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ABSTRACT A architecture of reconfigurable analog computing devices is proposed for image processing
and advanced wireless communication systems, such as those required for self-driving cars. This architecture
is designed to work in the terahertz frequency range, and it is based on a metasurface made of VO, brick
resonators as metaatoms. The system is capable of performing first-order and second-order derivative, or it
may act as a mirror for impinging signals in a broad range of terahertz frequencies. The reconfigurability
between these functions is achieved by tuning the temperature of the VO, resonators, which can be switched
between the metallic and the insulator state with an electric current passed through a back metal layer.
Following this approach, we present two dynamically controlled metasurfaces, one designed in k-space and

the other in real-space.

INDEX TERMS Analog computing, reconfigurable devices, vanadium dioxide, first and second-order

derivative, nonlocal metasurface, wide bandwidth.

I. INTRODUCTION

The pace of creating, processing, and storing data has
remarkably increased worldwide in the past few years. Also,
fifth-generation (5G) and sixth-generation (6G) wireless
communication systems and the advent of new technologies
such as autonomous driving and the rapid development of
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technologies related to artificial intelligence, demand large
data file processing [1], [2]. In the past few decades, digital
processing has been widely used for these computational
tasks due to its reliability and high-speed operation. However,
low performance at high frequency, high power consump-
tion, and the difficulties in analog to digital conversion and
vice versa pose important challenges that lead researchers to
leverage analog computing as an alternative to perform com-
mon computational tasks such as differentiation, integration,
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solution of differential equations, as well as fundamental
image processing operations such as edge detection [3],
[4]. Also, in optical frequency, analog computing has an
application in image processing, such as edge detection
for microscopy imaging, quantum imaging, and holographic
imaging [5]. Using optical analog communications instead
of digital ones can reduce energy consumption and increase
communication speed between two points without needing
analog-to-digital and vice versa conversion [6]. Also, optical
analog computing has been used in artificial intelligence
models, such as feedforward neural networks, reservoir com-
puting, and spiking neural networks, due to low energy
consumption, broad bandwidth, and low latency [7].

Metasurfaces, owing to their ability of wave-front control
and reliable fabrication processes [8], [9], [10], [11], are the
best choice to realize such a significant task [1], [3], [4],
[12], [13], [14], [15], [16], [17]. These structures have many
applications in different frequency bands [18], [19], [20].
A metasurface with a U-shaped split-ring resonator and a
fork-shaped resonator has been used for Multi-band elec-
tromagnetically induced transparency (EIT) in the terahertz
regime [18]. Another metasurface is used in the microwave
frequency to apply power reception [19]. Metasurface and
metamaterial structures can be applied for absorber applica-
tions, especially in optical wavelengths [20]. For instance,
an intelligent, lightweight, and compact edge-enhanced depth
perception system is realized with binocular meta-lens for
spatial computing at the wavelength of 532 nm [21]. Also,
other work proposed a dielectric metasurface composed
of quasi-continuous nanostrips that could overcome the
limitations of broadband and highly efficient structures
simultaneously in comparison with traditional metasurfaces
with discrete resonators [22]. In refs. [3], [12], and [13]
a first-order differentiator metasurface was designed using
dielectric and metallic brick resonators. The second-order
differentiator with a high numerical aperture, which is
appropriate for edge detection, has been realized using a
metasurface with a honeycomb structure without depen-
dency on polarization [1]. Cordaro et al. [14] proposed a
second-order differentiator on the input image for edge detec-
tion applications with a silicon metasurface. Kwon et al. [15]
presented a nonlocal metasurface with a split ring resonator
for first- and second-order differentiation and integration.
A metasurface as a silicon-on-insulator platform, capable
of integration in the spatial domain, was designed and
fabricated [4]. Estakhri and his collaborators introduced a
metamaterial platform to provide a fast and chip-scale design
capable of solving integral equations [16]. Despite all these
efforts, the absence of reconfigurability, which is essential
for high data rates in intelligent wireless communication
systems, is a significant disadvantage.

