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ABSTRACT

The conversion between guided and free-space waves is crucial for achieving integrated terahertz (THz) communication and signal process-
ing. Herein, a bidirectional conversion mechanism is proposed for bridging two-dimensional (2D) guided waves and free-space waves, which
is demonstrated by the wave manipulation of a metallic waveguide with meta-holes (MWMH). Compared with the conventional conversion
between one-dimensional guided waves and free-space waves, in the proposed bidirectional conversion process, meta-holes can arbitrarily
manipulate the phase of THz waves in higher dimensions, which enables stronger beam-manipulation capability and a higher gain. When
used as a transmitting antenna, the MWMH exhibits excellent performance, i.e., a high gain (33.3 dBi), a high radiation efficiency (~90%),
and flexible beam manipulation. When the MWMH is reversely employed as a receiving antenna to obtain the focus of 2D guided waves, it
achieves a gain of 27 dB and a focusing efficiency of 50.4%. The measured results for both the transmitting and receiving antennas agree well
with the simulation results. The proposed bidirectional conversion mechanism facilitates the development of THz integrated photonic devices
and is promising for application in the sixth-generation mobile communication, radar detection, and nondestructive testing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0196667

Terahertz (THz) waves demonstrate significant application
potential in many fields, such as the sixth-generation (6G) mobile
communication, nondestructive testing, biomedicine, and integrated

control between THz guided waves and free-space waves is urgently
required.””*’
In the THz band, spoof surface plasmon polariton metasurfaces
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photonic devices.' * However, compared with those of microwave and
optical wave bands, the generation and detection technologies at the
THz band are much more underdeveloped; thus, flexible THz control
must be realized to compensate for these deficiencies.” ” Metasurfaces
can be used to manipulate the amplitude, phase, and polarization of
free-space waves® '’ as well as to realize functions such as meta-
lenses," " specific beam generation,“”17 and meta—holograms,m’lo
which significantly benefit THz free-space manipulation. However,
owing to the development of device integration and miniaturization,
THz free-space manipulation no longer satisfies the requirements of
on-chip signal processing and communication.”’ Thus, conversion

are proposed to couple free-space waves to plasmonic and waveguide
modes.”* *° Conversely, some structures are proposed to realize the
conversion from guided to free-space waves, such as plasmonic wave-
guides with chirped gratings, dielectric resonator antennas integrated
with photonic crystal waveguides, leaky-wave antennas, and
superheterodyne-inspired ~ waveguide-integrated ~metasurfaces.”” >
However, these structures were proposed primarily to realize coupling
between one-dimensional (1D) guided waves (where the guided modes
propagate along the longitudinal directions of waveguides and the
phase on the waveguide cross section is identical) and free-space
waves. Moreover, several 1D-control antennas have been integrated as
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a planar array to attain a high gain or beam deflection in two orthogo-
nal planes.”””” However, realizing the conversion between two-
dimensional (2D) guided waves (where the propagation directions of
the guided modes are unrestricted in the corresponding 2D plane and
the phase on the waveguide cross section is typically unequal) and
free-space  waves remain challenging, particularly bidirectional
conversion.

In this study, a bidirectional conversion mechanism is proposed
for bridging 2D guided waves and free-space waves, which is demon-
strated by the wave manipulation of a metallic waveguide with meta-
holes (MWMH). Compared with conventional devices that only
manipulate the conversion between 1D guided modes and free-space
waves, meta-holes can arbitrarily manipulate the phase of THz waves
in higher dimensions, which enables stronger beam-manipulation
capability and higher gains. When used as a transmitting or receiving
antenna, the MWMH exhibits excellent performance. The measured
results have been shown to be consistent with simulation results.

Figure 1(a) shows the configuration of an MWMH, which com-
prises a rectangular parallel-plate metallic waveguide (PPMW) and an
array of meta-holes engraved on one side. When the width of the

()

(b)

(©)

-0.25

FIG. 1. THz MWMH for conversion from 2D guided waves to free-space waves. (a)
Schematic illustration of MWMH. y-polarized electric field distributions in (b) xy- and
(c) xz-planes.
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PPMW, [, is much larger than the wavelength, 4, the reflection effect of
guided waves on two boundaries perpendicular to the y-axis is typically
negligible; thus, the PPMW can be regarded as infinitely wide. The
propagation constant of the m-order transverse electric (TE) mode
propagating in it can be calculated as follows: ™

2
B = 1/ (n0ko)* — (%) ; (1)

where ko = 2% ny is the refractive index of air inside the waveguide,
whose value is 1; and d is the plate separation. When % < d < 7, only
the TE; mode can be guided within the PPMW and its propagation

constant is
2
i
Br=1/k - (E) . (2)

