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Abstract—A leaky-wave meta-antenna (LWMA) is first pro-
posed for high-gain co-aperture control of dual-band terahertz
(THz) waves, where the meta-slots enable independent full-phase
manipulation of two orthogonal waves at distinct frequencies.
When used as a transmitting antenna, x- and y-polarized guided
waves at the frequencies of 0.14 THz and 0.0972 THz, respec-
tively, are coupled into the parallel-plate metal waveguide via
two separate waveguide input ports. The two guided waves are
manipulated simultaneously and independently by the meta-slots,
enabling directional radiation through a shared aperture. The
far-field gains are 35.1 dBi at 0.14 THz and 32 dBi at 0.0972
THz, with aperture efficiencies of 43.8% and 44.6 %, respectively.
The corresponding cross-polarization levels are —42.8 dB and
-31.2 dB below the main lobes, and the isolation levels are as
low as -31.3 dB and -31.1 dB. When operated in reverse as
a receiving antenna, it converts the two orthogonally polarized
incident beams into two-dimensional guided waves, which are
then focused onto two distinct receiving ports. The gains at
the focal points are 27 dB at 0.14 THz and 26.3 dB at 0.0972
THz. Both the measured far-field radiation patterns and intensity
distributions on the focal planes agree well with the simulation
results. The dual-band THz LWMA is promising for applications
in sixth-generation mobile communications, radar detection, and
imaging.

Index Terms—leaky-wave meta-antenna (LWMA), terahertz
(THz), dual-band, full phase manipulation, high gain

I. INTRODUCTION

HE dramatic rise in communication data volume has led
to an unprecedented spectrum scarcity in conventional
frequency bands for mobile communication systems [1]. The
terahertz (THz) band, ranging from 0.1 THz to 10 THz,
emerges as a pivotal solution to address the escalating de-
mand for high-capacity wireless communication, owing to its
ultra-broad bandwidth [2-6]. However, the severe free-space
path loss of THz waves fundamentally limits their effective
propagation range. Thus, it is a critical requirement to design
and fabricate high-gain THz antennas for advancing sixth-
generation wireless communication systems [7—11].
Leaky-wave antennas (LWAs) are widely used in wireless
communications owing to their intrinsic advantages of high
directivity, low-profile form factor, and structurally simple
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configuration [12-15]. In LWAs, guided waves propagate
along a waveguide or transmission line and gradually leak into
free space through periodic discontinuities or slots. The radi-
ation direction, phase, and amplitude of the emitted beam are
controlled by the unit structure, spacing, and the propagation
constant of the guided wave, enabling beam steering and high-
gain radiation [16-19]. Various LWAs have been proposed
based on different radiation mechanisms, including uniform,
quasi-uniform, and periodic LWAs [20-23]. Oliner proposed
a simple LWA composed of a length of uniform microstrip
line excited in its first higher-order mode, which becomes
leaky near the cutoff frequency, enabling efficient radiation
with most of the leakage occurring as space waves [24]. A
compact dual-polarized Fabry—Perot quasi-uniform LWA was
presented for full-duplex broadband applications, offering high
gain, high isolation, and dual-linear polarization [25]. Zhao et
al. proposed a two-dimensional (2D) periodic LWA with a slot
array on a grounded dielectric slab, featuring high directivity
and good broadside circular polarization [26].

In the THz regime, LWAs have also attracted great attention.
Karl et al. demonstrated frequency-division multiplexing and
demultiplexing using a THz LWA based on a metal parallel-
plate waveguide, achieving operation over more than one
octave of bandwidth [27]. Guerboukha et al. reported a THz
LWA with trapezoidal slot structures, achieving a gain of
243 dB at 200 GHz [28]. Hongjian et al. developed an
LWA based on a groove gap waveguide, achieving a gain
exceeding 15 dB over the operational frequency band from
430 to 560 GHz [29]. Lu et al. demonstrated an InP-based
THz beam-steering LWA, with a scan angle ranging from
—46° to +42° and an average gain of 11 dBi [30]. Although
various functions have been realized by these THz LWAs,
the lack of phase control capability has a negative impact on
the antenna performance. In contrast, the integration of THz
LWAs with metasurfaces enables precise beamforming through
the tailored phase modulation of each unit cell, which can
further expand their application potential. Peng et al. proposed
a THz leaky-wave meta-antenna (LWMA) with a rectangular
slot array, where each slot enables distinct phase control
for the outgoing beam via tailored dimensions [31]. Similar
to the aforementioned LWAs, this LWMA is still limited
to single-band operation, although dual-band antennas are
capable of enhancing channel capacity and meeting multi-band
operational requirements [32-35]. Currently, the realization
of dual-band LWMAs remains quite challenging in the THz
regime.

