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Abstract

imaging, and networking.

Terahertz (THz) technologies have become a focus of research in recent years due to their prominent role in
envisioned future communication and sensing systems. One of the key challenges facing the field is the need for tools
to enable agile engineering of THz wave fronts. Here, we describe a reconfigurable metasurface based on GaN
technology with an array-of-subarrays architecture. This subwavelength-spaced array, under the control of a 1-bit
digital coding sequence, can switch between an enormous range of possible configurations, providing facile access to
nearly arbitrary wave front control for signals near 0.34 THz. We demonstrate wide-angle beam scanning with 1° of
angular precision over 70 GHz of bandwidth, as well as the generation of multi-beam and diffuse wave fronts, with a
switching speed up to 100 MHz. This device, offering the ability to rapidly reconfigure a propagating wave front for
beam-forming or diffusively scattered wide-angle coverage of a scene, will open new realms of possibilities in sensing,

Introduction

In recent years, the THz band (0.1-10 THz) has become
a focus of worldwide research for the sixth-generation
(6 G) wireless communications, radar detection, spectro-
scopic imaging, biomedical sensing'~’, and other pro-
mising fields. For all of these applications, systems will
require methods for agile manipulation of THz wave
fronts. A broad set of wave front engineering capabilities
will be required to meet the demands for creating non-
line-of-sight links, directional signal enhancement, inter-
ference suppression, and computational imaging® ',
Existing strategies rely on mechanical motion, which is far
too slow for most requirements'?, or on phased array
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systems, which suffer from considerable system com-
plexity and fabrication challenges, as well as high power
consumption'®. A more general approach that overcomes
these difficulties is urgently needed.

One promising strategy for THz wave front engineering
that has attracted a great deal of attention recently is that
of active metasurfaces. These devices, consisting of a
dense subwavelength array of actively switchable ele-
ments, can in principle offer enormous flexibility for
dynamic control of wave fronts, with low power con-
sumption and high scalability. At THz frequencies, the
method of fabricating the tunable components is much
more challenging than at lower frequencies; this deter-
mines the capabilities of the resulting device. Researchers
have explored various types of materials (e.g., liquid
crystals'*'®, semiconductors'®~*!, graphene®?, and phase-
change materialszg’”) as tunable components, instead of
conventional diode structures used typically in the
microwave band. Among these tunable materials, elec-
trically modulated ones are more beneficial to addressable
and scalable controls in all-electron systems. For example,
a liquid-crystal-based metasurface has recently achieved
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basic 1-bit programmable beam steering in both reflec-
tive'* and transmissive'’> modes. Besides, the com-
plementary metal-oxide-semiconductor (CMOS)-based
metasurfaces successfully reach the highest response
speed up to 5 GHz'/, and the highest beam-scanning
precision of 1° by integrating phase shifters in a half-
wavelength element'®, which however demands custo-
mized fabrication processes with high costs. These related
works in recent years are listed and compared in Table 1,
along with some critical features for THz beam control
including element size, response speed, beam coverage,
and scanning precision. A THz metasurface that balances
the performances of response speed and beam-scanning
precision and enables fully versatile wave front engi-
neering has yet to be demonstrated, due to limitations of
both the switching mechanisms and the methods of active
tuning.

Here, we demonstrate a metasurface which can satisfy
the needs of multiple diverse system requirements for
wave front manipulation, along with a comprehensive
consideration regarding response speed and beam-
scanning precision. This work builds on our earlier
efforts which employed GaN/AlGaN high electron
mobility transistor (HEMT) as the active switching
element. These HEMTs offer numerous advantages,
including a sizeable dynamic carrier density range, a
high electron drift velocity, a smaller parasitic capaci-
tance, and lower power dissipation. Earlier work with
these GaN HEMTs has achieved nanosecond-level
response speed and large phase shifts in the THz
regime®®* %, In this study, we design an asymmetric
resonant structure which incorporates a HEMT as the
individual meta-element in our array. This novel design
overcomes the limitations caused by parasitic capaci-
tance in many previous designs, and enables close (sub-
wavelength) spacing of the individual elements without
the need for integrated amplification or phase-control
circuitry. These switchable elements are then elec-
trically connected to each other in groups to form an
array of sub-arrays architecture. The sub-arrays are
distributed symmetrically on either side of a central
ground line, a layout that offers significant improve-
ments in the versatility of the structure. The resulting
metasurface can be operated as a real-time 1-bit active
metasurface. Using this device, we demonstrate quasi-
continuous beam scanning, multi-beam steering, and
even the generation of diffuse wave fronts as required
for some computational imaging applications®' >, We
also demonstrate real-time beam tracking by trans-
mitting a point-to-point single-tone signal to a moving
receiver, as would be required in a mobile THz net-
work. These demonstrations illustrate how this device
can fill the need for multifunctional THz wave front
engineering.
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Results
Design of the meta-element and coding metasurface

