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Real-time reconfigurable metasurfaces enabling
agile terahertz wave front manipulation
Huixian Zhou1 and Cheng Zhang 1✉

Abstract
Real-time controlled programmable metasurfaces, having an array-of-subarrays architecture under the control of one-bit
digital coding sequence, are demonstrated for rapid and precise multifunctional Terahertz wave front engineering.

Metasurfaces, quasi-two-dimensional arrays of sub-
wavelength electromagnetic (EM) structures, have gar-
nered significant attention in recent years. They facilitate
light matter interaction at the subwavelength scales and
empower precise manipulation of fundamental optical
properties including amplitude, phase, and polariza-
tion1–4. Conventional metasurfaces are static and lack
post-production adaptability. In contrast, dynamic meta-
surfaces offer tunable EM responses through various
external stimuli, such as electrical5, optical6, mechanical7,
thermal8, and chemical9 inputs. Such capability places
dynamic metasurfaces at the forefront of advanced
research and technological innovation in the metasurface
field.
Efficiently controlling and manipulating terahertz (THz)

beams is essential for various applications including high-
speed wireless communication, spectroscopic imaging,
and biomedical sensing. This necessitates high-perfor-
mance, rapidly-responsive dynamic THz beam shaping
devices. In the THz frequency range, achieving adjust-
ability poses unique challenges compared to lower fre-
quencies. To date, researchers have exploited candidates
such as liquid crystal (LC)10, two-dimensional material11,
two-dimensional electron gas (2DEG)12, semiconductor13,
and phase-change material14 to replace diode struc-
tures15,16 used in microwave tunable metasurfaces. Elec-
trically controlled THz beam shaping has emerged as a

promising solution, which offers faster response,
increased precision, smaller footprint, and reduced power
consumption. While previous studies12,17,18 have achieved
modulation frequencies up to the gigahertz (GHz) range
and angular scanning precision down to a few degrees,
striking an ideal balance between the response speed and
scanning precision remains a significant challenge.
In a recently published paper in Light: Science &

Applications, a collaborative team led by Prof. Hongxin
Zeng and Prof. Yaxin Zhang from University of Electronic
Science and Technology of China, along with Prof. Daniel
M. Mittleman from Brown University, presents a real-
time controlled programmable metasurface that satisfies
the requirements for fast and precise THz wavefront
manipulation19. The proposed metasurface employs GaN/
AlGaN high-electron mobility transistors (HEMTs) as
active switching components. HEMTs offer several
advantages, including a sizable dynamic carrier density
range, high electron drift velocity, minimal parasitic
capacitance, and low power dissipation. By integrating a
HEMT as the individual meta-atom with an asymmetric
resonant structure and manipulating carrier concentra-
tion in the 2DEG through applied bias, it becomes pos-
sible to switch the resonant delay of an incident THz wave
by 180° with uniform amplitude. This innovative design
enables the implementation of one-bit phase-shifting
metasurfaces while mitigating parasitic capacitance issues
seen in previous studies. Furthermore, it allows for precise
positioning of individual meta-atom element with sub-
wavelength spacing, eliminating the need for integrated
amplification or phase-control circuitry.
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Fig. 1a presents schematic of the reconfigurable THz
metasurface, which leverages the x-axis as the axis of sym-
metry for independent control of upper and lower symmetric
subarrays in the ±y direction. Such dual-region mirrored
subarray configuration enhances beam control flexibility
compared to the traditional fully column-controlled
approach. To achieve quasi-continuous beam scanning, a
fractional phase-coding approach is employed (Fig. 1b). The
researchers successfully demonstrated wide-band beam
scanning in a view field ranging from 20° to 60° over a
70GHz bandwidth (0.33THz - 0.4 THz). At the operating
frequency of 0.34 THz, the angular scanning accuracy can
reach up to 1° per step. In addition, they demonstrated the
generation of multi-beam steering through dual-region
coding (Fig. 1c) and convolutional coding (Fig. 1d), as well
as diffuse scattering through aperiodic (Golay-Rudin-Sha-
piro) coding (Fig. 1e), with switching speeds reaching up to
100MHz. Furthermore, real-time beam tracking at 0.34 THz
was implemented to verify the metasurface-assisted point-to-
point signal transmission in various directions.
This work presents an innovative approach towards

achieving high-performance dynamic and intelligent THz
metasurfaces, offering a balanced configuration that com-
bines rapid response speed with great beam-steering preci-
sion. Looking ahead, there is a growing need for multi-bit
coding methods to enhance the accuracy of beam steering
and manipulation, necessitating the development of new
switching mechanisms for meta-atoms and their associated
device architectures. As dynamic metasurface technology
advances, the aspiration is to achieve simultaneous and

independent real-time control over multiple electromagnetic
properties, including phase, amplitude, polarization, and
more. Furthermore, achieving dynamic control through the
combined use of multiple external stimuli (e.g., electrical,
optical, mechanical means, etc.) could unlock new avenues
and applications. However, these endeavors may introduce
design and manufacturing complexities, as well as increased
energy consumption. To tackle these challenges, optimiza-
tion algorithms and neural networks could play a crucial role
in streamlining the design and operation of multi-
dimensional dynamic metasurfaces. Finally, dynamic meta-
surface technology is not limited to the THz and microwave
regions, and can extend to other spectral domains such as
the infrared and visible. However, these regions will require
significantly different operational mechanisms and entirely
new device architectures20,21. Achieving dynamic and intel-
ligent metasurfaces for these spectral regions has the
potential to address a notable challenge faced by traditional
optical elements and, in turn, unlock new possibilities across
various applications22–26, including smart imaging, adaptive
optics, LiDAR, and advanced AR/VR displays.
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Fig. 1 Real-time programmable metasurface for multifunctional THz wave front engineering. a 3D schematic of the real-time controlled THz
programmable metasurface. b Schematic of the fractional phase-coding approach. c, d Multi-beam steering based on dual-region coding (c) and
convolutional coding (d). e Diffuse scattering based on Golay-Rudin-Shapiro coding
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Fig. 1a presents schematic of the reconfigurable THz
metasurface, which leverages the x-axis as the axis of sym-
metry for independent control of upper and lower symmetric
subarrays in the ±y direction. Such dual-region mirrored
subarray configuration enhances beam control flexibility
compared to the traditional fully column-controlled
approach. To achieve quasi-continuous beam scanning, a
fractional phase-coding approach is employed (Fig. 1b). The
researchers successfully demonstrated wide-band beam
scanning in a view field ranging from 20° to 60° over a
70GHz bandwidth (0.33THz - 0.4 THz). At the operating
frequency of 0.34 THz, the angular scanning accuracy can
reach up to 1° per step. In addition, they demonstrated the
generation of multi-beam steering through dual-region
coding (Fig. 1c) and convolutional coding (Fig. 1d), as well
as diffuse scattering through aperiodic (Golay-Rudin-Sha-
piro) coding (Fig. 1e), with switching speeds reaching up to
100MHz. Furthermore, real-time beam tracking at 0.34 THz
was implemented to verify the metasurface-assisted point-to-
point signal transmission in various directions.
This work presents an innovative approach towards

achieving high-performance dynamic and intelligent THz
metasurfaces, offering a balanced configuration that com-
bines rapid response speed with great beam-steering preci-
sion. Looking ahead, there is a growing need for multi-bit
coding methods to enhance the accuracy of beam steering
and manipulation, necessitating the development of new
switching mechanisms for meta-atoms and their associated
device architectures. As dynamic metasurface technology
advances, the aspiration is to achieve simultaneous and

independent real-time control over multiple electromagnetic
properties, including phase, amplitude, polarization, and
more. Furthermore, achieving dynamic control through the
combined use of multiple external stimuli (e.g., electrical,
optical, mechanical means, etc.) could unlock new avenues
and applications. However, these endeavors may introduce
design and manufacturing complexities, as well as increased
energy consumption. To tackle these challenges, optimiza-
tion algorithms and neural networks could play a crucial role
in streamlining the design and operation of multi-
dimensional dynamic metasurfaces. Finally, dynamic meta-
surface technology is not limited to the THz and microwave
regions, and can extend to other spectral domains such as
the infrared and visible. However, these regions will require
significantly different operational mechanisms and entirely
new device architectures20,21. Achieving dynamic and intel-
ligent metasurfaces for these spectral regions has the
potential to address a notable challenge faced by traditional
optical elements and, in turn, unlock new possibilities across
various applications22–26, including smart imaging, adaptive
optics, LiDAR, and advanced AR/VR displays.
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Fig. 1 Real-time programmable metasurface for multifunctional THz wave front engineering. a 3D schematic of the real-time controlled THz
programmable metasurface. b Schematic of the fractional phase-coding approach. c, d Multi-beam steering based on dual-region coding (c) and
convolutional coding (d). e Diffuse scattering based on Golay-Rudin-Shapiro coding
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