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SUMMARY

Programmable vanadium dioxide (VO2) metasurface is proposed at THz fre-
quencies. The insulating and metallic states of VO2 can be switched via external
electrical stimulation, resulting in the dynamical modulation of electromagnetic
response. The voltages of different columns of the metasurface can be controlled
by the field-programmable gate array, and thus the phase gradients are realized
for THz beam steering. In 1-bit coding, we design periodic and nonperiodic
24 3 24 coding sequences, and achieve wide-angle beam scanning with the
deflection angles from �60� to +60�. In 2-bit coding, we use two different
meta-atoms to design 18 3 18 coding sequences. Compared with 1-bit coding,
2-bit coding has more degree of freedom to control the optical phase, and 3 dB
diffraction efficiency is improved by generating a single deflection angle. The
proposed programmable metasurfaces provide a promising platform for manip-
ulating electromagnetic wave in 6G wireless communication.

INTRODUCTION

Terahertz (THz) wave, which is located between the infrared andmicrowave bands, has several unique char-

acteristics such as extracting molecular spectral information, signal detection, and material characteriza-

tion compared with mmWave bands (Ferguson and Zhang, 2002; Rappaport et al., 2019). Up to now,

THz technology has already attracted significant attention in security checking, wireless communication,

radar monitoring, biomedical applications, and other areas (Nagatsuma et al., 2016; Tonouchi, 2007; Heinz

et al., 2015; Siegel, 2002, 2004; Zhang et al., 2014; Choi et al., 2011; Chan et al., 2007; Liu et al., 2007; Plus-

quellic et al., 2007). With the further expanding applications of THz technology, efficient functional devices

and components are highly desirable. However, most of the natural materials cannot strongly respond to

THz wave, which hampers the development of THz devices (Withayachumnankul and Abbott, 2009). As a

subwavelength structure, the meta-atom can exhibit electrical polarization and magnetic polarization

defined by the material and geometry (Meinzer et al., 2014). The metasurface can be formed by periodic

arrays of meta-atoms, providing an ideal platform for the realization of THz functional devices (Zhang

et al., 2008, 2013; Landy et al., 2008; Ben Mbarek et al., 2019; Wang et al., 2020; Wu et al., 2020; Rouhi

et al., 2018; Shabanpour et al., 2020; Cong and Singh, 2020; Cong et al., 2018). Nevertheless, the properties

of most metasurfaces are restricted by the fixed geometric parameters of meta-atoms. The dynamic func-

tions such as beam scanning, frequency shifting, or amplitude modulation cannot be implemented on the

basis of thementionedmetasurfaces. Therefore, hybrid metasurface combined with tunable materials such

as graphene (Tamagnone et al., 2018; Wu et al., 2018; Cheng et al., 2016; Shi et al., 2015; Lu et al., 2021;

Ghosh and Chaudhuri, 2018), liquid crystal (Song et al., 2017; Meng et al., 2019; Ji et al., 2020), and phase

transition materials (Hashemi et al., 2016; Li et al., 2020c; Cen et al., 2019; Park et al., 2018; Leitis et al., 2020;

Yin et al., 2017; Sreekanth et al., 2019) is considered as the promising approach to dynamically manipu-

lating the response of THz wave.

Among the wide varieties of THz dynamic regulation devices, THz beam steering has drawn more attention

in wireless communications. Until now, hybrid metasurfaces have been proposed to realize THz beam

steering. For example, R. Singh et al. presented a spatiotemporal metasurface based on silicon to inhibit

the backscattering and achieved 34.7� beam deflection for ultrafast beam scanning, which fulfilled the

emerging demand for THz communication (Cong and Singh, 2020). Tamagnone et al. integrated graphene

as an active element into metasurface, and the angular steering range reached 25� (Tamagnone et al.,

2018). Wu et al. integrated liquid crystal material into the metasurface to achieve coding sequences with
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Figure 1. Schematic configuration of 1-bit programmable metasurface

(A) Schematic of beam steering by separately adjusting the voltage of each column controlled by the field-programmable

gate array (FPGA).

(B) The meta-atom of the proposed 1-bit coding.

(C) The top view of the meta-atom.
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a maximum deflection angle of 32� (Wu et al., 2020). However, it is difficult to achieve wide-angle scanning

for these structures integrated with tunable materials. Wu et al. designed the hybrid coding metasurface to

cover 360� beam deflection by utilizing the tunable chemical potential of graphene (Wu et al., 2018).

Although the coverage angle is relatively large, it has only six main radiation directions. Therefore, it is still

challenging to realize real time controlling the wide deflection angle of THz beam. Programmable meta-

surfaces have been demonstrated to be suitable for real-time control of electromagnetic wave (Ghorbani

et al., 2021; Shabanpour et al., 2021a; Chen et al., 2022). Vanadium dioxide (VO2) is a reversible phase-tran-

sition material triggered by thermal, optical, or electrical excitations, and it has advantages of the fast

response and largemodulation depth (Huang et al., 2020). The switch time of the phase transition can reach

a scale of some femtoseconds at THz frequency, which can be much shorter than that of liquid crystals

(Shabanpour et al., 2021b; Bai et al., 2019). Combined with the VO2, metasurface is used to realize the

dynamic regulation of THz wave such as frequency shifting and beam steering (Hashemi et al., 2016; Li

et al., 2020b).

In this paper, we propose programmable VO2 metasurfaces for manipulating terahertz electromagnetic

wave. Two different VO2metasurfaces with 1-bit and 2-bit coding configurations are systematically studied.

In 1-bit coding, the meta-atom achieves optical phase difference of p. In 2-bit coding, the two meta-atoms

(type-A and type-B) are used to achieve phase difference of p/2. The above meta-atoms are controlled by

the field-programmable gate array (FPGA), where all the meta-atoms in a column always have the same

state. By adjusting coding sequences, the THz beam can be diffracted to different deflection angles.

The results show that 1-bit programmable metasurface can achieve wide beam scanning between �60�

and +60�. Since 2-bit programmable metasurface has more degree of freedom on phase control, 3 dB dif-

fracting energy efficiency is improved by generating a single deflection angle. The designed devices show

great potential for manipulating electromagnetic wave in THz regime.

DESIGN AND SIMULATION OF PROGRAMMABLE METASURFACE

1-bit programmable metasurface

The schematic of 1-bit programmable VO2 metasurface is shown in Figure 1A, which consists of the meta-

atom arrays, dielectric substrate, and reflecting metal film. In this design, low-loss quartz (thickness of

500 mm) is selected to reduce the absorption loss; gold (thickness of 0.2 mm) is implemented as the pattern

and substrate. To dynamically control the electromagnetic response of the unit cell, the VO2 patch (thick-

ness of 0.2 mm) is embedded in meta-atoms, as marked with the red region in Figures 1B and 1C. By

applying external voltage, it can cause the metal-insulator transition (MIT) of VO2 in the metasurface.

Note that the origin of MIT in VO2 remains unclear, it may be caused by joule heat (Kumar et al., 2013; Li

et al., 2016) or electric current (Wu et al., 2011; Shi and Chen, 2019). Each column of the structure is
2 iScience 25, 104824, August 19, 2022
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Figure 2. Tuanble VO2 metasurface with phase transition

(A) The measured VO2 conductivity under different temperatures.

(B) The simulated reflection amplitude of the meta-atom when VO2 is in the insulating (conductivity of 200 S/m) and

metallic states (conductivity of 10,000 S/m).

(C) The simulated phase of the meta-atom when VO2 is in the insulating and metallic states.
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independently controlled by the voltage (V1, V2, V3, .) from an FPGA. When one switch is toggled on,

FPGA will input the corresponding electrical-voltage coding sequence. Consequently, the voltage distri-

butions on the metasurface can be changed by toggling different triggers, thereby producing the required

‘‘0’’ and ‘‘1’’ states of the meta-atoms and achieving different phase gradient to manipulate THz waves.

VO2 has two states, namely, the insulating state and the metallic state. The schematic structure of meta-

atom is shown in Figure 1B. The geometric parameters of the meta-atom are as following: a = 320 mm,

b = 320 mm, c = 500 mm, d = 240 mm, e = 270 mm, f = 175 mm, g = 120 mm, h = 35 mm, and m = 4 mm.

