bandwidth is restricted by the
resonance bandwidth. In the optical region, an electrooptic modulator made from a nonlinear crystal, as
typiﬁed by a lithium niobite crystal, is used for phase
modulation and is commercially available. However, in
the THz region these nonlinear materials are not
practical due to the substantial absorption loss [11].
In this article, we present a simple technique for
controlling the phase of the propagating wave in a
waveguide introducing a simple symmetry break. It
works in the broad-frequency band, meeting the

2

URSI RADIO SCIENCE LETTERS, VOL. 2, 2020

while a slight deviation of the waveguide from the
center position breaks the symmetry and opens the
coupling channel to the lowest order propagation mode.
The waves coupled to the waveguide propagate in the
6x-directions with even symmetry. Thus, at the end
port of the waveguide, the phase difference between
ports 1 and 2 should be zero. These can be
phenomenologically formulated: for the y-polarized
wave incident case,
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Figure 1. Conﬁguration of the waveguide coupled with a bull’s-eye.
The location of the waveguide is slightly deviated from directly above
the aperture in the bull’s-eye.

operation frequency of an antenna structure, and is also
applicable to the propagation direction-controlling
technique that is analogous to spin–momentum locking.
We believe this technique has the potential to be one of
the fundamental techniques to support THz communication in the next generation. Since the present
technique is independent of the frequency of operation,
it will be widely applicable to all electromagnetic
waves, ranging from microwave to optical waves, as far
as antennas and waveguides are available.

2. Theory for Phase-Difference Control
We consider that a structure comprises a bull’seye part on the front of a substrate and a waveguide part
on the back, as shown in Figure 1. In this conﬁguration,
providing that a linearly polarized wave normalincident to the bull’s-eye part is focused into a center
hole such that the wave passes through the hole, we
consider the wave propagation in the waveguide to be
dependent on the polarization direction of the incident
light. The waveguide is slightly deviated from just
above the hole and locates the positive y-direction. The
wave coupled to the waveguide propagates while being
divided between the positive and negative x-directions,
and each wave reaches both ends, labeled ports 1 and 2.
Note that the following discussion can work in any type
of waveguide, although we assume a microstrip
structure [12, 13] for the waveguide in Figure 1. Also,
the lowest order mode in the waveguide is assumed in
the propagation; for example, in the microstrip case, a
quasi-TEM mode [12] is considered.
In the case of an x-polarized beam incidence,
since the oscillation existing in the system is odd against
the symmetry plane, the propagation mode should also
be odd. Thus, the waves at the end ports oscillate with
the opposite sign, and the phase difference between
ports 1 and 2 should be out of phase.
When a y-polarized beam is incident to the bull’seye part, the oscillation in the system becomes even. It
is noteworthy that if the waveguide is located just above
the hole, the lowest mode cannot be coupled with the ypolarization incident due to the geometrical symmetry,

and for the x-polarized wave incident case,
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where x denotes the frequency of the incident wave and
a and b are the complex coupling coefﬁcients for each
polarization state, respectively, described as a ¼ Aeia
and b ¼ Beib , with real numbers of A; B; a, and b.
Since these values depend on the structural parameter,
they can be tuned by optimization of the design.
Next we consider polarization in a general
direction—i.e., the polarization direction is tilted by
angle h from the y-axis. The propagating waves in the
6x-directions can be described with the superposition
of j xi and j yi as
jwi ¼ sin hj xi þ cos hj yi


1 þ BA tan heiðbaÞ iðxtaÞ
e
¼ A cos h
1  BA tan heiðbaÞ

ð3Þ

The phase difference / between ports 1 and 2 can
be derived as the argument of a complex number
1 þ BA tan heiðbaÞ
1  BA tan heiðbaÞ
that is easily constructible, as shown in Figure 2. The
length of the blue vectors is given by ðB=AÞ tan h. When
ðB=AÞ tan h ! 6‘, the phase difference is described as
/ ! 6p, where tan h can be set to an arbitrary real
number by rotating the polarization angle h. Hence, the
phase difference / can also be set to an arbitrary value
from p to þp. This shows the phase controllability in
this system due to the polarization direction of the
incident beam.

3. Numerical Simulations
We performed numerical experiments using a
ﬁnite-difference time-domain simulation to prove our
theoretical phase-control results. In our simulation, a
light source was placed in the inner part of a hole to
mimic the situation where a light captured by the bull’seye part propagates into the interior of the hole, which is
100 lm in diameter. The frequency of the electromagnetic wave was set to 2 THz, which is one of the typical
output frequencies of a THz emitter such as a
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Figure 2. Drawing of phase difference / on the complex plane. The
length of blue vectors from (1, 0) is given as BA tan h.

photoconductive antenna [14] or a nonlinear parametric
generator using a lithium niobate crystal [15].
The waveguide part consists of a metallic
substrate and a metallic ribbon located above the
substrate. The ribbon width and thickness were set to
50 and 10 lm, respectively. Hereafter, this microstriplike structure is referred to simply as a microstrip. The
conﬁguration and dimension of the design are shown in
Figure 3. The line of the microstrip was suspended at 35
lm above a metal substrate. The wave propagated on
being conﬁned between the metallic ribbon and the
metallic substrate. The center of the line was deviated
50 lm from the center of the hole to the þy-direction.
The ends of the microstrip along the 6x-directions,
respectively, corresponded to ports 1 and 2. The
boundary condition of the planes surrounding the
simulation space was set to perfectly matching layers,
to avoid unnecessary reﬂection at the boundaries.
The z-components of the electric ﬁeld at the plane
between the metallic ribbon and the substrate, under the
conditions of the x- and y-polarized wave incidence
cases, are shown in Figure 4a and b, respectively. In
both cases, it turned out that the waves at the ends of the
ports propagated with the same quasi-TEM mode,
which had no node across the y-direction in the cross
section of the microstrip. In the x-polarization incident
case, the electric ﬁeld distributed with an antisymmetric
pattern against the yz-plane at the center, while in the y-

Figure 3. Structural design and dimensions of each part in the
numerical simulation.
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Figure 4. Distribution of z-components of the electric ﬁeld within the
strip line in the case of (a) x- and (b) y-polarized wave incidence. The
wave at the ends of each port oscillates (a) out of and (b) in phase.

polarized case, it distributed with a symmetric pattern.
Comparing the phase at the end port between the
polarized cases, the phase difference was found to be
almost 908. This means that there is a ﬁnite phase
difference between the two polarization states when
coupling to the microstrip, i.e., a 6¼ b. Furthermore, the
amplitudes at the ends are also different; thus, A 6¼ B.
Consequently, according to (3) we can control the phase
difference between ports 1 and 2. For instance, it was
tuned to 908 by setting Ex : Ey ¼ 1 : 5. The polarization
angle was correspondingly set to h ¼ arctan 1=5. The
electric distribution is shown in Figure 5a. It was found
that the waves showed zero and a maximum amplitude
at ports 1 and 2, respectively, meaning that the phase
difference was controlled to 908, i.e., jb  aj ¼ p=2.
Hence, we can conclude that the phase difference
between ports 1 and 2 can be controlled by the
polarization angle of the incident beam.

Figure 5. (a) Phase difference between ports 1 and 2 controlling to
p=2. (b, c) Propagation direction controlled by handedness of
elliptically polarized beam.
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As an application of (3), we show the example of
spin–momentum locking [2, 3]. We consider that the
polarization state of the incident beam is so elliptically
polarized that the phases between the x- and ycomponents are different, with 6p=2 as
jwi ¼ sin hj xi6i cos hj yi


16 BA i tan heiðbaÞ iðxtaÞ
¼ A cos h
e
17 BA i tan heiðbaÞ

ð4Þ

And when jb  aj ¼ p=2 and tan h ¼ B=A, we can
compute (4) as
cos
heiðxtaÞ
jwi ¼ 2A
8
0
>
>
; when delay is þ p=2
<
1
¼  
>
1
>
:
; when delay is  p=2
0

ð5Þ

This means that the propagation direction can be
selected by the polarization state. Actually, when the
simulation results for the polarization states are given
with Ex : Ey ¼ 6i : 5, the electric-ﬁeld amplitudes jEj
are depicted in Figure 5b and c, respectively. These
ﬁgures show the switching of the propagation direction
by the handedness of the elliptical polarization. The
extinction ratio between the high and low signals in the
intensity reached approximately 100. Such high sensitivity to the polarization state is applicable not only to
the fundamental technique for THz communication but
also to the basic components for measurement of the
quantum state of the THz photons.

4. Conclusion
We proposed a bull’s-eye structure combined with
a waveguide that introduced symmetry breaking. In this
system, the identical waveguide mode can be coupled
with the x- and y-polarized incident lights. The phase at
both ends of the waveguide depends on the polarization
direction. The ﬁeld distribution behaves antisymmetrically, and the symmetric features correspond to the
polarization direction. When the superposed states
between both polarization states were considered, it
was found that the phase difference at both ends of the
waveguide could be controlled by the polarization
direction. This is also applicable to propagation
direction switching by rotational direction of the
elliptically polarized state. We believe that this phaseand direction-control technique in the THz region will
allow a THz-wave manipulation technique that is usable
for wireless communication, ﬁne measurement, and
quantum photonics in the THz regions.
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