In this study, a dual-band leaky-wave meta-antenna (DB-
LWMA) is proposed for high-gain transmission and reception
of THz waves. When employed as a transmitting antenna,
z- and y-polarized waves with frequencies of 0.14 THz and
0.0972 THz are fed via two rectangular waveguide ports,
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Fig. 1. Structural configuration of DB-LWMA for high-gain co-aperture transmission control of dual-band THz waves.

respectively, and propagate in the parallel-plate metal waveg-
uide (PPMW). Different from slots in conventional LWAs
[26, 28], simultaneous and independent full-phase control of
dual guided modes can be achieved via precisely engineered
aperture dimensions in the slotted meta-units. The antenna
with a radiating aperture of 53 mm x 53 mm achieves gains
of 35.1 dBi at 0.14 THz and 32 dBi at 0.0972 THz, with
aperture efficiencies (AEs) of 43.8% and 44.6%, respectively.
The corresponding cross-polarization levels are —42.8 dB and
—31.2 dB below the main lobes, and the isolation levels are
as low as —31.3 dB and —31.1 dB. When operated in reverse
as a receiving antenna, orthogonally polarized incident waves
are converted into guided waves by the meta-slot array. They
can be focused onto two different receiving ports due to the
phase control of the meta-slots. The beam-focusing gains are
27 dB at 0.14 THz and 26.3 dB at 0.0972 THz, respectively,
and the corresponding efficiencies are 48.9% and 50.8%.
Based on the design, an antenna prototype was fabricated
and experimentally measured, with the results exhibiting good
agreement with the simulation data.

II. ANTENNA DESIGN AND ANALYSIS

Fig. 1 illustrates the structural configuration of the DB-
LWMA, comprising two PPMWs and an array of meta-slots
engraved on one side of their overlapping region. The operat-
ing frequencies of the antenna are selected as 0.14 THz and
0.0972 THz, which exhibit relatively low atmospheric absorp-
tion and hold great application potential in sixth-generation
mobile communications [36, 37]. z- and y-polarized waves
with frequencies of 0.14 THz and 0.0972 THz, fed via two
different waveguide ports, can propagate as 2D cylindrical
guided modes within the PPMW structures with a thickness
of d =3 mm and a width of [ = 53 mm [31].

The PPMW, comprising two parallel metallic plates, can
guide THz waves with low propagation loss. Boundary reflec-
tions perpendicular to the input ports are negligible because
the transverse dimensions are much larger than the operational

wavelengths. The phase variation characteristics of transverse
electric (TE) modes in the waveguide can be determined by
the propagation constant 3, expressed as:

k2= (—)? M

where k = 27/X is the wave vector, A is the operating
wavelength, m is the order of the TE guided mode, and d is
the plate separation. The rectangular meta-slots with a depth h
= 6 mm enable energy leakage into free space, and the phase
delay of two orthogonally polarized waves can be controlled
independently at the same time by the meta-slot array with a
dimension of 53 mm x 53 mm.

The AE is an important parameter of an LWA, defined as
the ratio of the antenna’s effective aperture area to its physical
aperture area. In LWAs, the active radiating spacing along
the propagation direction strongly influences the attenuation
constant. Insufficient spacing results in an increased leakage
rate, whereby the guided energy is radiated too rapidly, leading
to a substantial degradation of AE. Hence, appropriate selec-
tion of the radiating spacing along the propagation direction
is crucial for achieving high-performance leaky-wave antennas
[38, 39]. Full-wave electromagnetic simulations are performed
to calculate the AEs of the dual-band LWA at both oper-
ating frequencies using the commercial software COMSOL
Multiphysics. Aluminum is selected as the metallic material,
and its relative permittivity is described by the Drude model
[40]. The relative permittivity of air inside the PPMW and
meta-slots is 1. The air layer outside the radiating surface is
used to simulate guided waves leaking into free space through
the array of meta-slots, with scattering boundary conditions
applied to the outer surface. z-polarized waves at 0.14 THz and
y-polarized waves at 0.0972 THz are independently excited
through separate input ports and propagate as one-dimensional
(1D) guided TE modes, as shown in Figs. 2(a) and 2(c),
respectively. By the control of the meta-slots, the two guided
modes gradually radiate into free space, as shown in Figs. 2(b)
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Fig. 2. Orthogonally polarized waves with frequencies of 0.14 THz and 0.0972 THz, coming from separate input ports respectively, propagate in PPMW as 1D
guided modes and gradually radiate into free space. Electric field distributions of z-polarized waves in (a) z-y and (b) y-z planes. Electric field distributions

