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ABSTRACT A novel architecture of reconfigurable, flat metalens is proposed with an electrically tunable
focal length for applications in wireless communication systems working at the frequencies of millimeter
waves (i.e., 60 GHz). In this approach, a reflective metalens made of silicon bricks is distributed on a
grounded multilayer hosting films of a phase-transition material, namely, vanadium dioxide. The multilayer,
acting as a ground plane with a controllable position, provides different phase profiles in the same metalens
and, therefore, different focal lengths. Our numerical investigation of thermal and electromagnetic effects
shows that the metasurface can reversibly tune the focal length at 27, 31, and 33 mm. In addition, in the
operating frequency range between 58 and 62 GHz, the tunability of the metalens remains unaltered.
Dynamically controlling the focal point of millimeter waves is highly desirable in wireless communications,
especially for 5G and 6G cellular systems applications.

INDEX TERMS Millimeter waves, tunable and active metasurfaces, reconfigurable devices, reflective
metalens, vanadium dioxide.

I. INTRODUCTION
Nowadays, a considerable increase in wireless consumers
and a growing need for wide spectrum bandwidth with a
higher data rate have forced engineers and researchers to
transition from microwaves to millimeter waves [1], [2], [3].
Millimeter waves provide large bandwidth, narrow beams,
and strong detection ability, while most wireless systems at
microwave frequencies present smaller data rates [1], [2], [3].
In other words, millimeter waves with a spectrum between 30
GHz and 300 GHz and devices with a smaller footprint
compared to microwave structures are reliable alternatives
for future wireless communications [1], [2]. Fifth-generation
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(5G) and sixth-generation (6G) cellular communication sys-
tems with improved quality and limited-service power are
the most prominent applications of millimeter waves [4],
[5], [6]. Future wireless systems based on millimeter waves
will provide larger bandwidth, improved spectrum efficiency,
giga-bit per second data rate, and low latency [4], [5], [6].

Medical applications are another significant field of mil-
limeter waves [7], [8]. For example, medical imaging with
millimeter waves provides superior resolution with respect
to microwaves; additionally, compared to X-rays, millimeter
waves are safer and do not require expensive and advanced
fabrication techniques [7]. Another application in medicine is
the contactless measurement of arterial pulses, which can be
used in pulse analysis and measurement, especially for blood
pressure tracking [8].
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The development of technologies that rely on millimeter
waves requires the realization of several devices able to
radiate, receive, and control such frequencies. Furthermore,
devices with reconfigurability and fast tuning of the electro-
magnetic response are essential features for high-data-rate
wireless communication systems. In particular, there is a need
for intelligent wireless communication systems composed
of reconfigurable and smart devices able to direct power in
desired directions while maintaining a high degree of direc-
tivity. In other words, the use of intelligent structures such as
metasurfaces, thanks to their field manipulation capabilities,
achieved through low-cost, lightweight, and planar structures,
is able to control the propagation of electromagnetic (EM)
waves to prevent the detrimental effects included by the
environment, such as fading, clutter, and blockage, which
is inevitable in wireless communication systems, especially
in millimeter waves [9]. Also, controlling the wavefront,
frequency, and even polarization of the impinging signals
realized by this kind of structure frees us from complex
decoding and encoding [10], and the dispersion characteris-
tics of meta-atoms proposed by [11] can realize a metasurface
with these capabilities. So far, few reconfigurable devices
have been demonstrated for millimeter waves, including a
frequency-reconfigurable metasurface antenna [12] and a
reconfigurable metasurface beam steering [13] exploiting
vanadium dioxide (VO2). The digital metasurface of [14] can
steer a beam by tuning a DC-bias voltage applied to nematic
liquid crystals (NLCs). A reconfigurable antenna with a tun-
able radiation pattern is realized with a switch p-i-n diode in
[15]. Despite these efforts, a flat reconfigurable lens with the
capability to tune the focal length is extremely challenging
to achieve, not only in the millimeter-waves range but also
in different portions of the electromagnetic spectrum since
each focal point location requires a different nonlinear phase
profile. Changing the spherical wave to the plane wave and
vice versa is one of the significant applications of using a
tunable lens in millimeter waves, especially when the elec-
tromagnetic wave direction changes, which is inevitable in
this frequency range [16]. Imaging [17], detection [18], and
security [19] are the other applications for such tunable lenses
in the millimeter wave regime.

Reconfigurability of the electromagnetic response of
metasurfaces may be achieved through different active
approaches, including 4-N, N-dimethylamino-4’-N’-methyl-
stilbazolium tosylate (DAST) as optoelectronic materials
with DC bias voltage [20], or altering the density of the carri-
ers in conductive oxides such as indium-tin-oxide (ITO) [21].
Phase transition materials (PTMs) such as liquid crystals can
significantly modify the electromagnetic response of devices
by using an external bias to control the refractive index
[22]. Additionally, Sb2S3 [23], Sb2Se3 [24], Ge2Sb2Te5
(GST) [25], and Ge2Sb2Se4Te1 (GSST) [26], which display
inherently non-volatile phase transitions, can be used to reg-
ulate the performance of structures by electrical, optical,
or thermal stimuli. The digital coding metasurface is a novel

reconfigurable structure in microwave frequency to control
propagation direction and harmonic power distribution simul-
taneously, which is controlled by a field-programmable gate
array [27]. Another work proposed reconfigurable anisotropy
and functional transformation with a thin film resistor and
VO2 that can change between a truncated cloak and con-
centrator upon external temperature change [28]. Despite
the ability of these materials to provide reconfigurability of
devices, lack of feasibility [20], low operational speed in
the millimeter-wave range [22], [29], and low performance
in comparison with optical frequency [22], [23], [24], [25],
[26] restrict their use in the development of high-speed
reconfigurable metasurfaces at millimeter waves. To address
these significant challenges, we propose the use of VO2,
one of the most attractive and high-speed phase transition
materials [24], that can be reversibly switched between a
high-resistance insulator phase and a low-resistance metallic
phase at a critical temperature of Tc = 68 ◦C. This switch-
ing can be activated by light, direct heating, or electrical
stimuli. Additionally, VO2 is considered the most promising
thermochromic material in terms of stability and commer-
cialization due to its cost efficiency and performance in the
regime of millimeter waves [12], [13].

Lenses with tunable focal lengths have been investigated
using different active materials and a variety of configura-
tions. In the microwave regime, a tunable lens with diodes
integrated into the meta-atoms that control the phase pro-
file, resulting in tuning the location of the focal point [30].
Another work in microwave frequency is a beam-steerable
metamaterial lens using a varactor diode that controls the
beam of the structure by adding a specific set of reverse bias
voltages [31]. A frequency-tunable lens-coupled annular-
slot antenna (ASA), which works in the G-band between
140-220 GHz, tunes the operation frequency until 50 GHz
by controlling the capacitive loading from the varactor [32].
A reconfigurable lens in microwave frequencies for both
near- and far-fields has been realized by a non-local meta-
surface using eight meta-atoms per λ 2 area (λ : wavelength)
and varactor diodes where the capacitance can be tuned by
an applied bias voltage [33]. Another tunable lens with var-
actor diodes in the microwave is a holographic meta-mirror
to dynamically control the location of the focal point [34].
In [35], a THz metalens is proposed based on graphene
surface plasmons, in which the focal length is changed by
tuning the Fermi level of electrons in graphene. Another work
describes a reconfigurable all-dielectric metalens at a wave-
length of 5.2 µm with the ability to switch the focal length
between 1.5 and 2 mm by changing the state of Ge2Sb2Se4Te
(GSST) [36]. The ability to switch the focal point on and off
by controlling the temperature of VO2has been successfully
demonstrated in the THz range [37]. Another example is
the efficient all-dielectric metalens based on liquid crystals
operating at infrared wavelengths proposed in [38], which
provides a 10% variation in focal length. A mechanically
reconfigurable metasurface has been shown to be able to
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tune focal lengths between 150 and 250 µm at a wavelength
of 632.8 nm by changing the lattice of the Au nanorod
array on a stretchable polydimethylsiloxane substrate [39].
Another mechanically reconfigurable lens at optical wave-
length is a dielectric metasurface based on subwavelength
thick silicon nano-bricks encapsulated in a thin transparent
elastic polymer, which can tune the focal length between
600 and 1400µm [40]. Despite these efforts, drawbacks such
as complexity and feasibility [35], [36], limitations in tuning
the focal length of the lens [37], [38], and mechanical recon-
figurability rather than an electrical one are serious obstacles
toward the realization of reliable and highly-efficient tunable
metalenses [39], [40].

To address these issues, we propose and numerically test
a new strategy to achieve a tunable focal length by using
a metalens on a ground plane realized with a VO2 multi-
layer. The focal length is electrically tuned by changing the
effective distance between the metasurface and the ground
plane. This novel flat lens, with two VO2 layers separated
by a thermal insulator film and a periodic distribution of
silicon bricks, achieves different target phase profiles and can
focus millimeter waves at tunable focal points. Compared
with previous works on reconfigurable lenses, this structure is
easy to fabricate, has an operational speed on the nanosecond
order [41], and provides a wide focal length tunability, one of
the most challenging properties of tunable lenses.

II. BACKGROUND THEORY AND DESIGN PROCEDURE
The proposed metalens is illustrated in Fig. 1(a)-(c). The
structure, designed to provide a tunable focal length at a fre-
quency of 60 GHz (wavelength λ = 5mm), is made of silicon
bricks distributed periodically in the xy-plane. The bricks sit
on top of an ITO film (thickness 100 nm), separated from
the copper (Cu) substrate by a VO2 multilayer buffer. Such
a buffer is composed of a bottom VO2 layer in contact with
copper (with a thickness of h1 = 0.08 mm) separated from a
top VO2 layer (with a thickness of h2 = 0.12 mm) by means
of a high thermal and electrical insulating layer of Polyvinyl
chloride (PVC) foam (see parameters value in Table 1). Both
VO2 layers are much thicker than the skin depth of VO2
in the millimeter wave in a range of 30 - 300 GHz, which
is in the interval 14.81-20.54 µm based on the resistivity
data (2.6 × 10−5 – 5 × 10−4 � m [42], [43]). The bottom
and top VO2 layer temperatures are independently controlled
by an electric current flowing either through the metal at
the ground layer or through the thin ITO layer. To prevent
the simultaneous thermal switching of both VO2 layers, a
0.05-mm-thick layer of Polyvinyl chloride (PVC) foam (rel-
ative permittivity equal to 2.8) acts as a thermal insulator
between the top and bottomVO2 layers. In this configuration,
the device has three possible states (see Fig. 1(d)): The first
in which both VO2 layers have temperatures above Tc =

68 ◦C, and therefore the ground plane is closest to the silicon
bricks (we call this state ‘‘Metal-Metal’’); In the second one,
the bottom VO2 layer has a temperature larger than Tc, and
the top one is at a temperature lower than Tc (we name this

TABLE 1. Parameters value of the proposed structure.

state ‘‘Metal-Insulator’’), and therefore the ground plane is
at an intermediate distance from the silicon bricks; In the
third state, when both VO2 layers are at low temperatures
(‘‘Insulator-Insulator’’ state), the ground plane is found at the
maximum distance from the bricks. It is also possible to set
the bottom VO2 layer to be an insulator and the top one to
be metal, but this state is equivalent to the Metal-Metal state
since millimeter waves do not reach the bottom layer of VO2.
To summarize, in this structure, the ground plane is located
at an electrically tunable distance from the silicon brick’s
metasurface. The whole system is designed to realize three
different phase profiles and, therefore, three different focal
distances.

To design such a flat lens, the metasurface should provide
a phase discontinuity that causes constructive interference
at the focal point in front of the structure. For simplic-
ity, we choose a one-dimensional metasurface where the
phase distribution along the coordinate x has the following
one-dimensional target profile [44], [45], [46]:

φ(x) =
2π
λ

(
√
x2 + f 2 − f ) (1)

where λ is the wavelength in vacuum, and f is the focal length
of the flat lens.

Using equation (1) as the target phase profile for a given
focal distance, the metalenses have been specifically engi-
neered to focalize reflected waves at three distinct focal
distances, each corresponding to one of the three system
states. In particular, we designed the VO2 multilayer to have
a tunable focal length between 5.4 λ and 6.6 λ , namely, at the
three following focal distances: z1 = 27 mm, z2 = 31 mm,
and z3 = 33 mm. Thus, based on the data in Fig. 2(a) and (b),
the flat lens should provide three target phase profiles using
silicon bricks distributed on the supercell in three different
states (see Fig. 2(c), (d) and (e)). To calculate the reflection
phase as a function of the silicon brick (meta-atom) size
(reported in Fig. 2(a)), here we perform full-wave simulations
with the finite-difference frequency-domain (FDFD) solver
of the CST software. In this simulation, we consider periodic
boundary conditions applied to a period with periodicity p
containing a single silicon brick and a normally incident plane
wave with a linearly polarized electric field in the direction
of the x-axis. The relative permittivity of silicon is assumed
to be 11.7 [47]. For VO2, we consider a relative permittivity
equal to 9 in the insulting state (below Tc = 68 ◦C) and
the frequency-dependent data of [48] for the metal state. The
relative permittivity of the foam insulation film, composed
of basic Polyvinyl chloride (PVC) material into which air
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FIGURE 1. (a) Perspective view of the reconfigurable metalens with
silicon bricks with a thickness of hSi = 1.7 mm. (b) Top view of the
supercell of the metalens. (c) The unit cell of the metasurface with the
base size of p = 2.5 mm and the lateral dimensions a and b, in the
direction of the x-axis and y-axis, respectively. The bottom and top VO2
layers are thermally insulated by Polyvinyl chloride (PVC). The
temperature of the VO2 layers is controlled by an electric current passing
through the back metal layer made of copper and the ITO layer. (d) