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Abstract
Boasting superior flexibility in beam manipulation and a simpler framework than traditional phased arrays, terahertz
metasurface-based phased arrays show great promise for 5G-A/6G communication networks. Compared with the
reflective reconfigurable intelligent surface (reflective RIS), the transmissive RIS (TRIS) offers more feasibility for
transceiver multiplexing systems to meet the growing demand for high-performance beam tracking in terahertz
communication and radar systems. However, the terahertz TRIS encounters greater challenges in phase shift, beam
efficiency, and complex circuitry. Here, we propose a sub-terahertz TRIS based on the phase shift via Pancharatnam-
Berry (PB) metasurface and self-on-off keying (OOK) modulation via Schottky diodes. The electrically reconfigurable
unit cell consists of a column-wise phase resonator and a rectangular slot. An experimental retrieved equivalent
lumped-element circuit model is implemented in joint field-circuit simulations and is validated by experiments. A
fabricated prototype demonstrates excellent performance of TRIS with the minimum insertion loss of 2.8 dB for
operational states, large bandwidth nearly covering the entire W-band for 1-bit phase shift, deep OOK amplitude
modulation of 12 dB, and wide scanning range of ±60° with low specular transmission. We further implement an
integrated platform combining high-speed beam steering and spatial-light modulation, verifying the point-to-point
signal transmissions in different directions using the TRIS platform. The proposed TRIS with high-performance and
cost-effective fabrication makes it a promising solution to terahertz minimalist communication systems, radar, and
satellite communication systems.

Introduction
Due to the prohibitive cost and complexities associated

with traditional phased arrays1, terahertz (THz) reconfi-
gurable intelligent surface (RIS) has emerged as a leading
technology to address the persistent challenge of beam
tracking for 6G communications2–4. By integrating active
components within subwavelength-scaled unit cells, RIS

systems offer versatile beamforming capabilities. These
systems are capable of managing multi-dimensional
electromagnetic modulations, including phase, ampli-
tude, polarization, and harmonic waves, in intricate
communication settings5–7.
Recent advances in the field have seen many successful

implementations of reflective RIS technologies. These
implementations are driving forward systematic applica-
tions within the terahertz spectrum8–15, Notable devel-
opments include a 0.235 THz high electron mobility
transistor (HEMT) -based array, the largest of its kind,
measuring 98 × 98 by HRL Laboratory8,9, a 0.265 THz
Complementary metal-oxide-semiconductor transistor
(CMOS) -based 32 × 32 array developed by MIT and
Intel10, and a 0.34 THz HEMT-based 64 × 64 array by
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(The rationale for the bottom slot is described in Sup-
plementary Fig. S8) The unit cell’s dimensions are
1600 μm× 1200 μm, approximately half of the wavelength
at 94 GHz along the x direction, allowing accommodation
for the two relatively large-sized diodes. (Details of the
meta-atom structure parameters are described in Sup-
plementary Fig. S1) All structural parameters are tailored
to meet PCB processing limitations28,29, such as a mini-
mum line width of 100 μm and a precision of 10 μm. The
metallic patterns are composed of copper film plated with
gold, featuring a thickness of 18 μm (0.5 oz). (Details of
the PCB process limitations in Supplementary Fig. S2)
A combined field-circuit approach is employed to

model the unit cell in CST Studio Suite, incorporating the
three-dimensional diode structure and its R-C lumped
circuitry from the Advanced Design System (ADS). This
method aims to explore the amplitude and phase

modulation characteristics of the unit cell. By utilizing
S-parameter measurements on the unit-cell loaded
waveguide, the equivalent circuit parameters of the diode
are extracted through the reverse fitting of the measure-
ment results to the ADS lumped-circuit simulation out-
comes. The extracted equivalent lumped parameters of
the diode include Rs= 1 ohm, Cj= 4 fF, Rjoff= 983 ohm,
and Rjon= 0.7 ohm.
Following the principle of generalized PB phase, the

rotation angle θ and the generalized geometric phase shift
ф of the unit can be approximated as30:

ϕ ¼ ±2nθ; n is odd

±nθ; n is even

�
ð1Þ

where n denotes the order of rotational symmetry, and
the ± sign is determined by the rotation direction of the
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Fig. 1 The 3D schematic of the designed TRIS array and unit structure. a The TRIS is capable of simultaneously transmitting beam angle
deviation and OOK modulation of signals. b This illustrates the top view of the TRIS unit structure. c This illustrates the bottom view of the TRIS unit
structure
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UESTC11. In contrast, the feasibility of integrating TRIS
with the transmitters is greater. It can reduce the path loss
caused by spatial feeding and further achieve the minia-
turization of RIS systems16. However, advancements in
terahertz transmissive RIS (TRIS) are progressing more
slowly due to significant challenges in achieving both high
transmittance and substantial phase shifts. In 2020, Prin-
ceton University reported a programmable 24 × 24 CMOS
array of transmissive two-dimensional beamforming
intelligent metasurfaces, capable of single-beam scanning
within a ± 30° range at a frequency of 0.3 THz17. That
same year, Tsinghua University introduced a geometric
phase transmission metasurface based on diodes, featuring
a 32 × 2 array with a one-dimensional scanning angle
range of ±30°18. Further developments in 2021 by South-
east University reported a liquid crystal-based 1-bit 48 × 48
array transmissive metasurface, achieving a ±30° one-
dimensional beam scanning at 0.426 THz19. Nevertheless,
in higher frequency bands beyond the W-band and sub-
terahertz band, TRIS development faces challenges. These
challenges include high switch parasitics, limited phase
shifts, low transmittance, and significant interference from
multi-layered structure feedlines. Addressing these chal-
lenges necessitates urgent research into de-embedding
modeling methods, innovative phase shift structures, and
low-interference feeding architectures.
Recent research has focused on advancing information

modulation techniques using RIS to create streamlined
and secure communication systems. Microwave-band
transmitters utilizing TRIS technology, such as binary
frequency shift keying (BFSK)20, quadrature phase shift
keying (QPSK)21, 256 quadrature amplitude modulation
(256-QAM)22, and multi-channel transmitters employing
spatiotemporal coding23, have been explored. Further-
more, terahertz transmitters that use TRIS technologies
are proving valuable for communication systems. They
help streamline these systems, enhance signal stability,
and reduce interference. This is achieved through the
integration of high-speed beam steering and information
modulation. However, significant challenges remain in
implementing multi-channel transmitters with spatio-
temporal modulations in the terahertz or sub-terahertz
bands24–26. These challenges are primarily due to limita-
tions in-phase-shift performance and tuning efficiency,
which lead to reduced radiation efficiency and noticeable
path losses.
This study introduces an innovative sub-terahertz TRIS

that utilizes Schottky diodes for controlled on-off keying
(OOK) PB-phase (OOK-PB-phase) on coding meta-
surfaces. This meta-device switches between two trans-
mission states by adjusting external voltages to
manipulate the states of the Schottky diodes, enabling
180° phase modulation with the cross-polarization com-
ponent based on the generalized PB phase principle.