The schematic diagrams of the hybrid meta-element
and coding array are shown in Fig. 1. As shown in Fig. 1a,
b, the meta-element is composed of a two-dimensional
electron gas (2DEG) (shown in yellow) embedded in a
gold pattern. This constitutes the core resonant element.
These elements are fabricated on a SiC substrate covered
by a nanoscale GaN film as a spacer; the entire structure is
coated on the back side with a gold film. The resonator
consists of a split strip and a patch, a bias wire across the
HEMT to serve as a gate, and the source and drain wires
located on either side of the resonator. The 2DEG is
formed of an AlGaN/GaN heterostructure nested in the
gap of the split strip; this forms a 2DEG layer based on
spontaneous and piezoelectric polarization effects within
the heterostructure. The gate and source-drain electrodes
connect between the heterostructure and gold pattern by
a Schottky contact and Ohmic contacts, respectively. By
applying bias voltages to control carrier concentration
within 2DEG, large amplitude and phase modulation of an
incident free-space THz wave can be realized. Moreover,
the geometric asymmetry of the meta-elements due to the
rectangular patch on one side of the unit cell can induce a
significant asymmetry in the currents on the source and
drain electrodes, which varies depending on the carrier
density of the 2DEG channel. Our design exploits this
asymmetry to optimize the amplitude and phase mod-
ulation of the reflected wave, as shown below. To achieve
spatial control of wave fronts, we group all the meta-
elements along a line (parallel to the y-axis) into single-
column subarrays sharing a common bias line (Fig. 1c)
which can be controlled via a coding sequence from an
external field-programmable gate array (FPGA). Mean-
while, both the source and drain electrodes of all of the
meta-elements are connected to a common ground line
which runs across the center of the metasurface (parallel
to the x-axis). This bias-wire layout simplifies the control
network, whereby all unit cells in each column are con-
trolled with identical external voltage, thus remaining in
phase. With the x-axis of symmetry defined by the central
ground line, we create two mirrored subarrays on the +y
and -y sides, to enable quasi-2D phase control. Compared
with one-dimensional (1D) column-wise feeding'®*’, this
dual-region mirrored subarray configuration provides
more flexibility without redundant circuit coupling.

As a first step towards understanding the quasi-optical
behavior of this structure, we simulate the reflection
amplitude and phase responses of a meta-element with a
period d by Floquet ports and unit-cell boundary in CST
Microwave Studio. The dispersion function for the 2DEG
layer is expressed by the classic Drude model (detailed in
Supplementary Note 1) to describe variations of carrier
concentration N,. After extensive simulations to explore
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Fig. 1 3D schematic diagrams of the designed meta-element and coding metasurface. a The 2DEG-embedded meta-element, where the

labeled geometric dimensions are: element period d, SiC thickness h, strip length /, and width of strips and bias-ground wires w. The patch (width g,
length b) on one side breaks the symmetry of the meta-element with respect to the central gate electrode. b The cross-sectional diagram of the
AlGaN/GaN HEMT. ¢ The real-time controlled coding metasurface. As one of the functions, the sketch of beam scanning carried with modulated