Although increasing demand for reconfigurable devices
in analog computing, researchers have made a few pro-
posals in recent years. Momeni et al. suggested a promis-
ing path toward spatiotemporal computing using graphene
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metasurfaces in both space and time domains that can tune
performance by applying an external voltage to monolayer
graphene [17]. Another work demonstrated a reconfigurable
metasurface that can mechanically tune between low-pass
filter, high-pass filter, and second-order differentiator [23].
A photonic signal processor with the ability of signal pro-
cessing functions, including differentiation, integration, and
Hilbert transformation, has been achieved by controlling the
injection current to the active component of the structure [24].
Babashah et al. proposed a reconfigurable photonic inte-
grated signal processing system that can control different
performances, including Fourier transform, first-order deriva-
tive, integration, and convolution using the desired arbitrary
transfer function through a cascaded Mach-Zehnder modu-
lator and a phase modulator [25]. Using memristive devices,
Yunning designed and fabricated Field-programmable analog
arrays for analog computing at the kilohertz frequencies [26].
An additional contribution at optical telecommunication
wavelengths (1550 nm) involves the implementation of
reconfigurable photonic integrated computing [27]. This sys-
tem, structured on a quadrilateral topology network, can
execute temporal differentiation, integration, and Hilbert
transformation within a substantial bandwidth of 40 GHz.
Despite these efforts, drawbacks such as complexity and
feasibility [17], [27], large volume occupation [24], [25],
and mechanical reconfigurability rather than an electrical
one [23] are serious obstacles toward the realization of reli-
able tunable analog computing.

To address these issues, we propose and numerically test
a new strategy to achieve reconfigurable analog comput-
ing devices by using a VO, metasurface at terahertz (THz)
frequencies. The tunability of VO, at THz frequencies is
very deep. Indeed, the conductivity switches from 2 S/m to
1 x 10° S/m [28] around the temperature of 68°C, however,
in the heating process insulator to metal transition occurs
at one or two degrees higher, and in the cooling process,
the transition from metal to insulator is one or two degrees
lower [29]. Above the critical temperature of approximately
68 °C, not only the electrical but also the optical properties
undergo a significant change. In the lower temperatures,
VO, is like an insulator without any loss, while increasing
temperature to more than 68°C increases the imaginary part
of the permittivity, as described by the Drude model [30],
[31], [32]. Therefore, this frequency range is particularly
appealing for devices with reconfigurable functionalities
based on the phase transition in VO,. In addition, there is
a growing demand for tunable and reconfigurable devices
for high-capacity wireless communications in the THz range
for a wide variety of applications, including front- and back-
hauling of base stations, wireless local and personal area
networks, near-field communications, wireless connections
in data centers, and device-to-device communications [33].
In this work, we propose two designs to show the full poten-
tial of VO;-based reconfigurable metasurfaces in the THz
regime. In the first design, a metasurface with VO, brick
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resonators, working in k-space, provides a first-order differ-
entiator transform function in reflection when VO, is in the
metallic state. Switching the VO, from the metallic state to
the insulator state by reducing the temperature leads to chang-
ing the performance of the metasurface to self-reflection at
the normal angle, like a mirror. In the second design, when the
metasurface works in direct space, it can change between two
states: second-order differentiator in the high-temperature
state and mirror in the low-temperature state of the VO, brick
resonators. Compared with previous works on reconfigurable
analog computing, this structure is easy to fabricate, has an
operational speed on the order of nanoseconds [34], and has
an ultra-compact architecture in the THz regime.

The organization of this paper will start with the theory of
analog computing and design a reconfigurable analog com-
puting metasurface in k-space. Then it will be investigated
using a full-wave simulation with the finite element (FEM)
method in COMSOL Multiphysics. In the third section,
we developed a compact analog computing device based on
a reconfigurable nonlocal metasurface to investigate such
structure in real space. These analog computing devices have
applications in image processing, smart wireless systems, and
self-driving cars. One of the challenges of this structure is
increasing or decreasing the temperature of VO, resonators
using the electric current passing through the back metal.
Thus, the influence of changing temperature on other devices
should be investigated when integrated into large communi-
cation or imaging systems.