Demonstrated through an 8 × 8 OOK-PB-phase TRIS
array developed using printed circuit board (PCB) tech-
nology, this device exhibits a remarkable cross-
polarization transmittance of −2.8 dB at 100 GHz, with
a relative bandwidth of −3 dB covering 11%. It maintains
a phase shift of 180° ± 10° throughout its operational
frequency spectrum, thus facilitating independent control
over both amplitude and phase. Moreover, it achieves a
maximum angular scanning range of ±60°, effectively
minimizing specular reflections. Our research introduces
a trailblazing wireless communication paradigm using
TRIS, incorporating simultaneous adjustments in the
beam angle and real-time OOK modulation across
the frequency range of 97.5–107.5 GHz. This allows for
the development of an integrated platform combining
high-speed beam steering and spatial light modulation,
thereby reducing system complexity and insertion loss
while potentially enhancing transmit power. Our pro-
posed TRIS prototype offers a cost-effective, high-
performance solution for terahertz joint sensing and
communication (JSAC) systems, RIS-assisted 6G base
stations, imaging, and communication systems.

Results
Numerical analysis and discussion
The conceptual schematic of the proposed TRIS is

depicted in Fig. 1a. When powered by an additional vol-
tage source, the TRIS can switch between various coding
sequences to create different phase gradients. This allows
for deflecting incident carrier waves of frequency f0 into
desired transmissive beams in one dimension. Further-
more, in addition to its primary beam steering function,
TRIS can also achieve a self-OOK modulation function.
This modulation mode involves a voltage source modu-
lated at frequency fM, enabling simultaneous beam
steering and amplitude modulation. In Fig. 1b, c, the unit
cell of the TRIS comprises a dual-split E-shaped resonator
on the top and a rectangular slot at the bottom. These
are separated by a TSM-DS3 dielectric layer (with εr= 3,
tanδ = 0.0011, and a thickness of 500 μm). The dual-split
E-shaped resonator is positioned between two parallel
outstretching anode wires, with a central wire functioning
as the common ground. Additionally, two low-barrier
Schottky diodes are placed with opposite polarity at the
splitting gaps of the E-shaped structure. By controlling the
cutoff and conductive states of these diodes on the left
and right sides of the resonator, the TRIS’s operation
can be regulated. The rectangular slot acts as a polariza-
tion selector for cross-polarized components from
the E-shaped resonator. From the perspective of trans-
missive polarization conversion, the high polarization
conversion efficiency of the meta-atom structure can be
understood through multiple interference theories27. This
improves the cross-polarization transmission efficiency.
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for the two relatively large-sized diodes. (Details of the
meta-atom structure parameters are described in Sup-
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to meet PCB processing limitations28,29, such as a mini-
mum line width of 100 μm and a precision of 10 μm. The
metallic patterns are composed of copper film plated with
gold, featuring a thickness of 18 μm (0.5 oz). (Details of
the PCB process limitations in Supplementary Fig. S2)
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model the unit cell in CST Studio Suite, incorporating the
three-dimensional diode structure and its R-C lumped
circuitry from the Advanced Design System (ADS). This
method aims to explore the amplitude and phase

modulation characteristics of the unit cell. By utilizing
S-parameter measurements on the unit-cell loaded
waveguide, the equivalent circuit parameters of the diode
are extracted through the reverse fitting of the measure-
ment results to the ADS lumped-circuit simulation out-
comes. The extracted equivalent lumped parameters of
the diode include Rs= 1 ohm, Cj= 4 fF, Rjoff= 983 ohm,
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Fig. 1 The 3D schematic of the designed TRIS array and unit structure. a The TRIS is capable of simultaneously transmitting beam angle
deviation and OOK modulation of signals. b This illustrates the top view of the TRIS unit structure. c This illustrates the bottom view of the TRIS unit
structure
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UESTC11. In contrast, the feasibility of integrating TRIS
with the transmitters is greater. It can reduce the path loss
caused by spatial feeding and further achieve the minia-
turization of RIS systems16. However, advancements in
terahertz transmissive RIS (TRIS) are progressing more
slowly due to significant challenges in achieving both high
transmittance and substantial phase shifts. In 2020, Prin-
ceton University reported a programmable 24 × 24 CMOS
array of transmissive two-dimensional beamforming
intelligent metasurfaces, capable of single-beam scanning
within a ± 30° range at a frequency of 0.3 THz17. That
same year, Tsinghua University introduced a geometric
phase transmission metasurface based on diodes, featuring
a 32 × 2 array with a one-dimensional scanning angle
range of ±30°18. Further developments in 2021 by South-
east University reported a liquid crystal-based 1-bit 48 × 48
array transmissive metasurface, achieving a ±30° one-
dimensional beam scanning at 0.426 THz19. Nevertheless,
in higher frequency bands beyond the W-band and sub-
terahertz band, TRIS development faces challenges. These
challenges include high switch parasitics, limited phase
shifts, low transmittance, and significant interference from
multi-layered structure feedlines. Addressing these chal-
lenges necessitates urgent research into de-embedding
modeling methods, innovative phase shift structures, and
low-interference feeding architectures.
Recent research has focused on advancing information

modulation techniques using RIS to create streamlined
and secure communication systems. Microwave-band
transmitters utilizing TRIS technology, such as binary
frequency shift keying (BFSK)20, quadrature phase shift
keying (QPSK)21, 256 quadrature amplitude modulation
(256-QAM)22, and multi-channel transmitters employing
spatiotemporal coding23, have been explored. Further-
more, terahertz transmitters that use TRIS technologies
are proving valuable for communication systems. They
help streamline these systems, enhance signal stability,
and reduce interference. This is achieved through the
integration of high-speed beam steering and information
modulation. However, significant challenges remain in
implementing multi-channel transmitters with spatio-
temporal modulations in the terahertz or sub-terahertz
bands24–26. These challenges are primarily due to limita-
tions in-phase-shift performance and tuning efficiency,
which lead to reduced radiation efficiency and noticeable
path losses.
This study introduces an innovative sub-terahertz TRIS

that utilizes Schottky diodes for controlled on-off keying
(OOK) PB-phase (OOK-PB-phase) on coding meta-
surfaces. This meta-device switches between two trans-
mission states by adjusting external voltages to
manipulate the states of the Schottky diodes, enabling
180° phase modulation with the cross-polarization com-
ponent based on the generalized PB phase principle.

Demonstrated through an 8 × 8 OOK-PB-phase TRIS
array developed using printed circuit board (PCB) tech-
nology, this device exhibits a remarkable cross-
polarization transmittance of −2.8 dB at 100 GHz, with
a relative bandwidth of −3 dB covering 11%. It maintains
a phase shift of 180° ± 10° throughout its operational
frequency spectrum, thus facilitating independent control
over both amplitude and phase. Moreover, it achieves a
maximum angular scanning range of ±60°, effectively
minimizing specular reflections. Our research introduces
a trailblazing wireless communication paradigm using
TRIS, incorporating simultaneous adjustments in the
beam angle and real-time OOK modulation across
the frequency range of 97.5–107.5 GHz. This allows for
the development of an integrated platform combining
high-speed beam steering and spatial light modulation,
thereby reducing system complexity and insertion loss
while potentially enhancing transmit power. Our pro-
posed TRIS prototype offers a cost-effective, high-
performance solution for terahertz joint sensing and
communication (JSAC) systems, RIS-assisted 6G base
stations, imaging, and communication systems.