of y-polarized waves in (c¢) z-y and (d) z-z planes.

(a) (b) ©
7,=2.1 mm T,=2.1 mm
60 60
E S0 S0 ——0.0972 THz
P _/\/_) “ w0 ——0.14 THz
30 530
< <
7 20 20
I 10 ——0.0972 THz 10
——0.14 THz
x 0 0
20 22 24 26 28 30 20 22 24 26 28 30
0.14 THz T, (mm) 7, (mm)
d
@ © T,=2.1mm ® 7,=2.8mm
60 - 60
i :
0.0972 TH[—/\/—> Uy 40 20 7Q<
530 530
< <
} 20 20
Y ——0.0972 THz ——0.0972 THz
101 ——0.14 THz 101 ——0.14 THz
X 0 0
2.6 2.7 2.8 29 3.0 1.9 2.0 2.1 2.2 23
T, (mm) T, (mm)

0.14 THz

Fig. 3. (a) Schematic of LWMA with a single slot in each unit cell. Dependences of AEs on (b) T} and (c) Ty for LWMA with single-slot unit cells. (d)
Schematic of LWMA with dual slots in each unit cell. Dependences of AEs on (e) 1% and (f) T}y for LWMA with dual-slot unit cells.

and 2(d). According to the waveguide theory, the rectangular
aperture dimension perpendicular to the polarization direction
should be larger than \/2 to avoid the mode cutoff [41]. As
illustrated in Fig. 3(a), the array for simultaneously controlling
z- and y-polarized waves contains one slot in each unit cell,
where the side lengths along y- and z-axes are larger than
half-wavelengths of the z-polarized wave and the y-polarized
wave, respectively. The antenna aperture is 53 mm X 53 mm,
with a thickness of the PPMW d = 3 mm. When the side
lengths of the rectangular meta-slots are all 1.67 mm along
z-axis and 1.42 mm along y-axis, the dependences of AEs

on the z- and y-directional dimensions of the unit cell (7
and T)) are calculated. As shown in Figs. 3(b) and 3(c), the
AEs at the frequencies of 0.14 THz and 0.0972 THz cannot
simultaneously exceed 30% when the structure varies in the
adopted range. Thus, obtaining high AEs at both frequencies is
quite challenging by using the unit cell with only a single slot
inside due to the significant wavelength difference between the
two waves.

To overcome the limit of the single-slot unit cells, the
structure with dual slots in each unit cell is introduced, as
shown in Fig. 3(d). Both z- and y-polarized guided waves can
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(a) Dependences of phase delay at frequency of 0.14 THz on by for the smaller meta-slots. Phase delays at frequencies of (b) 0.14 THz and (c)

TABLE I
DIMENSIONS (b2) OF THE SMALLER META-SLOTS WITH a2 = 0.4 MM

Value (mm)
1.209 1.238 1.267 1.312 1.392 1.461 1.529 1.655
TABLE 11
DIMENSIONS (a1, b1) OF THE LARGER META-SLOTS
Value (mm)
(1.569,1.732) (1.58,1.73) (1.599,1.729) (1.64,1.727) (1.678,1.725) (1.722,1.72) (1.79,1.713) (1.874,1.705)

(1.567,1.597) (1.578,1.597) (1.598,1.596) (1.636,1.594)

(1.565,1.492) (1.577,1.492) (1.597,1.491) (1.633,1.491)

(1.564,1.407) (1.576,1.407) (1.596,1.408) (1.63,1.408)

(1.561,1.343) (1.575,1.343) (1.594,1.343) (1.627,1.343)