When the VO2 is in the metallic state, the metal arms are connected to form the ring circuit structure.

When the VO2 is in insulating state, the ring circuit structure is broken. Therefore, the equivalent circuit

is completely different before and after the structural phase change. The electromagnetic response can

be controlled through external excitation, and the proposed structure can obtain the phase gradients

along the column separately, and then realize the purpose of THz beam steering.

As discussed above, the control of the metasurface is realized by exciting the VO2 film. The VO2 conduc-

tivity under different temperatures is measured as shown in Figure 2A. When the temperature is below

60�C, the conductivity of VO2 film is <1,000 S/m, which means the insulating state. When the temperature

is raised beyond 60�C, VO2 film undergoes a structural phase transition and the conductivity also signifi-

cantly increases. The film conductivity value is measured of �10,000 S/m in metallic state after the end

of the phase-transition process. According to the measured conductivity, the Drude model can be used

to describe the dielectric properties of VO2 at THz frequency (Li et al., 2020a; Wang et al., 2017; Liu

et al., 2012). Therefore, the metasurface uses the great different conductivities between two states of

VO2 to realize beam steering.

The light diffractions in metasurface follow the generalized Snell’s formula can be written as:

sinqr � sinqi =
l0

2pni

d4

dx
(Equation 1)

where qr and qi represent the reflection angle and incident angle of THz wave, l0 is the operating wave-

length and ni is refraction index of the medium above the metasurface, and d4/dx corresponds to the

phase gradient endowed by metasurface. Based on the geometric parameters of the metasurface, the for-

mula calculates the deflection direction of the THz beam. Considering the light deflection into air under the

normal incident THz wave, the formula can be simplified as:

sinqr =
l0

2p

d4

dx
(Equation 2)

And the radiation direction of the reflected THz beam can be calculated as:

qr = arcsin

�
l0

2p

d4

dx

�
(Equation 3)

The deflection direction of THz beam can be obtained by setting the appropriate phase gradient. In this

design, the phase gradient is generated when the metallic and insulating elements have the same
iScience 25, 104824, August 19, 2022 3



Figure 3. Electric field distributions in the metasurface unit

Electric field distributions in the top surface of the metasurface when VO2 is in the (A) insulating and (B) metallic states

The electric field vector distributions in the top surface of themetasurface when VO2 is in the (C) insulating and (D) metallic

states. The arrows indicate the field vectors.
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reflection amplitude and phase difference ofp. The simulations are performed by CSTMicrowave Studio to

effectively investigate the electromagnetic responses of the metasurface. As shown in Figure 2C, the phase

difference of meta-atom approaches p under the phase transition of VO2 at 0.218 THz. The same reflection

amplitude in Figure 2B ensures the accuracy of generalized Snell’s law used in the beam steering. Note that

the reflection amplitude can be increased by using the higher value of conductivity in the metallic state of

the VO2 (Shabanpour et al., 2020; Li et al., 2020c).

We first analyze the change of the field distributions before and after the VO2 phase transition. The de-

signed structure is illuminated by an incident plane wave; meanwhile, the electric field monitor is selected

to observe the field distributions. Figures 3A and 3B show the electric field patterns before and after the

phase transition of VO2 at 0.218 THz. Before the phase transition, the VO2 patch is in an insulating state

and acts as a capacitor, this resonance circuit forms a split-ring resonator. It can be seen in Figure 3 that

the free charges accumulate at the patch with a strong electric field intensity. When the VO2 patch is in

the metallic state, the metal arms are connected which results in a weaker electric field intensity. The

VO2 conductivity of metallic state is lower than that of gold, thus the accumulated charges cannot disap-

pear completely. The electric field vector distributions before and after the phase transition of VO2 are re-

searched, as shown in Figures 3C and 3D. When the VO2 is in the insulating state, the electric field vectors

are concentrated on the VO2 patch. When the VO2 is in the metallic state, the electric field vectors are low

and the distributions are relatively uniform. Therefore, the change of reflection phase before and after the

phase transition of VO2 is resulted from the change of capacitance in the circuit model.

Furthermore, to verify the effect of the VO2 patch, the influence of the size and position of the VO2 patch on

the reflection amplitude and phase is investigated. Figure 4A and 4B show the changes of the reflection

amplitude and phase when the offset position P of VO2 patch varies from 0 mm to 20 mm. It is found that

the offset position of VO2 patch has little influence on the reflection amplitude and phase of meta-atom.

Since the symmetrical structure is not sensitive to the polarization angle, the offset length is selected as

0 mm. When the width of VO2 patch varies, the results are shown in Figures 4C and 4D. Before the phase
4 iScience 25, 104824, August 19, 2022
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Figure 4. Meta-atom structural optimization for optical response

The reflection amplitude (A) and phase (B) curves of the meta-atom with different structural parameters (P) when VO2 is in

the metallic and insulating states. The parameter is defined as the offset position of the VO2 patch relative to the center of

the metal arm. The reflection amplitude (C) and phase (D) curves of the meta-atom with different VO2 patch width (m)

when VO2 is in the metallic and insulating states.

ll
OPEN ACCESS

iScience
Article
transition, the reflection amplitude increases and the phase decreases with the increase of VO2 patch

width. When the phase transition is triggered, the variation tendency is opposite. The reason for this phe-

nomenon is that the accumulated charge capacity under the insulating state is different. It can be seen

that the volume of VO2 patch has significant effect on the amplitude and phase of reflection. In order to

achieve the best performance, the same reflection amplitude in the metallic and insulating states is

required. When the optical phase difference is satisfied with p, metasurface can achieve beam deflection

by generating optical phase gradient. Therefore, the VO2 patch width is selected as 4 mm. The optimized

geometric parameters are what we selected in the structural design.

In the analysis of Figure 2, the meta-atom has the same reflection amplitude and p phase difference in the

insulating and metallic states, which are coded as ‘‘0’’ and ‘‘1’’. In order to realize the beam steering in far-

field scattering pattern, meta-atoms should be symmetrically arranged in a spatial staggered manner to

form ametasurface. The elements in the column are controlled by the same voltage. Therefore, the far-field

radiation patterns of different encoded 24 3 24 metasurfaces are researched in detail, as shown in

Figures 5A–5C. Figure 5A exhibits the reflection angle of all meta-atoms which are encoded as ‘‘0’’.

Because the coding sequence ‘‘0000.’’ represents the insulating state, no phase gradient is generated

between the columns; the metasurface mainly produces a reflected beam around in 0�. Then, the 1-bit cod-

ing is encoded with ‘‘000111.’’, as shown in Figure 5B. At 0.218 THz, two deflected beams are observed

on �45�/+45�. Figure 5C gives the 1-bit coding which is encoded with ‘‘00001111.’’ and the two beam di-

rections are�30�/+30� at 0.218 THz. In addition to the target beam deflection, metasurface also generates

zero-order diffraction, which can be suppressed by introducing supercell structures (Shabanpour et al.,

2020). Moreover, the diffraction characteristics of the far field are calculated by the classical Fraunhofer

diffraction formula. As shown in Figure 5D, when the elements are completely coded as ‘‘0000.’’, the re-

flected beam is focused on 0�. In Figures 5E and 5F, two deflected beams of the coding sequence

‘‘000111.’’ and ‘‘00001111.’’ are observed on �44.7�/+44.7� and �31.5�/+31.5�, respectively.

The periodic designmeans that the number of columns is divisible by the number of a single coding period.

Since the number of periodic coding sequence is finite, beam scanning requires more coding sequences to

improve the accuracy of beam directions. Therefore, the nonperiodic design, i.e. the total columns are not
iScience 25, 104824, August 19, 2022 5



Figure 5. Simulated and calculated far-field patterns of the designed 243 24metasurface with different periodic

coding sequences of ‘‘0000.’’