Results
Numerical analysis and discussion
The conceptual schematic of the proposed TRIS is

depicted in Fig. 1a. When powered by an additional vol-
tage source, the TRIS can switch between various coding
sequences to create different phase gradients. This allows
for deflecting incident carrier waves of frequency f0 into
desired transmissive beams in one dimension. Further-
more, in addition to its primary beam steering function,
TRIS can also achieve a self-OOK modulation function.
This modulation mode involves a voltage source modu-
lated at frequency fM, enabling simultaneous beam
steering and amplitude modulation. In Fig. 1b, c, the unit
cell of the TRIS comprises a dual-split E-shaped resonator
on the top and a rectangular slot at the bottom. These
are separated by a TSM-DS3 dielectric layer (with εr= 3,
tanδ = 0.0011, and a thickness of 500 μm). The dual-split
E-shaped resonator is positioned between two parallel
outstretching anode wires, with a central wire functioning
as the common ground. Additionally, two low-barrier
Schottky diodes are placed with opposite polarity at the
splitting gaps of the E-shaped structure. By controlling the
cutoff and conductive states of these diodes on the left
and right sides of the resonator, the TRIS’s operation
can be regulated. The rectangular slot acts as a polariza-
tion selector for cross-polarized components from
the E-shaped resonator. From the perspective of trans-
missive polarization conversion, the high polarization
conversion efficiency of the meta-atom structure can be
understood through multiple interference theories27. This
improves the cross-polarization transmission efficiency.
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triggers a left-downward electron flow within the
L-shaped structure on the right side. Conversely, STATE
1, with the left-side diode “on” and the right-side diode
“off,” induces a right-downward electron flow within the
L-shaped structure on the left side. The surface currents
under the two states, as indicated by the red arrows in
Fig. 2e, flow in opposite directions with identical ampli-
tude distributions, resulting in a 180° phase difference and
consistent transmissive amplitudes. Following the PB
phase principle, a 1-bit differential phase shift (0°/180°)
can be achieved when the resonant L-shaped structure is
rotated symmetrically by 90° between STATE 0 and
STATE 1. Acting as a polarization filter, the bottom
rectangular slot enhances the x-to-y cross-polarization
conversion in transmission, as indicated by the E-plane
electric field vector distributions in Fig. 2d.

Programmable beam scanning experiment
Based on the PCB process-oriented unit-cell design

approach, a proof of concept was developed and fabri-
cated using PCB technology, as depicted in Fig. 3c. The
prototype consists of an 8 × 8 array of unit cells
(12.8 × 9.6 mm², Fig. 3d, h), 128 Schottky diodes (two
diodes per unit cell, Fig. 3e), and 16 pins 2.54 mm con-
nectors, arranged in a linearly-controlled array with 8
1 × 8 unit subarrays.
The two diodes within each unit cell are aligned in the

same orientation using a conductive adhesive, with the
central extension wire extending to the common ground
and the two positive electrodes connecting to the bias feed

via gold wire jumpers between the left-side/right-side
wires and the 16 pins. The measurement setup includes a
sub-terahertz vector network analyzer (VNA), two colli-
mating lenses, a Field Programmable Gate Array (FPGA)
control module, 75~110 GHz T/R modules, and a rotating
table, as illustrated in Fig. 3a, b. (Details of the lens col-
limating process and link analysis are described in the
Supplementary Fig. S10)
By applying a 1 V DC voltage to the Schottky diodes

through the FPGA module, the amplitude and phase
responses are measured under normal incidence, and
compared with the simulated results shown in Fig. 4a.
To account for path loss, the direct transmittance from
the Tx to Rx is subtracted from the measurement
results. When a 1 V DC bias is applied for phase-only
modulation, the cross-polarization transmittance Tyx

of STATE 0 reaches a maximum of −2.8 dB at
100 GHz, with a 1.2 dB difference compared to STATE
1. The −3 dB transmission bandwidth extends from
97.5 GHz to 107.5 GHz, resulting in a relative opera-
tional bandwidth of 11%. A continuous 180° ± 10°
transmission phase difference between the two states
covers the full frequency range of the W-band
(75–110 GHz).
There are slight differences in amplitude and phase

responses, such as a blue shift and enlarged amplitude
inconsistency which may be attributed to fabrication
uncertainties, including lower PCB processing accuracy,
inaccurate diode modeling, and imperfect mirror sym-
metry of the diodes. In Fig. 4b, the joint amplitude-phase
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Fig. 3 The VNA testing setup and sample display for OOK-PB-phase TRIS. a, b The schematic diagram of the beam measurement test platform
based on the VNA system. c Top layer of the 8 × 8 TRIS sample. d Dual-split E-shaped array and e Unit cell under a microscope. h Bottom layer of the
8 × 8 TRIS sample
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principal axis. Due to the one-fold rotational symmetry
(C1) of the dual-split E-shaped resonator, a geometric
phase of ±2θ can be generated by mimicking the rotation
of the L-shaped structures that make up the E-shaped
resonator, as illustrated in Fig. 2c. This bias-controlled
rotational resonator achieves a 1-bit differential phase
shift (0°/180°) between “STATE 0” and “STATE 1” by
maintaining a 90° rotation concerning the reversed
surface current in the equivalent geometric structure, as
discussed subsequently. The states, “STATE 0” and
“STATE 1”, are defined such that the Schottky diode at
the left junction is conductive in “STATE 0”, while the
diode at the right junction is off, and vice versa for
“STATE 1”. Analysis using a frequency domain solver in
CST Studio Suite under normal incidence with
x-polarization reveals an overlapped cross-polarized
transmission coefficient peak at 99.5 GHz with −2.5 dB
for the two states, resulting in a 14% fractional bandwidth
(93–107 GHz) over −3 dB, as depicted in Fig. 2a. As

shown in Fig. 2b, the 1-bit phase difference achieves a
smooth range of 180 ± 10° covering the entire frequency
span of the W-band (75–110 GHz). Thanks to the well-
matched design of the PB-phase resonator and the
precisely modeled diodes, the OOK-PB-phase TRIS
features low insertion loss of less than −3 dB and
broadband 1-bit phase shift control, ensuring the
subsequent integration of beam steering and self-OOK
modulation.
To provide a more comprehensive understanding of the

physical mechanism behind phase-only modulation, the
distributions of the surface electric field and surface
current of the unit cell under STATE 0 and STATE 1 at
99.5 GHz are illustrated in Fig. 2c, d. In Fig. 2c, the intense
resonant electric fields above the two states delineate two
L-shaped zones framed by white lines, which can be
rotated by 90° around the central axis, simulating an
equivalent mirrored unit cell. As seen in Fig. 2e, STATE 0,
with the left-side diode “on” and the right-side diode “off,”
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triggers a left-downward electron flow within the
L-shaped structure on the right side. Conversely, STATE
1, with the left-side diode “on” and the right-side diode
“off,” induces a right-downward electron flow within the
L-shaped structure on the left side. The surface currents
under the two states, as indicated by the red arrows in
Fig. 2e, flow in opposite directions with identical ampli-
tude distributions, resulting in a 180° phase difference and
consistent transmissive amplitudes. Following the PB
phase principle, a 1-bit differential phase shift (0°/180°)
can be achieved when the resonant L-shaped structure is
rotated symmetrically by 90° between STATE 0 and
STATE 1. Acting as a polarization filter, the bottom
rectangular slot enhances the x-to-y cross-polarization
conversion in transmission, as indicated by the E-plane
electric field vector distributions in Fig. 2d.

Programmable beam scanning experiment
Based on the PCB process-oriented unit-cell design

approach, a proof of concept was developed and fabri-
cated using PCB technology, as depicted in Fig. 3c. The
prototype consists of an 8 × 8 array of unit cells
(12.8 × 9.6 mm², Fig. 3d, h), 128 Schottky diodes (two
diodes per unit cell, Fig. 3e), and 16 pins 2.54 mm con-
nectors, arranged in a linearly-controlled array with 8
1 × 8 unit subarrays.
The two diodes within each unit cell are aligned in the

same orientation using a conductive adhesive, with the
central extension wire extending to the common ground
and the two positive electrodes connecting to the bias feed

via gold wire jumpers between the left-side/right-side
wires and the 16 pins. The measurement setup includes a
sub-terahertz vector network analyzer (VNA), two colli-
mating lenses, a Field Programmable Gate Array (FPGA)
control module, 75~110 GHz T/R modules, and a rotating
table, as illustrated in Fig. 3a, b. (Details of the lens col-
limating process and link analysis are described in the
Supplementary Fig. S10)
By applying a 1 V DC voltage to the Schottky diodes

through the FPGA module, the amplitude and phase
responses are measured under normal incidence, and
compared with the simulated results shown in Fig. 4a.
To account for path loss, the direct transmittance from
the Tx to Rx is subtracted from the measurement
results. When a 1 V DC bias is applied for phase-only
modulation, the cross-polarization transmittance Tyx

of STATE 0 reaches a maximum of −2.8 dB at
100 GHz, with a 1.2 dB difference compared to STATE
1. The −3 dB transmission bandwidth extends from
97.5 GHz to 107.5 GHz, resulting in a relative opera-
tional bandwidth of 11%. A continuous 180° ± 10°
transmission phase difference between the two states
covers the full frequency range of the W-band
(75–110 GHz).
There are slight differences in amplitude and phase

responses, such as a blue shift and enlarged amplitude
inconsistency which may be attributed to fabrication
uncertainties, including lower PCB processing accuracy,
inaccurate diode modeling, and imperfect mirror sym-
metry of the diodes. In Fig. 4b, the joint amplitude-phase
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principal axis. Due to the one-fold rotational symmetry
(C1) of the dual-split E-shaped resonator, a geometric
phase of ±2θ can be generated by mimicking the rotation
of the L-shaped structures that make up the E-shaped
resonator, as illustrated in Fig. 2c. This bias-controlled
rotational resonator achieves a 1-bit differential phase
shift (0°/180°) between “STATE 0” and “STATE 1” by
maintaining a 90° rotation concerning the reversed
surface current in the equivalent geometric structure, as
discussed subsequently. The states, “STATE 0” and
“STATE 1”, are defined such that the Schottky diode at
the left junction is conductive in “STATE 0”, while the
diode at the right junction is off, and vice versa for
“STATE 1”. Analysis using a frequency domain solver in
CST Studio Suite under normal incidence with
x-polarization reveals an overlapped cross-polarized
transmission coefficient peak at 99.5 GHz with −2.5 dB
for the two states, resulting in a 14% fractional bandwidth
(93–107 GHz) over −3 dB, as depicted in Fig. 2a. As

shown in Fig. 2b, the 1-bit phase difference achieves a
smooth range of 180 ± 10° covering the entire frequency
span of the W-band (75–110 GHz). Thanks to the well-
matched design of the PB-phase resonator and the
precisely modeled diodes, the OOK-PB-phase TRIS
features low insertion loss of less than −3 dB and
broadband 1-bit phase shift control, ensuring the
subsequent integration of beam steering and self-OOK
modulation.
To provide a more comprehensive understanding of the

physical mechanism behind phase-only modulation, the
distributions of the surface electric field and surface
current of the unit cell under STATE 0 and STATE 1 at
99.5 GHz are illustrated in Fig. 2c, d. In Fig. 2c, the intense
resonant electric fields above the two states delineate two
L-shaped zones framed by white lines, which can be
rotated by 90° around the central axis, simulating an
equivalent mirrored unit cell. As seen in Fig. 2e, STATE 0,
with the left-side diode “on” and the right-side diode “off,”
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angle varies with N and frequencies from 0° to ±60° in the
range of 97–107 GHz in Fig. 5a, aligning well with Snell’s
Law (indicated by a dotted line). At 100 GHz, the highest

beam efficiencies and weakest specular transmissions are
observed for all deflected cases, thanks to the ideal 1-bit
amplitude-phase response displayed in Fig. 4b.
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modulation depth between STATE 0 and STATE 1 is
depicted under varying DC feed voltages from 0 V to 1 V
(in intervals of 0.1 V) at 100 GHz, with the 1 V results
serving as a reference for all bias voltages. Figure 4c
illustrates the variations in cross-polarization transmit-
tance of STATE 0, while Fig. 4d shows the changes in-
phase shifts between STATE 0 and STATE 1 under dif-
ferent DC voltage signals.
To support the OOK communication platforms along-

side beamforming capabilities, a balance between sig-
nificant amplitude modulation and minimal deviation in
180° phase modulation must be achieved. Notably, for
voltages of 0.4 V and above, the phase difference between
the two states remains at 180° with a deviation below
±20°, meeting the requirements for OOK modulation of
“0-OFF” and “1-ON” states. Additionally, the insertion
loss at 0.4 V exhibits a difference of over 13 dB when
compared to the 1 V bias, ensuring proper modulation for
communication purposes.
According to the generalized Snell’s law, the elevation

angle θ of the main lobe on a 1D 1-bit metasurface can be

predicted as31:

θ ¼ arcsin
±π þ k � Nd sin θi

k � Nd
� �

ð2Þ

where ±π represents the phase difference between the “0”
and “1” states of the 1-bit encoding; d is the period of a
single element, and N is the coding period, i.e., the
number of adjacent in-phase coding elements. As
indicated by Eq. (2), the OOK-PB-phase TRIS can digitally
adjust the transmitted beam within the range of ±60° by
altering the encoding sequence with changes in N. In an
ideal scenario, a larger array featuring more coding phase
states allows for a greater variety of N values and reduced
quantization errors. However, this also leads to increased
complexity in the feeding network and insertion loss,
particularly for the transmit array.

To account for path loss and spillover loss, the nor-
malized steered beam amplitude is compared with that of
a hollow PCB board of the same size, used as a reference
(measured in the same polarization direction). The beam
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angle varies with N and frequencies from 0° to ±60° in the
range of 97–107 GHz in Fig. 5a, aligning well with Snell’s
Law (indicated by a dotted line). At 100 GHz, the highest

beam efficiencies and weakest specular transmissions are
observed for all deflected cases, thanks to the ideal 1-bit
amplitude-phase response displayed in Fig. 4b.
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modulation depth between STATE 0 and STATE 1 is
depicted under varying DC feed voltages from 0 V to 1 V
(in intervals of 0.1 V) at 100 GHz, with the 1 V results
serving as a reference for all bias voltages. Figure 4c
illustrates the variations in cross-polarization transmit-
tance of STATE 0, while Fig. 4d shows the changes in-
phase shifts between STATE 0 and STATE 1 under dif-
ferent DC voltage signals.
To support the OOK communication platforms along-

side beamforming capabilities, a balance between sig-
nificant amplitude modulation and minimal deviation in
180° phase modulation must be achieved. Notably, for
voltages of 0.4 V and above, the phase difference between
the two states remains at 180° with a deviation below
±20°, meeting the requirements for OOK modulation of
“0-OFF” and “1-ON” states. Additionally, the insertion
loss at 0.4 V exhibits a difference of over 13 dB when
compared to the 1 V bias, ensuring proper modulation for
communication purposes.
According to the generalized Snell’s law, the elevation

angle θ of the main lobe on a 1D 1-bit metasurface can be

predicted as31:

θ ¼ arcsin
±π þ k � Nd sin θi

k � Nd
� �

ð2Þ

where ±π represents the phase difference between the “0”
and “1” states of the 1-bit encoding; d is the period of a
single element, and N is the coding period, i.e., the
number of adjacent in-phase coding elements. As
indicated by Eq. (2), the OOK-PB-phase TRIS can digitally
adjust the transmitted beam within the range of ±60° by
altering the encoding sequence with changes in N. In an
ideal scenario, a larger array featuring more coding phase
states allows for a greater variety of N values and reduced
quantization errors. However, this also leads to increased
complexity in the feeding network and insertion loss,
particularly for the transmit array.

To account for path loss and spillover loss, the nor-
malized steered beam amplitude is compared with that of
a hollow PCB board of the same size, used as a reference
(measured in the same polarization direction). The beam
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100MHz modulation frequencies on sub-terahertz TRIS.
In the future, large-scale diode-based TRIS can be realized
through wafer-level lithography processes and surface-
mounted technology, potentially enhancing the perfor-
mance and reliability of TRIS. This novel approach paves
the way for advanced terahertz joint sensing and com-
munication (JSAC) systems, secure communication plat-
forms, holographic projectors, and other transformative
applications.

Materials and methods
Beam scanning measurements
The measurement setup includes a sub-terahertz vector

network analyzer (VNA), two collimating lenses, a Field
Programmable Gate Array (FPGA) control module,
75~110 GHz T/R modules, and a rotating table. To pre-
vent interference from the surroundings, a sub-terahertz
broadband absorbent sponge is placed around the core
area of the array during experiments. A normally incident

–40
–20

0
20
40

–20
–10

0
10
20

0 10 20 30 40 50 60 70

–20
–10

0
10
20

0°

30°

Time (ns)

60°

–50
–25

0
25
50

–50
–25

0
25
50

0 5 10 15 20 25 30
–50
–25

0
25
50

0°

30°

Time (ns)

60°

–50 –40 –30 –20 –10 0 10 20 30 40 50
–50

–45

–40

–35

–30

–25

–20

–15

Theta (°)

0°
15°
30°
40°
60° –90

–60
–30

0
30
60
90

30 cm

–30
–15

0
15
30

0 50 100 150 200 250 300

–30
–15

0
15
30

0°

30°

Time (ns)

60°

Transmitter

12.5 GHz

×8 PA

Receiver

Demodulation

DC-100MHz

AFG FPGA

IF = DC-100MHz

N = 1; N = 2; …; N = 8

OOK-modulation

Frequency
Multiplier

LO

Envelope detector

LNA

Po
w

er
 (d

Bm
)

Vo
lta

ge
 (m

V)

Vo
lta

ge
 (m

V)

Vo
lta

ge
 (m

V)

40 MHz 100 MHz1 MHz

a

b c
30 cm
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Table 1 Comparison of the correlated RIS for beam steering

Ref. Freq. (GHz) RIS type Element lossa (dB) Tuning method Scanning range Max modulation freq. (MHz)

21 23.5 Reflect (Space-Time coding) 3.8 PIN-diode ±45° 1.8

33 73 Reflect (Space coding) 6.2 PIN-diode ±70° N/A

18 97 Transmit (Space coding) 11 PIN-diode 30° N/A

34 98 Reflect (Space coding) 9 liquid crystal 35° N/A

35 100 Reflect (Space coding) 8 liquid crystal ±20° N/A

17 300 Transmit (Space coding) 5 CMOS ±30° N/A

This Work 100 Transmit (Space coding) 2.8 Schottky diode ±60° 100

aThe element loss is the insertion loss at 0°
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The simulated and measured beam scanning patterns at
100 GHz are visualized in Fig. 5b, c, showcasing main-lobe
angles that closely match the simulated scanning angles of
0° to ±60° with an average angular error of 2°. This indi-
cates the broad coverage of wide-angle beam scanning
and the high-precision directivity of the proposed TRIS.
Due to the broadband constant phase-shift response,
specular transmission is effectively suppressed to below
−14 dB in all coding states except N= 8 (at 0°). Addi-
tionally, sidelobe level (SLL) suppression exceeds 12 dB at
0° and remains above 5 dB up to ±60°.
Accounting for diffraction edge effects, the beam

amplitude of the main lobe from 0° to ±60°, gradually
decreases from −2.8 dB to −7 dB, with the half-power
beamwidth (HPBW) expanding from 10° to 16° as
depicted in Fig. 5c. This trend of main-lobe gain is simi-
larly observed in Fig. 5d, where the main-lobe gain peaks
at 20.4 dBi at 0° and decreases to 15 dBi at ±60°. Overall,
the discrepancies between the simulations and measure-
ments become more pronounced with the increasing
angular deflection, likely due to nonideal phase distribu-
tions stemming from array nonuniformity and measure-
ment errors.

Integrated beam steering and self-OOK modulation
experiment
The prototype device demonstrates the ability to jointly

modulate amplitude and phase, exerting the PB-phase
trait of broadband constant phase shift, an integrated
platform combining high-speed beam steering and self-
OOK modulation has been developed as depicted in
Fig. 6a. A sinusoidal AC signal ranging from DC to
100MHz is supplied to the bias module by the arbitrary
function generator (AFG), with an absolute voltage range
for AC signals set between 0.4 V and 1 V. The AFG spe-
cification is Tektronix AFG3101C with a maximum out-
put frequency of 125MHz. Based on the amplitude-phase
response at various voltages, the 1-bit coding thresholds
are set at 1 V (upper) and 0.4 V (lower). This AC bias
application ensures modulation of the deflected beam at a
fixed elevation angle, thereby minimizing channel inter-
ference due to phase shift misalignment caused by voltage
variations.
As a final demonstration of the versatility of TRIS, we

present a point-to-point tracking self-modulation
transmission system (see Supplementary Video). Figure
6c illustrates the demodulated signal sinusoidal wave-
forms at various tracking angles for single-tone mod-
ulation rates of 1 MHz, 40 MHz, and 100MHz. The
waveform distortion is more noticeable at lower single-
tone modulation rates, particularly at 1 MHz. However,
as the modulation rate increases, the impact of low-
frequency noise diminishes, leading to a significant
reduction in distortion and a more regular waveform at

40MHz and 100MHz. The previous terahertz wireless
communication experiments with OOK modulators have
shown that Schottky diodes of the same model can
achieve a response rate of 25 GHz32. This suggests that
by addressing the noise issue in the feeding module, the
OOK-PB-phase TRIS could be leveraged for higher
modulation rates and broader band signals.
Moreover, as the encoding angle varies, the peak-to-

peak voltage (Vpp) of the modulation signal decreases,
leading to increased overall waveform distortion. This
discrepancy in amplitudes between the two states of the
TRIS under the same AC signal frequency introduces
more harmonic components during OOK modulation,
thereby reducing modulation efficiency. Despite these
challenges, this platform successfully achieves integrated
OOK modulation within the frequency range of DC to
100MHz and ±60° beam steering, significantly enhancing
system simplicity and reducing power consumption.
The proposed TRIS enables wide-angle beam scanning

and on-chip OOK modulation. It does this without
requiring additional mixer approaches or complex spa-
tiotemporal techniques. This positions it as a promising
technology for facilitating sub-terahertz beam steering
platforms with OOK modulation and beamforming
capabilities. Table 1 presents a summary of various RIS
in comparison to key parameters. Our proposed OOK-
PB-phase TRIS stands out due to its lowest insertion
loss, widest scanning angular ranges, and unique self-
OOK modulation capability on the chip. To our knowl-
edge, our proposed TRIS is the first to achieve quasi-
continuous beam scanning with OOK modulation
without the need for additional modulation components
or complex spatiotemporal techniques—a feature not
previously reported in existing terahertz or sub-terahertz
TRIS technologies.

Discussion
Aiming to a new-paradigm wireless communication

system operating in the sub-terahertz frequency range, we
introduce an OOK-PB-phase reconfigurable intelligent
surface that seamlessly integrates beam scanning and
OOK modulation on a transmit array. By utilizing PB-
phase and Schottky diode switches for 1-bit coding state
switching, our proposed TRIS achieves a maximum cross-
polarization transmission coefficient of −2.8 dB at
100 GHz, and a −3 dB relative bandwidth of 11%. In beam
scanning applications, the TRIS can achieve a maximum
scanning angular range of 0° to ±60°. Thanks to its ability
to jointly control amplitude and phase, the OOK-PB-
phase TRIS enables simultaneous 0°− ± 60° beam scan-
ning of the fundamental frequency and direct OOK
modulation of single-tone signals ranging from DC to
100MHz. Finally, we develop a real-time self-modulated
beam point-to-point tracking platform, showcasing up to
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100MHz modulation frequencies on sub-terahertz TRIS.
In the future, large-scale diode-based TRIS can be realized
through wafer-level lithography processes and surface-
mounted technology, potentially enhancing the perfor-
mance and reliability of TRIS. This novel approach paves
the way for advanced terahertz joint sensing and com-
munication (JSAC) systems, secure communication plat-
forms, holographic projectors, and other transformative
applications.

Materials and methods
Beam scanning measurements
The measurement setup includes a sub-terahertz vector

network analyzer (VNA), two collimating lenses, a Field
Programmable Gate Array (FPGA) control module,
75~110 GHz T/R modules, and a rotating table. To pre-
vent interference from the surroundings, a sub-terahertz
broadband absorbent sponge is placed around the core
area of the array during experiments. A normally incident
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Table 1 Comparison of the correlated RIS for beam steering

Ref. Freq. (GHz) RIS type Element lossa (dB) Tuning method Scanning range Max modulation freq. (MHz)

21 23.5 Reflect (Space-Time coding) 3.8 PIN-diode ±45° 1.8

33 73 Reflect (Space coding) 6.2 PIN-diode ±70° N/A

18 97 Transmit (Space coding) 11 PIN-diode 30° N/A

34 98 Reflect (Space coding) 9 liquid crystal 35° N/A

35 100 Reflect (Space coding) 8 liquid crystal ±20° N/A

17 300 Transmit (Space coding) 5 CMOS ±30° N/A

This Work 100 Transmit (Space coding) 2.8 Schottky diode ±60° 100

aThe element loss is the insertion loss at 0°
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The simulated and measured beam scanning patterns at
100 GHz are visualized in Fig. 5b, c, showcasing main-lobe
angles that closely match the simulated scanning angles of
0° to ±60° with an average angular error of 2°. This indi-
cates the broad coverage of wide-angle beam scanning
and the high-precision directivity of the proposed TRIS.
Due to the broadband constant phase-shift response,
specular transmission is effectively suppressed to below
−14 dB in all coding states except N= 8 (at 0°). Addi-
tionally, sidelobe level (SLL) suppression exceeds 12 dB at
0° and remains above 5 dB up to ±60°.
Accounting for diffraction edge effects, the beam

amplitude of the main lobe from 0° to ±60°, gradually
decreases from −2.8 dB to −7 dB, with the half-power
beamwidth (HPBW) expanding from 10° to 16° as
depicted in Fig. 5c. This trend of main-lobe gain is simi-
larly observed in Fig. 5d, where the main-lobe gain peaks
at 20.4 dBi at 0° and decreases to 15 dBi at ±60°. Overall,
the discrepancies between the simulations and measure-
ments become more pronounced with the increasing
angular deflection, likely due to nonideal phase distribu-
tions stemming from array nonuniformity and measure-
ment errors.

Integrated beam steering and self-OOK modulation
experiment
The prototype device demonstrates the ability to jointly

modulate amplitude and phase, exerting the PB-phase
trait of broadband constant phase shift, an integrated
platform combining high-speed beam steering and self-
OOK modulation has been developed as depicted in
Fig. 6a. A sinusoidal AC signal ranging from DC to
100MHz is supplied to the bias module by the arbitrary
function generator (AFG), with an absolute voltage range
for AC signals set between 0.4 V and 1 V. The AFG spe-
cification is Tektronix AFG3101C with a maximum out-
put frequency of 125MHz. Based on the amplitude-phase
response at various voltages, the 1-bit coding thresholds
are set at 1 V (upper) and 0.4 V (lower). This AC bias
application ensures modulation of the deflected beam at a
fixed elevation angle, thereby minimizing channel inter-
ference due to phase shift misalignment caused by voltage
variations.
As a final demonstration of the versatility of TRIS, we

present a point-to-point tracking self-modulation
transmission system (see Supplementary Video). Figure
6c illustrates the demodulated signal sinusoidal wave-
forms at various tracking angles for single-tone mod-
ulation rates of 1 MHz, 40 MHz, and 100MHz. The
waveform distortion is more noticeable at lower single-
tone modulation rates, particularly at 1 MHz. However,
as the modulation rate increases, the impact of low-
frequency noise diminishes, leading to a significant
reduction in distortion and a more regular waveform at

40MHz and 100MHz. The previous terahertz wireless
communication experiments with OOK modulators have
shown that Schottky diodes of the same model can
achieve a response rate of 25 GHz32. This suggests that
by addressing the noise issue in the feeding module, the
OOK-PB-phase TRIS could be leveraged for higher
modulation rates and broader band signals.
Moreover, as the encoding angle varies, the peak-to-

peak voltage (Vpp) of the modulation signal decreases,
leading to increased overall waveform distortion. This
discrepancy in amplitudes between the two states of the
TRIS under the same AC signal frequency introduces
more harmonic components during OOK modulation,
thereby reducing modulation efficiency. Despite these
challenges, this platform successfully achieves integrated
OOK modulation within the frequency range of DC to
100MHz and ±60° beam steering, significantly enhancing
system simplicity and reducing power consumption.
The proposed TRIS enables wide-angle beam scanning

and on-chip OOK modulation. It does this without
requiring additional mixer approaches or complex spa-
tiotemporal techniques. This positions it as a promising
technology for facilitating sub-terahertz beam steering
platforms with OOK modulation and beamforming
capabilities. Table 1 presents a summary of various RIS
in comparison to key parameters. Our proposed OOK-
PB-phase TRIS stands out due to its lowest insertion
loss, widest scanning angular ranges, and unique self-
OOK modulation capability on the chip. To our knowl-
edge, our proposed TRIS is the first to achieve quasi-
continuous beam scanning with OOK modulation
without the need for additional modulation components
or complex spatiotemporal techniques—a feature not
previously reported in existing terahertz or sub-terahertz
TRIS technologies.

Discussion
Aiming to a new-paradigm wireless communication

system operating in the sub-terahertz frequency range, we
introduce an OOK-PB-phase reconfigurable intelligent
surface that seamlessly integrates beam scanning and
OOK modulation on a transmit array. By utilizing PB-
phase and Schottky diode switches for 1-bit coding state
switching, our proposed TRIS achieves a maximum cross-
polarization transmission coefficient of −2.8 dB at
100 GHz, and a −3 dB relative bandwidth of 11%. In beam
scanning applications, the TRIS can achieve a maximum
scanning angular range of 0° to ±60°. Thanks to its ability
to jointly control amplitude and phase, the OOK-PB-
phase TRIS enables simultaneous 0°− ± 60° beam scan-
ning of the fundamental frequency and direct OOK
modulation of single-tone signals ranging from DC to
100MHz. Finally, we develop a real-time self-modulated
beam point-to-point tracking platform, showcasing up to
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x-polarized wave is collimated onto the TRIS by the lens
at a distance of 300mm, and the deflected y-polarized
waves are captured by the receiver lens within a ±70°
angular range.

Construction of an integrated platform combining high-
speed beam steering and spatial self-OOK modulation
The platform consists of a transmitter module, the

proposed TRIS prototype, a receiver module, and a
frequency-adjustable bias module. The transmitter mod-
ule includes a 12.5 GHz single-tone signal source, a
W-band eightfold frequency multiplier, a W-band power
amplifier (PA), and a WR-10 (75–110 GHz) horn antenna,
capable of delivering a saturated power output of 35 dBm.
The receiver module comprises a WR-10 horn antenna, a
W-band detector, and an intermediate frequency low-
noise amplifier (LNA) to ensure that the received power
exceeds the detector’s lower limit.

Acknowledgements
This work was financially supported by National Natural Science Foundation of
China (U20A20212, 61931006, 62305051, 62331015); National Key Research and
Development Program of China (2021YFA1401004); Science and Technology
on Electronic Information Control Laboratory Open Foundation; Young Elite
Scientists Sponsorship Program by CAST (2022QNRC001); National Key
Laboratory of Science and Technology On Space Microwave Foundation
(2023-JCJQ-LB-007).

Author details
1Sichuan THz Communication Technology Engineering Research Center,
School of Electronic Science and Engineering, University of Electronic Science
and Technology of China, Chengdu 611731, China. 2Yangtze Delta Region
Institute (Huzhou), University of Electronic Science and Technology of China,
Huzhou 313000, China. 3Zhangjiang Laboratory, Shanghai 201204, China.
4School of Microelectronics, Tianjin University, Tianjin 300072, China.
5Shenzhen Institute for Advanced Study, University of Electronic Science and
Technology of China, Shenzhen 518100, China. 6Department of Electrical
Engineering and Computer Science, University of Michigan, Ann Arbor, MI
48109, USA. 7Southeast University, Nanjing 210096, China

Author contributions
D.S., F.L., and L.W. conceived and designed the TRIS. D.S., T.S., and M.Y.
performed the numerical calculations and full-wave simulations. D.S. and T.H.
conducted experiments on extracting circuit parameters of Schottky diodes.
D.S., Y.L., X.N., and J.Y. built an experimental platform and data analyses. S.L.
processed TRIS and carried out the device assembly. H.Z. and P.M. helped with
the design of the external control circuit. D.S. and F.L. drafted this manuscript.
Z.Y. and H.Z. made significant contributions to the revision and language
editing of the manuscript. F.L., Y.Z., and T.C. supervised this project.

Data availability
The data that supports the plots within this paper and other findings of this
study are available from the corresponding author upon reasonable request.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-024-01690-0.

Received: 27 May 2024 Revised: 21 October 2024 Accepted: 12 November
2024

References
1. Monnai, Y., Lu, X. Y. & Sengupta, K. Terahertz beam steering: from funda-

mentals to applications. J. Infrared Millim. Terahertz Waves 44, 169–211, https://
doi.org/10.1007/s10762-022-00902-1 (2023).

2. Fu, X. J. et al. Terahertz beam steering technologies: from phased arrays to
field-programmable metasurfaces. Adv. Opt. Mater. 8, 1900628, https://doi.org/
10.1002/adom.201900628 (2020).

3. Basharat, S. et al. Exploring reconfigurable intelligent surfaces for 6G: state-of-
the-art and the road ahead. IET Commun. 16, 1458–1474, https://doi.org/10.
1049/cmu2.12364 (2022).

4. Basar, E. Reconfigurable intelligent surface-based index modulation: a new
beyond MIMO paradigm for 6G. IEEE Trans. Commun. 68, 3187–3196, https://
doi.org/10.1109/tcomm.2020.2971486 (2020).

5. Wang, P. L. et al. Beam training and alignment for RIS-assisted millimeter-wave
systems: state of the art and beyond. IEEE Wirel. Commun. 29, 64–71, https://
doi.org/10.1109/mwc.006.2100517 (2022).

6. He, Q., Sun, S. L. & Zhou, L. Tunable/reconfigurable metasurfaces: physics and
applications. Research 2019, 1849272, https://doi.org/10.34133/2019/1849272
(2019).

7. Tsilipakos, O. et al. Toward intelligent metasurfaces: the progress from globally
tunable metasurfaces to software-defined metasurfaces with an embedded
network of controllers. Adv. Opt. Mater. 8, 2000783, https://doi.org/10.1002/
adom.202000783 (2020).

8. Jonathan, J. et al. Coded aperture subreflector array for high resolution radar
imaging. Proc. SPIE https://doi.org/10.1117/12.2258694 (2017).

9. Jonathan, J. et al. Coded aperture subreflector array for high resolution radar
imaging. Proc. SPIE https://doi.org/10.1117/12.2525061 (2019).