This mode propagates along a straight line perpendicular to the wave-
guide cross section, on which the phases of the mode are identical.
Thus, it can be regarded as a 1D guided mode. Under a frequency of
f=0.14THz and a plate separation of d=2.1 mm, the electric field
distribution of the TE; mode is calculated using the commercial soft-
ware COMSOL Multiphysics [see Fig. S1(a) in supplementary mate-
rial]. Aluminum (Al) is adopted as the metal material, whose relative
permittivity is described by the Drude model.”” This mode propagates
along the x-axis, and its field amplitude in the waveguide is constant
along the y-axis. The propagation constant, 8, remains unchanged for
the waveguide width in the range of 0.1-45 mm [see Fig. S1(b)], which
is consistent with Eq. (2).

In the THz band, obtaining a line radiation source with a width
much larger than the wavelength for exciting the 1D TE mode is
extremely challenging. When a frequently used sub-wavelength wave-
guide is adopted as the feed for the MWMH, the excited TE mode
restricted along the z-axis direction propagates freely in the xy-plane
and diverges in the form of a cylindrical wave with a finite height, as
shown in Figs. 1(b) and 1(c). Thus, it differs from the TE; mode, which
is called the 2D guided mode. The slight distortion of the wavefront
near the boundaries perpendicular to the y-axis is caused by the
boundary reflection, which minimally affects the propagation charac-
teristics. The propagation constant is identical in the different propaga-
tion directions and can be determined using Eq. (2). Thus, the phase
in the xy-plane can be written as

2
¢® = @yt+pR= %JF\I kg — (g) R, (3)

where ¢, is the phase on the output port of the waveguide feed and R
is the distance of the cylindrical wave away from the feed. The phase
and amplitude distributions of the 2D TE mode on the cross section
+1cm away from the feed are presented (see Fig. S2). None of the
phases and amplitudes is constant along the y-axis, which differentiates
the 2D guided mode from its 1D counterpart.

When the side lengths of the meta-hole cell, a and b, are both at
the sub-wavelength scale, a TE;;, mode can be excited in the meta-
hole, and its electric-field distribution is presented in Fig. 2(a). It polar-
izes along the y-axis; thus, the y-polarized component of the 2D TE
guided mode propagating in the PPMW can be coupled to the TE,,

Appl. Phys. Lett. 124, 121702 (2024); doi: 10.1063/5.0196667
Published under an exclusive license by AIP Publishing

124, 121702-2

€1:20:G1 $20Z 1snBny Lg


pubs.aip.org/aip/apl

Applied Physics Letters

ARTICLE pubs.aip.org/aip/apl

I y-polarized (b) © & Cell structure
1 1.0

180-\/\/\ 1 D

901 =
% H0.6 £ 3 O
2 o0 e 4 O

04 =
© 90 Y = 5 ]
—— @ (deg) F0.2 6 D

-1801 Transmittance
0.0 7 D
12 13 14 15 16 8 O
TE,, mode a (mm)

FIG. 2. (a) Electric field distribution of TE4o mode inside meta-hole cell. (b) Phase delay and intensity transmittance as functions of meta-hole side length a. (c) Cross-sectional

patterns of selected eight meta-hole cells. Operating frequency f=0.14 THz.

mode in the meta-hole. When the thickness of the meta-hole cell
h=5mm, the period T= 1.8 mm, and the side length b = 1.4 mm, the
phase delay and intensity transmittance as functions of the side length,
a, for normal incidence are presented in Fig. 2(b). The entire range of
phase control (—180° to 180°) can be achieved using the meta-holes,
and the corresponding transmittance is extremely high owing to the
extraordinary transmission effect.”*” Accordingly, eight cells were
selected to encompass the phase range of —180° to 180° with an inter-
val of 45°, and their transmittances exceeded 80%. Their side lengths,
a, were 1.165, 1.2, 1.235, 1.276, 1.333, 1.405, 1.49, and 1.605mm, as
shown in Fig. 2(c).

When the 2D TE guided mode arrives at the meta-holes, the
phase at each location of the meta-hole array can be calculated using
Eq. (3). By arranging the selected cells, some of the mode energy can
be coupled into these meta-holes and the phase distribution on the
output plane can be controlled simultaneously.”” When the phase
difference for the 2D guided mode at different locations is fully com-
pensated by the phase control of these meta-holes, the 2D guided
mode can be coupled into free space and the phases on the output
plane are identical, as shown in Fig. 1(c). Consequently, the MWMH
can achieve a complete conversion from a TE;, mode in the sub-
wavelength waveguide feed to a 2D TE guided mode in the PPMW
and then to a radiation mode in free space. For a single hole, the cell
transmittance for the grazing incidence in this process is much lower
than that for the normal incidence. However, most of the mode
energy can be coupled into free space owing to scattering from
numerous sub-wavelength meta-holes as well as the appropriate
phase control. Compared with conventional devices, which only per-
form phase control in the 1D direction,”” the MWMH can achieve
arbitrary phase control in a 2D plane, which enables stronger beam-
manipulation capability and higher gains.

To demonstrate the conversion from 2D guided waves to free-
space waves, the MWMH was first employed as a THz transmitting
antenna. The structure was optimized at f=0.14 THz (4 = 2.14 mm).
The cross-sectional dimensions of the meta-hole array were 214
x 21/. In the PPMW section, the width /=45mm and the length
s=27 mm. The height of the meta-hole cell #=5mm, and the plate
separation d=2.1mm; thus, the antenna profile was ~7mm.
Moreover, the transmitting antenna is compatible with frequently used
waveguide feeds, which allows their direct integration. When a

rectangular waveguide with a cross section of 2.1 x 2.1 mm” was
adopted as the feed, the MWMH successfully converted 2D guided
waves to free-space waves as well as generated a high-gain radiating
beam. The corresponding three-dimensional (3D) far-field radiation
pattern is shown in Fig. 3(a), where 0 is the elevation angle and ¢ is
the azimuth angle. The antenna gain, G, can reach as high as 33.3 dBi,
which is ~17dB higher than that achieved by conventional THz
leaky-wave antennas.”’ Figure 3(b) shows the radiation patterns in the
H-plane (which comprises the magnetic-field vector and the direction
of maximum radiation) and E-plane (which comprises the electric-
field vector and the direction of maximum radiation). The 3-dB beam-
widths of the mainlobe in the H- and E-planes were 2.6° and 2.8°,
respectively, and the corresponding sidelobe levels were 10 and 15 dB
lower than those of the mainlobe, respectively. The theoretical radia-
tion efficiency of the entire model # (the ratio of the radiated power in
the Fresnel diffraction region to the feed power) was up to 90%, as
shown in Fig. 3(c). The 3-dB gain bandwidth spanned from 0.133 to
0.145 THz, which was restricted by the phase delays of both the metal-
lic waveguide and meta-holes. The reflection coefficient was lower
than —15dB in the calculated range of 0.120-0.150 THz (see Fig. S3).
Thus, even without a complex and costly feed network, the proposed
MWMH can function as a high-gain, high-radiation-efficiency THz
transmitting antenna with a low return loss.

The inclination angle of the equiphase plane can be adjusted by
changing the arrangement of the meta-holes; thus, the radiation beam
can be deflected in the plane with an arbitrary azimuthal angle. The
beam deflections in the H-, and E-, and diagonal-planes are presented
(see Figs. S4-S6), respectively, which differentiate the MWMH from
conventional 1D-control leaky-wave antennas.’””>"’ The gains
remained extremely high for a deflection angle of 17°, and the 3-dB
beamwidths of the main lobes were all ~3°.

Equation (2) indicates that the propagation constant of the TE
mode depends on the operating frequency (wavelength) for a specified
plate separation. Similarly, the phase-control characteristics of the
meta-holes depend on the frequency. Thus, along with change in the
frequency, the directional angle of the mainlobe deflects in the xz-
plane and the gain decreases correspondingly, as shown in Fig. 3(d).
Compared with the case at a center frequency of 0.14 THz, the deflec-
tion angles of the main lobes at frequencies of 0.135 and 0.145THz
were +2.5° and —2.5°, respectively. Therefore, THz signals with
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different frequencies can be detected in different directions, which are
applicable to frequency division multiplexing technologies.””*’

Based on the design above, a prototype of the MWMH was
fabricated using wire-cut electrical discharge machining (WEDM).

@ i ¢ (b)

il . . 7/
e L

0 (deg)

Figure 4(a) shows the complete structure of the prototype, and
Fig. 4(b) shows the top view of its two separated components. A sche-
matic illustration and a physical photograph of the experimental setup
for far-field measurements are presented [see Figs. S7(a) and S7(b)]. A