(A–F) (A and D), ‘‘000111.’’ (B and E), and ‘‘00001111.’’ (C and F) at 0.218 THz.
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divisible by a single coding period, is proposed to realize the deflection of beams. As shown in Figures 6A–

6C), when the metasurface is coded as ‘‘000011111.’’, ‘‘0001111.’’, and ‘‘00111.’’, two deflected beams

are observed on �28�/+28�, �35�/+35�, and �60�/+60�, respectively. Note that the nonperiodic coding

sequence affects the phase gradient distribution on the metasurface, resulting in asymmetric beams. In

Figures 6D–6F, two deflected beams of the above coding sequences are observed on �28.4�/+28.4�,
�37.1�/+37.1�, and �58.9�/+58.9� by numerical calculation. The simulations coincide with theoretical re-

sults. Table 1 shows the comparisons of the different metasurfaces for THz beam steering. In this work,

the 1-bit programmable metasurface can achieve tunable and wide beam scanning between �60�

and +60�, which provides a promising platform for beam steering at 6G frequencies.

2-bit programmable metasurface

The concept of the programmable metasurface can be extended from 1-bit to 2-bit or higher coding (Cui

et al., 2014). In 2-bit coding, four states with different electromagnetic responses are required to mimic the

‘‘00’’, ‘‘01’’, ‘‘10’’, and ‘‘11’’ coding. The two states of 1-bit programmable metasurface need to achieve p

phase difference, then the four states of 2-bit programmable metasurface are required to achieve p/2

phase difference, such as 0, p/2, p, and 3p/2. Therefore, 2-bit coding has more degree of freedom to

manipulate electromagnetic waves compared with 1-bit coding.

To realize 2-bit coding, we design twometa-atoms labeled type-A and type-B with different geometries, as

shown in Figure 7A. It shows that the 2-bit programmable VO2 metasurface is controlled by FPGA, in which

type-A and type-B are in a staggered arrangement. The 2-bit programmable metasurface also consists of

the meta-atom arrays, the dielectric substrate, and back metal film. The geometric parameters of type-A

(type-B) are listed: a = 300 mm, b = 300 mm, c = 500 mm, d = 240 (150) mm, e = 270 (170) mm, f = 175 (110)

mm, g = 115 (90) mm, h = 35 (15) mm, and m = 4 (3) mm. Each meta-atom (A or B) can be electrically tuned

between insulting and metallic states. The deflection function of the THz beam can be achieved when

the condition of phase gradient is satisfied. The 2-bit coding can improve the accuracy of beam directions.

As shown in Figure 7B, the amplitudes of the two types before and after phase transition are 0.5. In Fig-

ure 7C, the optical phase of type-A has 5p/6 and 11p/6, and the phase of type-B has 4p/3 and p/3. There-

fore, both of meta-atoms can satisfy the p/2 phase difference. We use ‘‘00’’ (‘‘01’’) for the insulating

(metallic) state of type-A and ‘‘10’’ (‘‘11’’) for the insulating (metallic) state of type-B. Similar to the 1-bit pro-

grammable metasurface, each column has the same element type in the 2-bit programmable metasurface.

By controlling each column with FPGA, the conductivity of each column VO2 can be changed, thus realizing

the manipulation of the deflection angle.
6 iScience 25, 104824, August 19, 2022



Figure 6. Simulated and calculated far-field patterns of the designed 24 3 24 metasurface with different

nonperiodic coding sequences of ‘‘000011111.’’

(A–F) (A and D), ‘‘0001111.’’ (B and E), and ‘‘00111.’’ (C and F), respectively at 0.218 THz.
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Based on type-A and type-B, the 18 3 18 metasurface with different 2-bit coding sequences has

been designed. We remark that ‘‘0’’, ‘‘1’’, ‘‘2’’, and ‘‘3’’ as the ‘‘00’’, ‘‘01’’, ‘‘10’’, and ‘‘’11’’. It can be seen

that themetasurfacewith coding sequences in Figures 8A–8D hasmain beamdirections of +20�, +30�, +40�,
and +50� at 0.22 THz. Correspondingly, the numerical results also show that the beam deflections of

+20.1�, +31.5�, +41.8�, and +50.0� are generated in Figures 8E–8H. The 2-bit coding can achieve a single

deflection angle. Thus, 3 dB diffraction energy efficiency is improved.When the above coding sequences in

Figure 8 are inverted, such as ‘‘0123’’ to ‘‘3210’’, it can achieve a symmetrical beam deflection between�20�

and �50�. To prove the flexibility of 2-bit encoding, we design other coding sequences in Figure 9. It can

be seen that the metasurface with 2-bit coding sequences in Figures 9A–9D achieves main beam

directions of�20�,�30�,�40�, and�50� at 0.22 THz. The calculated results show that the beam deflections

of �22.1�, �31.7�, �42.1�, and �53.1� are generated in Figures 9E–9H. Therefore, the simulations coincide

with theoretical results, and the same beam deflection can be achieved with different coding sequences.