(1.561,1.293) (1.574,1.294) (1.593,1.294) (1.625,1.294)

(1.561,1.253) (1.573,1.253) (1.593,1.253) (1.624,1.253)

(1.56,1.22) (1.572,1.22) (1.592,1.219) (1.622,1.219)

(1.674,1.593) (1.718,1.591) (1.785,1.588) (1.865,1.582)

(1.669,1.49) (1.714,1.49) (1.78,1.489) (1.859,1.488)

(1.666,1.408) (1.711,1.408) (1.777,1.409) (1.853,1.409)

(1.663,1.343) (1.709,1.344) (1.774,1.344) (1.847,1.344)

(1.659,1.294) (1.707,1.294) (1.771,1.294) (1.841,1.294)

(1.658,1.252) (1.705,1.252) (1.768,1.252) (1.837,1.252)

(1.656,1.219) (1.703,1.218) (1.766,1.218) (1.833,1.217)

leak into free space through the larger meta-slots. However,
only z-polarized guided waves can pass through the smaller
meta-slots with a side length along the z-axis of ag = 0.4 mm,
as this dimension is much smaller than the half-wavelength
of the y-polarized waves. The center-to-center distance of the
two slots in a unit cell is set to T,,/2, where T}, is the -
directional dimension of the unit cell. Consequently, in the z-
direction, the active radiating spacings are T}, and T}, /2 for the
y- and z-polarized waves, respectively, while the y-directional
active radiating spacings are T}, for both waves, which enables
comparable AEs for the two waves with significant wavelength
difference. The AEs of the LWMA with dual slots in each
unit cell are calculated. As illustrated in Figs. 3(e) and 3(f),
when T, = 2.8 mm and T,, = 2.1 mm, the AEs of the two
orthogonally polarized waves are both higher than 45%. The
antenna aperture remains 53 mm x 53 mm and the thickness of
the PPMW is still 3 mm. The dimensions of the two meta-slots
are 1.67 mm x 1.42 mm and 0.4 mm x 1.42 mm, respectively.

The phase delay of the two orthogonally polarized waves
passing through the meta-slots, ¢, can be tuned by adjusting
the slot dimensions, which are numerically analyzed using

COMSOL Multiphysics software. A field probe is positioned
at the geometric center of the output surface to record the
phase of transmitted waves. For the smaller meta-slot with
z-directional length as = 0.4 mm, the phase delay at the
frequency of 0.14 THz as a function of the side length
along the y-axis, by, is shown in Fig. 4(a). Eight meta-slots
are selected to cover the phase range of 0°-360° with an
interval of 45°, whose dimensions are listed in Table I. For
the larger meta-slots, the dependences of the phase delay at
the frequencies of 0.14 THz (z-polarized) and 0.0972 THz (y-
polarized) on the side lengths (a; and b;) were calculated, as
shown in Figs. 4(b) and 4(c), respectively. The 64 intersection
points of these contours correspond to selected meta-slots,
which can cover the phase range of 0°~360° with an interval of
45° for both frequencies. The corresponding dimensions (a;,
by) are listed in Table II.

In the simulation, two rectangular waveguide ports with
dimensions of 3 mm x 3 mm are used as feed sources
for both z- and y-polarized waves. Due to the z-directional
confinement, the two orthogonally polarized waves propagate
freely in z-y plane with cylindrical wavefronts of finite height,
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Fig. 5. DB-LWMA for independent control of two orthogonally polarized waves at frequencies of 0.14 THz and 0.0972 THz. Electric field distributions of
z-polarized waves in (a) z-y and (b) y-z planes. Phase distribution of z-polarized waves in (c) y-z plane. Electric field distributions of y-polarized waves in
(d) z-y and (e) x-z planes. Phase distribution of y-polarized waves in (f) z-z plane.
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Fig. 6. Far-field radiation characteristics of DB-LWMA. (a) 3D radiation pattern and (b) radiation patterns in H- (¢ = 90°) and E-planes (¢ = 0°) of co-
and cross-polarized waves at the frequency of 0.14 THz. (c) 3D radiation pattern and (d) radiation patterns in H- (¢ = 0°) and E-planes (¢ = 90°) of co-
and cross-polarized waves at the frequency of 0.0972 THz.

as shown in Figs. 5(a) and 5(d). The distances between the distributions for the two waves can be given by:

ports and the meta-slots, s, are both 30 mm. The width of the

PPMW [ = 53 mm, is much larger than the wavelength. Thus, p1(@.y) = por + Bl (z,y) @
the minor wavefront distortion near the boundaries caused w2(x,y) = @o2 + B2Ra(z,y) 3)
by the reflections is typically negligible. The propagation

constant remains identical in different directions, so the phase ~ Where @o1 and oz are the initial phases of the z-polarized
and y-polarized waves at the waveguide feed ports, respec-
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Fig. 7. Performance characteristics of DB-LWMA. (a) Co- and cross-polarization in the main-lobe direction; (b) reflection coefficients (S11), isolation levels
(S21), and radiation efficiencies as functions of frequency for z-polarized waves. (c) Co- and cross-polarization in the main-lobe direction; (d) reflection
coefficients (S22), isolation levels (S12), and radiation efficiencies as functions of frequency for y-polarized waves.

tively. Ry(z,y) and Ra(z,y) represent the distances from
the corresponding ports to each meta-slot. 3 and 35 are the
propagation constants of the first-order modes, which can be
calculated by Eq. 1. According to Egs. 2 and 3, the phases of
the two waves arriving at each meta-slot can be calculated. To
achieve high gain, the phase distribution on the output surface
of the DB-LWMA should be uniform. This requirement can
be fulfilled by judiciously arranging the rectangular meta-
slots from Tables I and II, which serve as phase-controlling
unit cells. Unlike the slots used in traditional LWAs [26, 28],
the dimensions of these subwavelength rectangular slots are
engineered to impart tailored phase delays, enabling precise
phase compensation [42]. As a result, the two guided waves
leak into free space as plane waves, as shown in Figs. 5(b) and
5(e), and their phase distributions are illustrated in Figs. 5(c)
and 5(f). Furthermore, by tailoring the geometrical parameters
of the meta-slots, the antenna can generate a variety of desired
wavefronts, such as a directional beam at a specific angle or
multiple beams. Compared to conventional LWAs, the DB-
LWMA has the advantage of achieving high-gain co-aperture
control of dual-band THz waves [43].

III. SIMULATION AND MEASUREMENT RESULTS
A. Transmission

The three-dimensional (3D) far-field radiation pattern of
z-polarized waves at the frequency of 0.14 THz (Port 1
excitation) is shown in Fig. 6(a), and the corresponding 2D
radiation patterns in H- and E-planes are shown in Fig. 6(b).
The peak gain is as high as 35.1 dBi with an AE of 43.8%, and

the 3-dB beamwidths in H- and E-planes are 2.2° and 2.5°,
respectively, alongside sidelobe levels of 12 dB and 19.1 dB
below the main lobe. The y-polarized waves at the frequency
of 0.0972 THz (Port 2 excitation) share the same radiation
aperture, and the 3D and 2D far-field radiation patterns are
displayed in Figs. 6(c) and 6(d), respectively. The peak gain
is 32 dBi with an AE of 44.6%, and the 3-dB beamwidths in H-
and E-planes are 3.1° and 3.2°, respectively, alongside sidelobe
levels of 10 dB and 10.5 dB below the main lobe. Thus,
dual-band high-gain THz emission can be realized using the
DB-LWMA even without complex feed networks. As shown
in Figs. 7(a) and 7(c), the 3-dB gain bandwidths of z- and
y-polarized waves span from 0.13 to 0.146 THz (16 GHz)
and from 0.096 to 0.1 THz (4 GHz), respectively, with the
cross-polarization levels of —42.8 dB and —31.2 dB below the
main lobes. The reflection coefficients remain below -10 dB
for the x-polarized waves in the frequency range of 0.12-
0.16 THz and the y-polarized waves in the range of 0.089-
0.1034 THz, as shown in Figs. 7(b) and 7(d). The isolation
levels are as low as —31.3 dB at 0.14 THz and -31.1 dB at
0.0972 THz, demonstrating excellent decoupling performance
for compact dual-polarized THz antennas [44]. Additionally,
the radiation efficiencies reach 65.2% at 0.14 THz and 72.8%
at 0.0972 THz, which can be further improved by increasing
the radiation aperture area [45].