Il. ANALOG COMPUTING WITH VO, METASURFACE IN
K-SPACE

In this section, we design mathematical operations in the
Fourier space based on the building blocks represented in
Fig. 1. Based on this figure, f(x) and g(x) are the arbitrary
input and corresponding output of the system. The input
signal passes through the lens as a spatial Fourier transform
block and reaches the metasurface located in the Fourier plane
of the lens. Then, it is convolved with the impulse response
of the metasurface, and the filtered signal passes through the
lens and is converted back to the real space. The lens used in
the setup of Fig. 1 should be able to focus Terahertz beams.
Commercial lenses for Terahertz radiation have dimensions
ranging from 30 to 100 mm and focal lengths from 15 to
300 mm [35]. In the alternative, a metalens may be employed,
with meta-atoms engineered to produce a converging lens
effect with an effective focal length of a few centimeters [36].
In our analysis, we assume only one spatial dimension (x) and
one-dimensional frequency space (k). In other words, g(x),
i.e., the output of the system, can be obtained as follows:

60 =) 4/ = [ he =Xy @
and the spatial Fourier transform of equation (1) is:
G(ky) = H (ky)F (ky) 2
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FIGURE 1. Sketch of the mathematical operation in Fourier space with a
lens as a Fourier transform (FT) and a reflective reconfigurable
metasurface.

where G(k,), H(ky), and F(ky) are the Fourier transforms
of the g(x), h(x), and f{x) respectively and k, is the spatial
frequency.

The proposed reconfigurable analog computing metasur-
face designed in Fourier space is shown in Fig. 2. The incident
wave is F(ky), the Fourier transform of the f{x), as an input
of the system, and the reflection of the electric field is G(k;).
Also, H (ky) is the transfer function associated with the target
mathematical operation related to the k,-dependent reflec-
tion coefficient of the reflective metasurface. To realize the
target mathematical operation, the unit cells of the structure
will be engineered based on the desired reflection associ-
ated with the proposed mathematical operation. Then, the
reflection of the metasurface, located in the Fourier plane,
passes through the lens and converts back to real space after
two Fourier transforms. The domain of the reflected signal
will be inverted due to the properties of the repeated Fourier
transform (FT {FT[f;(x)]}  fr(—X)).

To realize the transform function, the engineered res-
onators should be distributed periodically on the supercell of

FIGURE 2. Perspective view of reconfigurable analog computing
metasurface and its unit cell with VO, brick resonator, SiO, layer, and
back metal made of Ag.
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FIGURE 3. Real and imaginary part of the VO, permittivity between
frequency of 1 THz and 10 THz in both metallic and insulator states.

the metasurface to create the desired amplitude and phase
of the reflection. We consider plane wave excitation with
x-polarization impinging normally on the metasurface at a
frequency of 3.75 THz. The THz regime was chosen due
to the good plasmonic properties of the VO, in the metallic
state. The full-wave simulations are performed with the Finite
Element Method (FEM) using the COMSOL software. The
metaatom of the metasurface has a brick resonator made of
VO, with lateral dimensions a, along the x-axis, b, along the
y-axis and height = 300 nm. The brick resonator is separated
from the Ag substrate (with a height of #,, = 10 um) by an
insulator layer of SiO; with permittivity of 2.1 (with a height
h = 10 um), and the periodicity of the unit cell is p = 30 um.
For VO,, we consider a constant relative permittivity equal
to 9 in the insulator state (below T¢). For the metallic state
at high temperature, we use the frequency-dependent Drude
model, & = g5 — a)l%/(a)2 — jwy), with g5 = 12, plasma
frequency w, = 1.4 x 10'5 rad/s, and collision frequency
y = 5.75 x 1013 1/s [30], [37], [38]. For Ag, the Drude
model fitted to the experimental data reported in [39], is used.
The parameters used in the Drude model are: e5c = 3.8, the
plasma frequency is w, = 3.8 x 1016 rad/s, and the collision
frequency is y = 2.7 x 10'3 1/s. For the permittivity of
silicon, data reported in [40] is used which considers both loss
and frequency dispersion. To perform the target mathematical
operation, the magnitude of the reflection should cover the
range from O to 1, and the phase should be controlled between
0 degrees and 360 degrees. To achieve this goal, the lateral
dimensions of the resonator are adjusted between 2 um and
28 pm.

Here, we aim at the design of a tunable first-order differ-
entiator. To design such a structure, we suppose two states of
metallic and insulator at high temperature and low tempera-
ture of VO,, respectively (see Fig. 3). Our goal is to design
the first-order derivative at high-temperature thanks to the
plasmonic effect of VO, at THz frequency through control
of the amplitude and phase of reflection. According to the
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FIGURE 4. Target and actual electric field reflection profile of the
reconfigurable metasurface at (a,b) high-temperature (first-order
derivative) and (c,d) low-temperature (mirror).

Fourier transform principle, the spatial derivative of f(x) is
related to its Fourier transform as follows:

)
dx )

whose transformation should be provided by the reflec-
tive metasurface. As can be seen from Eq. (3), the spatial
frequency (k) is unlimited; however, the length of the meta-
surface is limited, and the magnitude of the reflection
coefficient must be below unity for energy conservation.
To solve this problem, we assume that L is the finite extension
of the metasurface in the x-axis direction (i.e., the dimension
of the supercell), and we target the following normalized
transfer function that realizes the first-order differentiator
operation:

FT{ } = (k)F (k)

H(k) = (ik)/(L/2) “)

Using the data from the full-wave simulation at the high
temperature of VO,, the sizes of the brick resonators in
the metallic state in the supercell (see Table 1) have been
chosen to provide the target reflection profile of Eq. (4) via
the plasmonic effect of VO, at THz frequencies. It is worth
mentioning that the structure is not symmetric with respect
to the plane x = 0, as required by the odd symmetry of the
phase of the target transfer function. Fig. 4(a) and Fig. 4(b)
show the target and actual reflection profiles (magnitude
and phase) of the metasurface for the first-order derivative
operation at high temperatures. The reflection profile of the
actual structure, disregarding the discretization effect of the
metasurface, perfectly overlaps the target one. As shown in
Fig. 4(c) and Fig. 4(d), at low temperatures, when VO is in
the insulator state, no resonances are excited, and the interac-
tion with the incident wave is quite weak. As a consequence,
the metasurface works like a mirror and simply reflects the
incident wave.
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TABLE 1. The lateral dimensions of the VO, brick resonators that are
distributed periodically in the supercell of the reconfigurable
metasurface.

Res Lx [pm] Ly [pm] Location [pm]
Resl 24 2 0
Res2 26 2.5 +30
Res3 26.5 3 +60
Res4 27 4 +90
Res5 27 5.5 +120
Res6 27.5 7 +150
Res7 28 9 +180
Res8 29 13 +210
Res9 29.5 18 +240
Res-2 21.5 2 -30
Res-3 20.5 2 -60
Res-4 19.7 3 -90
Res-5 19 4 -120
Res-6 18.2 5 -150
Res-7 17.3 7 -180
Res-8 16 10 -210
Res-9 14 18 -240

To investigate the performance of this reconfigurable
device, the metasurface with periodic boundary conditions
has been simulated in COMSOL Multiphysics@®)6.1 with the
FEM method. In this simulation, as an illustrative exam-
ple, the excitation is x-polarized, and it has the following:
E, = (x/le — 4) x exp(—(x/le — 4)?) (see Fig. 5(a)) at a
carrier frequency of 3.75 THz. We performed this simulation
at a high and low temperature when VO, is in the metal-
lic state and the insulator state, respectively. As shown in
Fig. 5, the output of the system at the high temperature is
the first-order derivative of the incident wave; as expected,
in the low-temperature regime, the metasurface works like a
mirror and reflects the incident wave towards the air side.
The operational speed of this analog computing device is
dependent on switching mechanisms for the VO, resonator.
the first mechanism is ultrafast (100 femtoseconds), which is
photo-induced, and that is only possible using high-intensity

g
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FIGURE 5. (a) The real part of the incident electric field (it has a zero
imaginary part), (b) the output of the reconfigurable metasurface in
high-temperature (first-order derivative), and (c) low-temperature.
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and short pulses as stimuli [41], and the second process
which is used in our work is a slower one (nanosecond),
purely thermal, that can be induced with electrical current,
or heat [34].

Ill. ANALOG COMPUTING WITH VO, METASURFACE IN
REAL-SPACE

In this section, we design a reconfigurable non-local metasur-
face [42], [43] that operates in direct space as a second-order
differentiator at high temperatures and as a mirror at low
temperatures. The non-local metasurface in the metallic state
of VO, is designed in such a way that its output, i.e.,
the function of g(x), is the convolution of the input, f(x),
and the second-order derivative of the impulse function
(see Fig. 6(a)). In other words, the reflected field is the
second-order derivative of the input field. In this configura-
tion, we avoid using bulk lenses, and we work in real-space.
Thus, the reconfigurable device is more compact than the pre-
vious one, which is designed to operate in the Fourier (or back
focal) plane of a lens. The unit cell of the non-local metasur-
face is depicted in Fig. 6(b). Our goal is to tailor the reflection
coefficient for impinging plane waves as a function of the
angle of the incident to provide a transfer function of G(k) o
—k? related to the second-order derivative. To provide such
a transfer function, the lateral dimensions of the VO, brick
resonators are determined based on parametric numerical
simulations of COMSOL multiphysics@®)6.1 with the FEM
method and setting periodic boundary conditions and plane
wave as an excitation. Based on these investigations, the
transfer function is shown in Fig. 6(a). The thickness of the
resonator is t = 50 nm, and the lateral dimensions are set at
Lx =26 pmand Ly =7 um.

X

Z*-& ¥ 8
fx) :%
g(x) « ff(x’)d”(x —x")dx' _g
£
(a) b)

FIGURE 6. (a) Sketch mathematical operation in the real space with a
non-local reflective reconfigurable metasurface. (b) Unit cell of
reconfigurable non-local metasurface with VO, brick resonator, SiO,
layer, and back metal made of Ag.

Figure 7(a) shows the transfer function of the second-order
derivative at high temperatures. Also, at low temperatures
(Fig. 7b), owing to the weak interaction of the incident wave
with the VO bricks in their insulator state, the transfer
function is unity and only introduces a phase shift close to
—m. To investigate the performance of this reconfigurable
non-local metasurface, we use a numerical simulation with
Ey = exp(—(x/ 10_4)2) at high and low temperatures when
VO, is in the metallic and insulator states, respectively.

VOLUME 12, 2024
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FIGURE 7. The transfer function of the reconfigurable non-local
metasurface as a function of angle of incidence () at (a) high
temperature (second-order derivative) and (b) low temperature (mirror).

As shown in Fig. 8, at high temperatures, the output of the
system is a second-order derivative of the Gaussian beam;
however, at low-temperature, the metasurface works like a
mirror and reflects the incident wave to the air.

One of the significant advantages of this metasurface is that
the transfer function remains almost unaltered in a large fre-
quency range centered at around 3.5 THz, therefore providing
a second-order derivative operation in a broadband frequency
band of 2 THz (between 2.5 THz and 4.5 THz). As shown
in Fig. 9(a), the magnitude of reflection becomes zero due
to the dipole resonance in the operational frequencies, and
the metasurface provides a second-order derivative transfer
function of type G(k) o —kf in a broad range of frequencies.
Also, based on Fig. 9(b), in each frequency at the bandwidth
of the metasurface, the reflection phase is almost unchanged.
To investigate the behavior of zero reflection at the pro-
posed bandwidth, the normalized electric field is depicted
at 3 THz, 3.4 THz, and 3.75 THz in Fig 9(c), showing the
dipole resonance of the nano-brick. Based on the proposed
calculations, this reconfigurable device not only has a wide
relative bandwidth of approximately 2 THz with an average
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FIGURE 8. (a) The real part of the incident electric field (it has a zero
imaginary part), (b) response of the reconfigurable non-local metasurface
at high temperatures (second-order derivative), and (c) low temperatures.

TABLE 2. Comparing the properties of the proposed reconfigurable
non-local metasurface with previous works.