10. Monroe, N. M. et al. Electronic THz pencil beam forming and 2D steering for
high angular-resolution operation: a 98 × 98-unit 265GHz CMOS reflectarray
with in-unit digital beam shaping and squint correction. In Proc. 2022 IEEE
International Solid-State Circuits Conference 1–3 (IEEE, San Francisco, CA, USA,
2022).

11. Lan, F. et al. Real-time programmable metasurface for terahertz multifunctional
wave front engineering. Light Sci. Appl. 12, 191, https://doi.org/10.1038/
s41377-023-01228-w (2023).

12. Lin, C. H. et al. Automatic inverse design of high-performance beam-steering
metasurfaces via genetic-type tree optimization. Nano Lett. 21, 4981–4989,
https://doi.org/10.1021/acs.nanolett.1c00720 (2021).

13. Fu, X. J. et al. Flexible terahertz beam manipulations based on liquid-crystal-
integrated programmable metasurfaces. ACS Appl. Mater. Interfaces 14,
22287–22294, https://doi.org/10.1021/acsami.2c02601 (2022).

14. Wu, J. B. et al. Liquid crystal programmable metasurface for terahertz beam
steering. Appl. Phys. Lett. 116, 131104, https://doi.org/10.1063/1.5144858
(2020).

15. Hosseininejad, S. E. et al. Digital metasurface based on graphene: an appli-
cation to beam steering in terahertz plasmonic antennas. IEEE Trans. Nano-
technol. 18, 734–746, https://doi.org/10.1109/tnano.2019.2923727 (2019).

16. Wang, Y. R. et al. Doppler shift and channel estimation for intelligent trans-
parent surface assisted communication systems on high-speed railways. IEEE
Trans. Commun. 71, 4204–4215, https://doi.org/10.1109/tcomm.2023.3275590
(2023).

17. Venkatesh, S. et al. A high-speed programmable and scalable terahertz
holographic metasurface based on tiled CMOS chips. Nat. Electron. 3, 785–793,
https://doi.org/10.1038/s41928-020-00497-2 (2020).

18. Pan, X. T. et al. W-band electronic focus-scanning by a reconfigurable
transmitarray for millimeter-wave imaging applications. ACES J. 35,
580–586 (2020).

19. Liu, C. X. et al. Programmable manipulations of terahertz beams by trans-
missive digital coding metasurfaces based on liquid crystals. Adv. Opt. Mater. 9,
2100932, https://doi.org/10.1002/adom.202100932 (2021).

20. Zhao, J. et al. Programmable time-domain digital-coding metasurface for non-
linear harmonic manipulation and new wireless communication systems. Natl
Sci. Rev. 6, 231–238, https://doi.org/10.1093/nsr/nwy135 (2019).

21. Wu, G. B. et al. A universal metasurface antenna to manipulate all fundamental
characteristics of electromagnetic waves. Nat. Commun. 14, 5155, https://doi.
org/10.1038/s41467-023-40717-9 (2023).

22. Chen, M. Z. et al. Accurate and broadband manipulations of harmonic
amplitudes and phases to reach 256 QAM millimeter-wave wireless com-
munications by time-domain digital coding metasurface. Natl Sci. Rev. 9,
nwab134, https://doi.org/10.1093/nsr/nwab134 (2022).

Shen et al. Light: Science & Applications ����������(2025)�14:13� Page 10 of 11



Light Sci Appl | 2025 | Vol 14 | Issue 1 |  141 LSA

23. Zhang, L. et al. A wireless communication scheme based on space- and
frequency-division multiplexing using digital metasurfaces. Nat. Electron. 4,
218–227, https://doi.org/10.1038/s41928-021-00554-4 (2021).

24. Akyildiz, I. F. et al. Terahertz band communication: an old problem revisited
and research directions for the next decade. IEEE Trans. Commun. 70,
4250–4285, https://doi.org/10.1109/tcomm.2022.3171800 (2022).

25. Jiang, W. et al. Terahertz communications and sensing for 6G and beyond: a
comprehensive review. IEEE Communications Surveys & Tutorials. https://doi.
org/10.1109/COMST.2024.3385908 (2024).

26. Huang, Y., Shen, Y. C. & Wang, J. Y. From terahertz imaging to terahertz
wireless communications. Engineering 22, 106–124, https://doi.org/10.1016/j.
eng.2022.06.023 (2023).

27. Grady, N. K. et al. Terahertz metamaterials for linear polarization conversion
and anomalous refraction. Science 340, 1304–1307 (2013).

28. Medrar, K. et al. H-band substrate-integrated discrete-lens antenna for high
data rate communication systems. IEEE Trans. Antennas Propag. 69, 3677–3688,
https://doi.org/10.1109/tap.2020.3044382 (2021).

29. Shi, S. Y. et al. Wideband polarization rotation transmitarray using arrow-
shaped FSS at W-band. IEEE Trans. Antennas Propag. 70, 6001–6005, https://
doi.org/10.1109/tap.2022.3140309 (2022).

30. Xie, X. et al. Generalized pancharatnam-berry phase in rotationally symmetric
meta-atoms. Phys. Rev. Lett. 126, 183902, https://doi.org/10.1103/PhysRevLett.
126.183902 (2021).

31. Wang, L. Y. et al. A fractional phase-coding strategy for terahertz beam pat-
terning on digital metasurfaces. Opt. Express 28, 6395–6407, https://doi.org/10.
1364/OE.385691 (2020).

32. Zhang, Y. X. et al. Ultrafast modulation of terahertz waves using on-chip dual-
layer near-field coupling. Optica 9, 1268–1275, https://doi.org/10.1364/optica.
469461 (2022).

33. Liu, C. H. et al. An E-band reconfigurable reflectarray antenna using
p-i-n diodes for millimeter-wave communications. IEEE Trans.
Antennas Propag. 71, 6924–6929, https://doi.org/10.1109/tap.2023.
3291087 (2023).

34. Guirado, R. et al. Electronically reconfigurable reflectarray antenna based on
single-layer liquid crystal with independent dual-polarization control. IEEE
Trans. Antennas Propag. 72, 5626–5636 (2024).

35. Perez-Palomino, G. et al. Design and demonstration of an electronically
scanned reflectarray antenna at 100 GHz using multiresonant cells based on
liquid crystals. IEEE Trans. Antennas Propag. 63, 3722–3727, https://doi.org/10.
1109/tap.2015.2434421 (2015).

Shen et al. Light: Science & Applications ����������(2025)�14:13� Page 11 of 11

x-polarized wave is collimated onto the TRIS by the lens
at a distance of 300mm, and the deflected y-polarized
waves are captured by the receiver lens within a ±70°
angular range.

Construction of an integrated platform combining high-
speed beam steering and spatial self-OOK modulation
The platform consists of a transmitter module, the

proposed TRIS prototype, a receiver module, and a
frequency-adjustable bias module. The transmitter mod-
ule includes a 12.5 GHz single-tone signal source, a
W-band eightfold frequency multiplier, a W-band power
amplifier (PA), and a WR-10 (75–110 GHz) horn antenna,
capable of delivering a saturated power output of 35 dBm.
The receiver module comprises a WR-10 horn antenna, a
W-band detector, and an intermediate frequency low-
noise amplifier (LNA) to ensure that the received power
exceeds the detector’s lower limit.
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