Coding metasurface

the parameter space, we extract the optimized geometric
dimensions of the meta-element as follows: d =200 pm,
h=200 pm, [=40 um, axb=30x60um> and
w=>5pum. Figure 2 shows the simulated results using
these values, assuming an incident x-polarized plane wave
with a 15° oblique angle of incidence. Results are shown
for the amplitude response (Fig. 2a) and phase response
(Fig. 2b) as a function of the carrier density N, of the
2DEG. These results manifest a dramatic resonant
response in both amplitude and phase, with a broadband
smooth phase shift exceeding 150° in the range of
0.334-0.36 THz. This resonance shifts significantly to
lower frequencies as N; decreases. In Fig. 2¢c, we plot the
phase difference $p(N,°") — Gp(N,°), where Pp(N,°") is the
phase of the reflected wave at carrier density N;°", and
N°% is a reference value of 6 x 10'2cm™2 (therefore, the
curve in this figure corresponding to N,°T = 6 x 10" cm >
is simply zero at all frequencies). This plot, along with the
amplitude response in Fig. 2a, reveals a remarkable result:
at a particular frequency of 0.34 THz and for a particular
value of N,>"=0.75x10">cm 2, the phase difference
reaches 180° while the amplitude responses are equal (see
dashed vertical lines in Fig. 2a, c). Besides, this result has a
good tolerance under different incident angles within 30°,
which is detailed in Supplementary Note 2. We may
therefore consider these two values of the 2DEG doping

to correspond to the ideal "on" and "off" states in a 1-bit
coding operation, with a uniform reflectance and 180°
phase shift at the chosen operating frequency. The values
of N,=0.75x 10"?2c¢cm™2 and 6.0 x 10"2cm ™2 thus corre-
spond to digital code values "1" and "0", respectively.

In order to clarify the significance of the geometrical
asymmetry, we show in Fig. 2d—i the distributions of the
electric field and surface current with an incident field at
0.34 THz, under the two bias conditions corresponding to
the digital "1" and "0". These simulations illustrate the
strong asymmetry of the resonant electric field distribu-
tion when the 2DEG contains more carriers (digital "0"),
in contrast to the much more symmetric situation which
results when the 2DEG is depleted under a bias voltage
(digital "1"). The 2DEG acts as a connection between the
resonator gap. Strong connectivity in the state "0" enables
free electrons in resonant current to flow through the gap.
However, the patch on the right side makes its impedance
lower than the left side, which leads the electrons to
accumulate at the low-impedance side when flowing from
the high-impedance side. Therefore, an asymmetric elec-
tric field distribution (in Fig. 2d, f) can be created to cause
a resonant phase delay between both sides (Fig. 2h).
Conversely, when the 2DEG is depleted in the state "1,
free electrons will be blocked at the two gap sides
simultaneously, exhibiting a nearly symmetric resonant
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field (Fig. 2e, g) and in-phase resonant current (Fig. 2i).
This modulation for the current flow asymmetry (and the
associated electromagnetic asymmetry) is not only
reflected in these near-field simulations; they also imprint
signatures on the amplitude and phase of a free-space
wave reflected from the device, which therefore shows a
strong dependence on the 2DEG bias condition as dis-
cussed above and shown in Fig. 2a—c.

Multifunctional phase-coding strategies

Next, with the understanding of an individual meta-
element discussed above, we now turn to considerations
of the entire multi-column metasurface. By controlling
the 1-bit digital state of each of the sub-groups of meta-
elements (see Fig. 1c), we can engineer the near-field
phase distribution (and therefore the far-field wave front)
of the reflected THz wave (see Supplementary Eq. (S3) for
details). Here, we consider several possible coding
matrices, and perform numerical predictions of the out-
put beam patterns that would result. We assume a

metasurface consisting of 64 x 64 elements with
d =200 um, operating at 0.34 THz (corresponding to the
experimentally realized device discussed below). To
accelerate the computation for this large array, we regard
each element as an ideal isotropic radiator, and we neglect
the effects of near-field coupling of nearby elements.

According to the generalized Snell’s law, the elevation
angle 0 of the main lobe on a 1D 1-bit metasurface can be
predicted as

in—i—]l((.]]\\[l;i sm@l) (1)
where i1 denotes the phase difference between "0" and
"1" states for 1-bit coding; d is a single element period and
N is the number of adjacent in-phase elements. This result
was originally envisioned for integer values of N, which
would limit the angle of the main lobe to a few discrete
values. To overcome this limitation and realize quasi-
continuous beam scanning, we have recently proposed a
fractional phase-coding strategy’*. Fractional coding gives

0 = arcsin(
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an encoding rule for N taking any non-zero positive
value, not just integers (see Supplementary Note 3). This
enables a higher degree of angular precision, and can still
be denoted by the corresponding values of N. As a
demonstration of the capability of quasi-continuous
beam steering, we compute the 1D phase-gradient
distributions for the metasurface under consideration
here, and plot the corresponding beam patterns in Fig. 3a
for different values of N. As the 1-bit coding varies from
N=3 to N=12 (with the interval AN =0.01), in the
view field from —60° to 60°, nearly continuous dual-beam
scanning is obtained between —47.4°-~—10.7° and
10.7°-47.4° under a normal incident input beam. This
range shifts to —28.5°~4.2° and 26.4°-60° under a 15°
oblique incidence. The directivity of the main lobe is
consistent with the prediction (the red dashed curves)
from Eq. (1), reflecting a non-linear relation between N
and 0. As the beam angle increases, N decreases slowly
with a smaller AN for the same beam-scanning interval
AQ and vice versa. On the other hand, more continuous
beam scanning can be achieved by taking a smaller AN to
obtain a subtle phase-gradient variation, and the
dynamic range of beam steering can be enlarged by
expanding the range of N.

As a next step, we implement multi-beam steering with
the proposed metasurface through dual-region coding
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and convolutional coding®. The former regulates multi-
beam patterns by subdividing the metasurface into more
than one independent coding region. The latter synthe-
sizes a beam pattern with another direction by the Fourier
operation of two coding matrixes. Considering normal
plane-wave incidence, Fig. 3b—d illustrate several possible
beam patterns. Here, the coding matrices are plotted as
gray-white bicolor arrays to represent the 1-bit phase
distributions. For dual-region beam steering (Fig. 3b), we
apply two 32 x 64 coding matrices on the upper and lower
halves of the metasurface, to achieve centrosymmetric
dual-beam reflections at +33° and +18° via the coding
matrixes C; with N=4 and C, with N =7, respectively.
For convolutional coding, Fig. 3c shows a quad-beam
pattern at —24°+3° and 24°+3° whose convolutional
coding matrix C.e, is produced by the Fourier operation
(see Supplementary Note 3. (2)) between the C, with
N =32 and G, with N=5.5. The angles are consistent
with the equation 8 = sin”!(sin6; +sin6,), where 6; = + 3°
and 6, = + 24° respectively generated by C, and Cy, (the
beam patterns of C, and C;, are shown in Supplementary
Fig. S4a). The reflection amplitude of the main lobe
depends on the size of coding subarrays for dual-region
coding. We note that convolutional coding more effi-
ciently utilizes the coding resources to concentrate beam
energy towards the main lobe, leading to a greater
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Fig. 3 Numerical calculations for multifunctional coding-beam manipulations at 0.34 THz. a Nearly continuous beam scanning based on
fractional coding. b Multi-beam beam steering with the dual-region coding matrixes Cq, C3, and ¢ convolutional coding matrix Ceon. d Diffuse
scattering based on the Pg-type GRS coding
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main-lobe amplitude than the dual-region coding case.
However, the sidelobe levels of convolutional coding are
slightly higher than dual-region coding due to greater
coherence between the array elements.

Finally, we investigate the possibility of creating a dif-
fusely scattered wave front, using an aperiodic coding
sequence. Such diffuse wave fronts can be valuable in
numerous imaging applications, but the process of gen-
erating these cannot simply rely on a random sequence of
coding values. Rather, to ensure that the diffuse wave
exhibits no local maximum that is significantly above the
mean, a typical approach often relies on brute-force
numerical optimization to create a particular sequence of
control signals®*~°, a computationally demanding pro-
cedure. Instead, we rely on an alternative approach
recently described in ref. *°, which relies on Golay-Rudin-
Shapiro (GRS) polynomials to impose a flatness criterion.
This GRS coding approach is a deterministic and com-
putationally inexpensive algorithm which is compatible
with a continuous spectral response®™. In the case of
maximum available length on a 64 x 64 metasurface,
Fig. 3d shows the 1-D result obtained from GRS coding;
this result effectively diffuses the reflected beams and
suppresses the maximum reflectance to <20% (details of
the GRS coding computation are found in Supplementary
Note 3. (3)).

Experimental demonstration

We fabricated and characterized a proof-of-concept
prototype of the proposed metasurface, as shown in Fig. 4.
The metasurface consists of 64 x 64 meta-elements with a
total area of 13 x 13 mm?, in which every 1 x 32 meta-
elements compose one single-column subarray. The
device is mounted on a PCB, and then the bias- and
ground-electrode pads are connected to the external cir-
cuits by gold-wire bonds. To avoid onboard interference,
a piece of absorbing material is paved around the meta-
surface on the PCB. Figure 4b—d show close-up and
microscope photos of the fabricated device. We char-
acterize the device by illuminating it with a THz wave at a
15° oblique angle of incidence, and measuring the
reflected wave in the angular range of 15°~60° (limited by
the size of the test platform used to hold the receiver).
The test platform consists of a THz vector network ana-
lyzer (VNA), a parabolic mirror for the plane-wave exci-
tation, an FPGA control module, T/R modules, and a
rotary stage, as illustrated in Fig. 4e. Following the analysis
discussed above, we implement several different functions
including beam scanning, multi-beam generation, and
diffuse scattering.

To account for the path loss, the beam measurements
are normalized by replacing the metasurface with a flat
metallic sheet of the same size. With the coding sequences
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b Comparison between the 1-D results extracted from a (blue curves) and simulations (red curves) at 0.34 THz. ¢ The measured high-precision beam

(listed in Supplementary Table S1) ranging from N = 3.75
to N=12, the measured results for beam scanning are
shown in Fig. 5. The results show wide-band quasi-con-
tinuous beam scanning with a 70 GHz bandwidth. As
shown in Fig. 5a, the beam angle shifts with the coding
sequences and also varies with frequencies in the range of
0.33-0.4 THz. Moreover, the beam scanning covers the
angle range from 20° to 60°. Around the central working
frequency of 0.34 THz, the specular reflections at 15° are
the weakest (marked by white dashed lines in Fig. 5a)
attributed to the amplitude-phase states that are near to
the ideal 1-bit condition. As the amplitude-phase states

deviate from the ideal 1-bit situation at other frequencies,
the specular beams become conspicuous accordingly
while the main lobes can still be maintained. Figure 5b
extracts the single-frequency results (blue curves) at
0.34THz from Fig. 5a and compares them with the
simulations (red curves). The beam directivity agrees well
with the simulations with no angular error >2°, and a
mean angular error of 1.3°. Using a more elaborate frac-
tional coding with a smaller AN, we can achieve a scan-
ning accuracy of 1° in the range from 35° to 55° (Fig. 5c).

Although there is good agreement between measure-
ments and simulations, our results do exhibit some
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discrepancies. Due to the edge effects’, we expect that
the beamwidth should decrease as the reflection angle
decreases, and correspondingly the directional gain
should increase. According to our simulations, the half-
power beamwidth (HPBW) decreases from 8° to 5° with
the beam scanning from 57° to 26°, and the gain corre-
spondingly increases from 15 dBi to 20 dBi. However, the
measured gain does not increase with a smaller beam
angle, which leads to a 5 dBi maximum error with the
simulations. Moreover, we observe that the specular
reflections in the measured results are predicted to be
much smaller in the simulations. We attribute these non-
ideal behaviors to fabrication errors, such as non-
uniformities of the epitaxial layer and the connection of
electrodes, as well as to other factors including imperfect
optical-path collimation, leakage-wave interference, and
VNA sensitivity.

Figure 6a, b show the measurement results of dual-region
and convolutional coding at 0.34 THz. A dual-region cod-
ing sequence synthesized by N = n; and N = n, is labeled as
"N=n;/N=n," in Fig. 6a. The three coding combinations
(listed in Supplementary Table S2): N=7/N=4, N=8/
N =5, and N =9/N = 6 control respectively the dual-beam
directivities at 35°&51°, 31°&42°, and 28.5°&38.5° in the
experiments. It should be noted that the peak of the second
beam at 51° (controlled by N = 4) appears to be a clipping
defect. In contrast, the first beam at 35° (controlled by
N=7) has not been influenced by the clipping effect. The
beams do not interfere with each other owing to the good
isolation between the two coding regions.

In Fig. 6b, a convolutional coding sequence after the
Fourier operation by N=mn; and N=u#, is labeled as
"N=mn*N=n,". The dual-beam directivities at 40° and
48.5°, 36° and 44°, and 21° and 28° are regulated and
measured by the coding combinations (listed in Supple-
mentary Table S3): N=4.75*N = 32, N=5.5*N =32, and
N =12*N = 32, respectively. As mentioned in the above
discussion, convolutional coding concentrates main-lobe
energy but raises sidelobe levels; this behavior can be
observed in both the simulations and measurements.
Convolutional coding achieves a 14.8 dBi maximum gain
(>12.6 dBi gain by dual-region coding), and shows higher
sidelobe levels. Compared with the simulations, the
directivity errors are both <2° for the two coding methods,
and the gain errors are <2.5 dBi for dual-region coding
and <4 dBi for convolutional coding. Next, we test the
ability for diffuse scattering by P,- and Q,-type GRS
coding sequences (listed in Supplementary Table S4) with
the lengths v =4, 5, and 6, as shown in Fig. 6¢c. Since GRS
coding as a kind of quasi-random sequence has harsh fault
tolerance, the specular lobes at 15° caused by the above
error factors weaken the ability of diffuse scattering.
However, the maximum reflectivity is still below ~—20 dB
and the directivities are almost in accord with the simu-
lations other than the specular reflections.

Point-to-point tracking transmission

As a final demonstration of the versatility of this
reconfigurable metasurface, we demonstrate a tracking
transmission system (see Supplementary Video). This
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proof-of-principle experiment relies on a point-to-point
transmission of a 1 GHz single-tone signal at 0.34 THz. As
shown in Fig. 7a, the basic THz communication link
employs a direct modulation technique. The emitter is
composed of a frequency multiplier module and a mod-
ulator module. First, W-band waves are generated via a 6x
frequency multiplier driven by a 14.17 GHz local oscillator
(LO). These W-band waves are input into two 2x multi-
pliers after power amplifying and power splitting to pro-
duce 0.17 THz waves. Next, we obtain carrier waves at
0.34 THz via the last 2x multiplier and then input them
into a THz modulator after power matching by an
attenuator. Finally, a signal generator inputs a 1GHz
single-tone signal into the modulator to transmit modu-
lated waves. For the receiver, a 0.34 THz second harmonic
mixer driven by 0.17 THz waves implements zero-

intermediate-frequency demodulation to recover the
1GHz single-tone signal. The receiver on a rotating
platform can be positioned in azimuth from 30° to 60° to
mimic targets in different directions, as shown in Fig. 7b.
For a demonstration of beam tracking, we turn this
rotating platform with a 5° increment. We observe that
the link can be closed only when a beam is pointed to the
receiver. By using the known receiver angle to determine
the appropriate value of N (using Eq. (1)), we can apply
the corresponding coding sequence to the metasurface, to
produce a reflected beam directed towards the receiver.
The smoothed demodulated results in different directions
are shown in Fig. 7c, d. As the receiver turns from 30° to
60°, the demodulated signal retains a clear 1 GHz sine
wave, although the peak-to-peak voltage V, shows a
downtrend owing to the inevitable edge coherence effect
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mentioned above. Slight waveform distortion results from
high-order nonlinear harmonics of diodes within the
modulator. With a suitable location sensing capability to
automate this process*?, this beam tracking functionality
could be implemented in real time, as the switching speed
of the metasurface can reach to 100 MHz (see Supple-
mentary Note 6).

Discussion

The idea of using intelligent reconfigurable surfaces to
enhance the capabilities of imaging, communications,
and sensing systems in the millimeter-wave and THz
regimes has been a subject of considerable interest*>~*7,
especially in the last few years. Although the value of such
devices is clear, the implementation has remained
uncertain, given the many stringent demands on their
performance specifications. Here, we have proposed and
experimentally verified a real-time controlled THz pro-
grammable metasurface based on a carefully designed
asymmetric meta-element with a 2DEG switch, which
can simultaneously satisfy many of these operation cri-
teria for fast and agile wavefront manipulation. By
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wave can be switched by 180° with a uniform amplitude,
thus permitting the definition of digital on and off states
(i.e., a 1-bit coding). A numerical beam-pattern analysis,
together with experimental studies, demonstrates the use
of this structure for multifunctional beam steering and
wave front engineering, enabling many applications in
which a smart reconfigurable surface is required. For
example, in a view field from 20° to 60°, we realize a wide-
band beam scanning in 0.33—-0.4 THz with a 1° scanning
accuracy at 0.34 THz. For creating a diffusely scattered
wave, we employ GRS coding to obtain a measured
maximum reflection of ~—20 dB. We also implement
real-time beam tracking to verify the metasurface-
assisted point-to-point signal transmission in different
directions. Compared with THz programmable meta-
surfaces recently proposed (listed in Table 1), this work
provides a balanced configuration without additional
phase shifters for good response speed and beam-
scanning precision. In the future, larger-scale and
higher-performance THz metasurfaces can be extended
based on the results presented here, and may be applied
in THz high-speed wireless communications, super-

changing carrier concentration in the 2DEG with an  resolution imaging systems, and other advanced
applied bias, the resonant delay imposed on an incident applications.
Table 1 Comparison of the related metasurfaces for THz beam steering
References Control Way/  Frequency Element Element size Response Measured Beam- Other
Mode (THz) number speed beam angles  scanning demonstrated
precision functions
Ref. ' Liquid crystal 0672 24% 50 0.38\ 100 Hz 85° 135°, 31.5° N/A N/A
(2020) /Reflection
Ref. 1° Liquid crystal 0462 48 x 48 0.49\ 1kHz —9°, —15°, N/A N/A
(2021) /Transmission —29°
9°,16° 30°
Ref. %/ Vanadium 0425 48 x 90 0.23\ 0.38Hz 0°,13°18°, N/A N/A
(2022) dioxide 22°,29°, 43°
/Reflection
Ref. *® HEMT-CMOS 0.235 32X 32 0.55\ 500 MHz —40°, —20°, 0°, N/A N/A
(2019) /Reflection 20°, 40°
Ref. '/ 65nm-CMOS 03 24 % 24 0.14\ 5GHz —30°0°30°  N/A Holographic imaging
(2020) /Transmission
Ref. 8 25nm-CMOS 0.265 98 x 98 0.5\ 100 kHz +60° 1° Scanning imaging
(2022) /Reflection
This work GaN HEMT 0.34 64 x 64 0.23A 100 MHz 20°-60° 1° Multi-beam
/Reflection steering

Diffuse scattering
Tracking
transmission

The bold entries highlightthis article’s work in comparison with other works
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Materials and methods
Calculation of coding sequences

The phase distributions on the metasurface determine
the coding sequences, which are designed by the
numerical approaches detailed in Supplementary Note 3.
All coding sequences used in the experiments are listed in
Supplementary Tables S1 to S4.

Metasurface fabrication

Figure 4a illustrates the fabrication process. Firstly, an
AlGaN/GaN epitaxial layer is grown on a SiC substrate by
metalorganic chemical vapor deposition (MOCVD). After
a standard cleaning process and photolithography pro-
cesses, the active region of 2DEG is delimited with the
outside AlGaN layer being etched by inductively coupled
plasma. Next, the source-drain electrodes are formed by
photoetching, electron-beam evaporation, lift-off pro-
cesses, and rapid annealing at 900 °C under an N, envir-
onment, with Ti/Al/Ni/Au deposition on both ends of the
active region as ohmic contacts. Similarly, for meta-atom
patterning, Ni/Au layer is fabricated on the GaN film by
similar photo etching, electron-beam evaporation, and
lift-off processes.

Beam measurements

THz waves from the emitter impinge on the metasur-
face with a 15° oblique angle after being collimated by the
off-axis parabolic mirror. The metasurface is located at
the axis of a rotating platform and reflects THz waves
after digitalized processing by a series of coding sequences
from the FPGA, where the binary codes "0" and "1" cor-
respond to the states of —8 V bias and 0V bias (which are
determined by the 1-bit condition at the central operating
frequency of 0.34 THz, detailed in Supplementary Note 5.
(2)). The receiver on the rotating platform turns in the
azimuth from 15° to 60° with a 0.5° increment to measure
reflection beam patterns. Because our emitter produces
limited output power, the receiver is located only 15 cm
from the metasurface.
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