Ref. Structure Functional  Reconfigurable Bandwidth
ity /Static
[44] Multi-layer Derivative Static -
[45] Metasurface Derivative Static STHz/200T
Hz
[46] Multi-layer Integrator Static -
[17] Metasurface Derivative Reconfigurable -
[27] Photonic Derivative/ Reconfigurable ~ 40GHz/193
Circuit Integrator .5THz
This Metasurface Derivative Reconfigurable 2THz/3.5T
work Hz

numerical aperture of 0.99 across this band. A large numerical
aperture and a broadband operation are critical parameters
in analog computing devices that perform operations such
as differentiation and edge detection. Beyond being recon-
figurable in the THz regime, the structure proposed here has
a fractional bandwidth close to 50% and an average NA of
approximately 0.99. The numerical aperture is defined as the
angular spectrum range in which the response of the structure
allows analog computing functionality. Namely, the second-
derivative operator, which is —Kk? in the spectrum domain,
is kept unaltered from approximately —90 to 90 degrees.
Hence, the numerical aperture (NA = sin «, with o accep-
tance angular range), is equal to approximately 1.

Table 2 compares the properties of the reconfigurable
non-local metasurface for analog computing applications
with other similar works in terms of reconfigurability, func-
tionality, and bandwidth. Based on this study, our analog
computing device has the largest bandwidth compared to
previous works [17], [27], [44], [45], [46].

To thermally investigate our structure, we solved the heat
diffusion equation using CST software. We set the thermal
properties of the materials as in Table 3. Moreover, an open
boundary condition with ambient temperature (20 °C) is used
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FIGURE 9. (a) The magnitude and (b) the phase of reflection of the
electric field from the reconfigurable nonlocal metasurface at high
temperatures as a function of frequency and angle of incidence (6).

(c) The normalized electric field of the nano-brick in the metallic state of
VO, at frequencies of 3 THz, 3.4 THz, and 3.75 THz.
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for all boundaries, while for the top and bottom boundaries,
conduction and radiation heat transfer are enabled in the
thermal simulation. The electric current flowing in the silver
film heats the whole structure and induces a heat source at the
SiO; layer and at the VO, resonator, bringing its temperature
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TABLE 3. Thermal properties of the materials used in the thermal
simulation of CST.

Material Density ~ Thermal Conductivity Specific Heat
[kg/m’| [W/K/m] [J/K/kg]
Ag 10490 460 233
VO, 4570 3.6 690
SiO, 2650 1.3 680
°C

80

74

68

FIGURE 10. Temperature distribution in the unit cell of reconfigurable
non-local metasurface with VO, brick resonator, SiO, layer, and back
metal made of Ag when the heating current is flowing at the interface
with silver (the ground metal layer of the structure).

to 68-80 °C (>Tc). The thermal simulation results are shown
in Fig. 10, where the spatial distribution of temperature is
reported in the steady state: the VO, resonator has a tempera-
ture larger than Tc, leading to the transition from the insulator
to the metal. In other words, the heat from the electric current
passes through the back metal and transfers successfully to
the VO, resonators despite a low thermal conductivity SiO;
layer, which is between them.

IV. CONCLUSION

In this paper, we presented an architecture of reconfigurable
analog computing metasurfaces based on VO, brick res-
onators in the terahertz regime. We proposed two types of
analog computing devices, one working in the k-space and
the other in the real-space. The first device implements the
first-order derivative at high temperatures when VO, res-
onators are in the metallic state; at low temperatures when
VO, resonators are in the insulator state, the metasurface
works like a mirror and reflects the incident wave. The second
metasurface implements a second-order derivative at high
temperatures and a mirror at low temperatures. In the latter
case, the transformation is achieved without needing a bulk
lens to convert the incident wave into k-space. Therefore,
this second solution is characterized by better compactness.
Moreover, this second solution shows broadband capabilities
and high numerical aperture. In conclusion, the proposed
metasurface paves the way toward realizing broadband and
compact terahertz devices with tunable functionalities. These
features make such reconfigurable metasurfaces based on
VO, resonators appealing solutions for broadband analog
computing.
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