2-bit programmable metasurface has higher freedom on phase and more flexible coding sequences.

Conclusions

In summary, we report 1-bit and 2-bit programmable VO2 metasurfaces which realize phase difference of p

and p/2, respectively. Combining with the FPGA, metasurface can be applied to change the direction of

beam deflection by dynamically configuring the coding sequences in real-time. The 1-bit coding can

achieve wide deflection angles between �60� and +60� by generating two symmetrical deflection angles.

The 2-bit programmable metasurface has higher freedom of control on phase and achieves a single deflec-

tion angle with 3 dB diffraction efficiency improvement compared with 1-bit programmable metasurface.
Table 1. Comparisons of different metasurfaces for THz beam steering

Material Tuning methods Performance

Silicon (Cong and Singh, 2020) Femtosecond laser pulses 34.7� deflection angle Non-tunable

Graphene (Tamagnone

et al., 2018)

Voltage controlled by Arduino 25� deflection angle Tunable

Graphene (Wu et al., 2018) Changing the graphene

chemical potential

6 fixed directions cover 360�

Tunable but Discontinuous

Liquid crystal (Wu et al., 2020) Voltage controlled by FPGA 32� deflection angle Tunable and Digital

Vanadium dioxide (This work) Voltage controlled by FPGA G 60� deflection angle Tunable and Digital

iScience 25, 104824, August 19, 2022 7
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Figure 7. The 2-bit programmable metasurface

(A) The schematic view of 2-bit programmable metasurface. Simulated reflection amplitude (B) and phase (C) of the meta-

atoms when VO2 is in the insulating and metallic states.
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The simulation results coincide with theoretical results. This work offers a promising method of dynamic

beam deflection at 6G frequencies and enables the broad adoption of wireless communication.
Limitations of the study

In this study, we propose programmable VO2 metasurfaces which can dynamically control the deflection

angle of the THz beam. While, we cannot conduct the device fabrications and performance measurement

due to the lack of experimental conditions. Based on the previous work (Shabanpour et al., 2020; Chen

et al., 2022), the meta-atom structures can be possibly fabricated as follows: First, a layer of VO2 (0.2 mm

thick) is deposited on the quartz substrate (500 mm thick) by reactive magnetron sputtering. Next, the

pattern of VO2 patch is formed by the lithography and reactive ion etching. Finally, a layer of gold

(0.2 mm thick) is deposited on the bottom of quartz substrate, and the gold pattern is fabricated on the

top surface of quartz by the second lithography and metallic deposition. The optical response of as fabri-

cated device can be characterized by the commercial THz system. In the future study, we may seek for the

cooperation for the device fabrication and measurement.
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Figure 9. Simulated and calculated far-field patterns of the designed 18 3 18 metasurface with different 2-bit

coding sequences of ‘‘020303031212020303’’

(A–H) (A and E), ‘‘031212030303120203’’ (B and F), ‘‘120303120203021203’’ (C and G), and ‘‘031203031203031203’’ (D and H),

respectively at 0.22 THz.
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Data and code availability
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d This paper does not report original codes.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

The CST Microwave Studio software has been employed to analyze the far-field patterns of the proposed

programmable VO2 metasurfaces. In these numerical simulations, the propagation direction of incident

wave is set to be perpendicular to the x-y plane where the programmable VO2 metasurface. The conduc-

tivity of VO2 before and after phase transformation is 200 S/m and 10,000 S/m.
METHOD DETAILS

The simulation is conducted with the CSTMicrowave Studio software. The boundary conditions in the x and

y directions are open, and the boundary conditions in the z direction are open (add space).
QUANTITATION AND STATISTICAL ANALYSIS

The simulation data is produced by CST Microwave Studio software. Figures shown in the main text were

produced by Origin and Microsoft PowerPoint from the raw data.
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