According to the design above, a DB-LWMA prototype was
fabricated using wire electrical discharge machining (WEDM).
The integrated prototype structure is displayed in Fig. 8(a), and
a top view of its two separated components and two adapter
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(c) THz Source

Adapter Plate

Power Meter
DB-LWMA

(b)

Fig. 8. (a) Fabricated prototype of DB-LWMA. (b) Top view of its two separated components and two adapter plates. Far-field radiation gain measurement

setup for the THz emission antenna: (c) Schematic illustration and (d) physical photograph of the experimental setup including the DB-LWMA, THz source,
and power meter, illustrating actual arrangement during the far-field measurement.
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Fig. 9. Normalized radiation patterns at 0.14 THz in (a) H- and (b) E-planes. Normalized radiation patterns at 0.0972 THz in (c) H- and (d) E-planes.
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TABLE III
COMPARISON OF RECENT THZ LWAS

Reference Frequency (THz) Dimension (A x \) Max. Gain (dBi) Band (amount)
[28] 0.15-0.3 15 x 15 24.3 Single
[29] 0.43-0.56 15.6 x 0.8 16.8 Single
[30] 0.26-0.33 5.56 x 0.36 18 Single
[31] 0.132-0.146 21 x 21 333 Single
[46] 0.22-0.3 27.6 x 27.6 28.5 Single

our work 0.13-0.146 & 0.096-0.1 243 x 243 & 16.8 x 16.8 351 & 32 Dual

@

©

0.5

Fig. 10. DB-LWMA operating in reception mode. Electric field distributions of x-polarized waves at frequency of 0.14 THz in (a) y-z and (b) x-y planes.
Electric field distributions of y-polarized waves at frequency of 0.0972 THz in (c) z-z and (d) -y planes.

plates are shown in Fig. 8(b). The far-field measurement
setup is illustrated schematically in Fig. 8(c) and the physical
photograph is shown in Fig. 8(d). In the measurement, an
adapter plate with an aperture of 3 mm X 3 mm was used
to connect an impact-ionization avalanche transit-time (IM-
PATT) diode operating at the frequency of 0.14 THz and the
DB-LWMA.The adapter plate can couple xz-polarized waves
coming from the IMPATT diode into the DB-LWMA directly
through one input port. A THz power meter was employed for
point-by-point measurements of the radiation intensities in the
far field (3.3 m away from the antenna), which were shifted
along an arc at angle intervals of 0.5° near the main lobe and
1° elsewhere. Normalized radiation patterns in H- and E-planes
were obtained based on the measured results, as shown in Figs.
9(a) and 9(b), respectively. The simulated radiation patterns are
also presented for comparison, and they are in good agreement.
The deviations emerging at large elevation angles primarily
arise from the processing errors. Similarly, y-polarized waves
coming from the IMPATT diode working at the frequency of
0.0972 THz can be coupled into the DB-LWMA through the
other input port. The far-field intensities were measured in the
same way, and the radiation patterns in H- and E-planes were
presented in Figs. 9(c) and 9(d). The simulated and measured

results also agree well with each other. Compared with recent
THz leaky-wave antennas summarized in Table III, the DB-
LWMA first achieves co-aperture control of dual-band THz
waves.

B. Reception

According to the principle of electromagnetic reciprocity,
the DB-LWMA can also be used to convert free-space waves
into 2D guided waves, thereby functioning as a THz receiving
antenna. When x-polarized waves at the frequency of 0.14
THz are normally incident on the meta-slot array, as shown in
Fig. 10(a), they can be converted into a 2D guided mode in
one PPMW. At the same time, their phase can be manipulated
by the meta-slots to compensate for the phase differences
of the guided wave propagating from different meta-slots to
the target focal point, which can be calculated based on Eq.
2. As a result, the 2D guided mode can focus within the
PPMW, as shown in Fig. 10(b). Because the meta-slots can
manipulate the phases of two orthogonally polarized waves
independently, incident y-polarized waves at the frequency of
0.0972 THz can also be focused in the other PPMW, as shown
in Figs. 10(c) and 10(d). In simulations, to better observe
in-waveguide beam focusing, the lengths sy of the PPMWs
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Fig. 11. (a) Schematic diagram and (b) physical photograph of the experimental setup including the DB-LWMA, THz source, slotted baffle, lens, and power

meter, illustrating actual arrangement during the focusing measurement.
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Fig. 12. DB-LWMA for focusing received THz waves into the PPMW. (a)
Measured vs simulated power distribution curves for the 0.14 THz focal spot.

» (mm)

Simulated energy distribution of the 0.14 THz beam on the focal plane. (b)
(c) Simulated energy distribution of the 0.0972 THz beam on the focal plane.

(d) Measured vs simulated power distribution curves for the 0.0972 THz focal spot.

were both set to 50 mm, which were greater than the focal
lengths, f. However, to facilitate the measurement on the focal
planes, the lengths of the PPMWs in the fabricated DB-LWMA
prototype are equal to the focal lengths. The field-intensity
distributions on the focal planes are displayed in Figs. 12(a)
and 12(c). Compared with the incident waves, the gains at
the focal points are 27 dB and 26.3 dB at the frequencies of
0.14 THz and 0.0972 THz, respectively, and the corresponding
conversion efficiencies (ratio of the power on focal planes to
the input power) are 48.9% and 50.8%. These efficiencies are
comparable to those of commercial high-density polyethylene
lenses for free-space focusing. Unlike conventional lenses for
focusing in free space, the DB-LWMA achieves in-waveguide
focusing in the PPMW.

To verify the design above, an experimental setup was
further developed to measure the field distributions on the focal
planes. The corresponding schematic diagram and physical
photograph of the experimental setup are displayed in Figs.
11(a) and 11(b). In the focusing measurement of x-polarized
waves, a commercial lens was used to collimate radiation

waves from the IMPATT diode operating at the frequency of
0.14 THz, which was then normally incident on the meta-
slot array. The waves in free space were converted into 2D
guided waves and further focused on one output port of the
DB-LWMA due to the phase control of the meta-slots. A
baffle with a slit of 0.2 mm x 3 mm was positioned at the
corresponding output port and shifted point-by-point along the
z-axis with displacement accuracy of 0.2 mm. A THz power
meter was used to measure the radiation power from the slit,
which was placed about 7 cm from the slit. The measured
and simulated field distributions are both shown in Fig. 12(b),
and the full widths at half maximum (FWHMs) in the z-axis
direction are 2.5 mm and 2.4 mm, respectively. To measure
the field distribution of y-polarized waves, another IMPATT
diode operating at the frequency of 0.0972 THz was employed.
The incident waves were focused on the other output port
of the DB-LWMA. The adopted measuring method is similar
to that for measuring the z-polarized waves. The measured
and simulated field distributions are shown in Fig. 12(d), and
the FWHMs in the y-axis direction are 3.1 mm and 3.2 mm,
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respectively. The measured and simulated results agree well
with each other, and the minor deviation primarily originates
from the processing error.

IV. CONCLUSION

In summary, a DB-LWMA has been presented to achieve
high-gain co-aperture control of dual-band THz waves. The
antenna can realize bidirectional conversion between guided
and free-space waves, and can also control dual-band THz
waves simultaneously and independently by arranging the
meta-slots. When it operates in the transmission mode, the
far-field gains and AEs are 35.1 dBi and 43.8% at 0.14
THz and 32 dBi and 44.6% at 0.0972 THz, respectively. The
corresponding cross-polarization levels are —42.8 dB and -31.2
dB below the main lobes, and the isolation levels are as low
as —31.3 dB and -31.1 dB. In the reception mode, the device
demonstrates focal gains of 27 dB at 0.14 THz and 26.3 dB
at 0.0972 THz, with conversion efficiencies of 48.9% and
50.8%, respectively. The measured and simulated results in
the transmission and reception modes both agree well with
each other. This innovative DB-LWMA provides new insights
and solutions to address spectral scarcity and transmission
distance limitations in the future ultra-high-speed THz wireless
communications.

APPENDIX

The following abbreviations are used in this manuscript:

LWMA Leaky-Wave Meta-Antenna

THz Terahertz

1D One-Dimensional

2D Two-Dimensional

DB-LWMA Dual-Band Leaky-Wave Meta-Antenna
PPMW Parallel-Plate Metal Waveguide

AE Aperture Efficiency

TE Transverse Electric

WEDM Wire Electrical Discharge Machining
IMPATT Impact-Ionization Avalanche Transit-Time
FWHM Full Width at Half Maximum
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