FIG. 4. (a) Fabricated prototype of THz

(© (d) MWMH. (b) Top view of its two separated
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linearly polarized THz wave radiated from an impact-ionization ava-
lanche crossing time (IMPATT) diode was coupled into the PPMW
through a rectangular metallic waveguide, which was obtained from a
metal baffle with a 2.1 x 2.1 mm? hole and functioned as a feed. A
THz power meter was employed for point-by-point measurements of
the radiation intensity in the far field (1.9 m away from the MWMH
prototype), which was shifted along an arc at an angle interval of 1°.
The normalized radiation patterns in the H- and E-planes are shown
in Figs. 4(c) and 4(d), respectively. The corresponding simulated
results are presented as well for comparison, which agreed well with
the measurements. When the elevation angle was extremely large, the
simulated and measured curves deviated from each other, which was
primarily caused by processing error and the measurement accuracy of
the power meter. Recent experimental studies pertaining to THz trans-
mitting antennas are summarized (see Table SI), which shows that the
proposed MWMH offers the advantages of high gain, high radiation
efficiency, and flexible beam manipulation.

Based on the electromagnetic reciprocity principle, the MWMH
can be used as a THz receiving antenna by converting free-space waves
into 2D guided waves. When y-polarized THz waves are normally inci-
dent on the meta-hole array, the y-polarized TE;, mode can be excited
in each meta-hole and further coupled to the PPMW (see Fig. S8). The
phase can be simultaneously manipulated using the meta-holes to
compensate for the phase differences of the 2D guided waves propa-
gating from different meta-holes to the target focus, which can be cal-
culated using Eq. (3). Thus, the phases of the 2D guided waves
originating from different meta-holes are identical at the focal point,
and a focus caused by interference enhancement can be obtained in
the PPMW. The field-intensity distribution on the focal plane is shown
in Fig. 5(a). Compared with the incident wave, the gain at the focal
point was up to 27 dB. The conversion efficiency (the ratio of the
power on the focal plane to the input power) was 50.4%, which is com-
parable to the focusing efficiency of a commercial high density poly-
ethylene lens."" In addition to the on-axis focusing above, the MWMH
can realize more flexible wave control inside the PPMW, owing to the
arbitrary phase control in the 2D plane. As an illustration, off-axis
focusing was realized using the MWMH. On the focal plane, two spots
were located 1 cm away from the centerline along the y-axis, respec-
tively [see Figs. S9(a) and S9(b)]. In contrast to lens focusing in free
space, the MWMH can realize focusing in the waveguide by convert-
ing incident waves into cylindrical waves with sub-wavelength heights,
which is preferred for the integration of THz photonic devices.

Based on the design above, an experimental setup was con-
structed to measure the spot width of the on-axis focusing. A sche-
matic illustration and a physical photograph of the experimental
setup are presented [see Figs. S10(a) and S10(b)]. The length of the
PPMW in the prototype, s, was set to be equal to the focal length
(27mm), which is consistent with the length of the transmitting
antenna, to facilitate the measurement of the spot width using the
knife-edge method.” In the experiment, a linearly polarized THz
wave radiating from an IMPATT diode was collimated using a com-
mercial lens, and the collimated wave was coupled into the meta-hole
array. By the phase control of the meta-holes, 2D guided waves were
formed in the PPMW and further focused on the output port of the
MWMH. A metal baffle was placed near the output port of the
PPMW, and a THz power meter was used to measure the radiated
power. The baffle was shifted point-by-point along the y-axis with a
displacement accuracy of 100 um, and the measured power is depicted
in Fig. 5(b). The corresponding simulated results are presented as well
for comparison. Based on the principle of the knife-edge method, the
spot width along the y-axis is the coordinate difference, where the
normalized powers are 0.1 and 0.9, respectively. Thus, the measured
and simulated spot widths are 2.3 and 2.5 mm, respectively, which are
numerically similar to each other. The small deviation is primarily
caused by the reflection of the baffle edge and processing error. The
spot width in the z-direction is smaller than 2.1 mm due to the con-
finement of the PPMW.

In summary, a bidirectional conversion mechanism was proposed
to bridge the gap between 2D guided waves and free-space waves, as
demonstrated by the wave manipulation of a MWMH. When the
MWMH was employed as a transmitting antenna and integrated with
a frequently used waveguide feed, it exhibited a high gain (33.3 dBi), a
high radiation efficiency (90%), and flexible beam manipulation.
When the MWMH was used as a receiving antenna to realize the con-
version from free-space waves to 2D guided waves, the focusing gain
was up to 27 dB, and the power on the focal plane was approximately
50.4% of the incident power. The bidirectional conversion mechanism,
which combines waveguide technologies with metasurface-based wave
control methods, facilitates the development of THz integrated sensing
and communication and demonstrates significant application potential
in 6G, radar detection, and nondestructive testing.

See the supplementary material for further detailed information
about the 2D TE guided mode, the simulations of the flexible wave
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manipulation realized by the MWMH, and the schematics of experi-
mental setups.
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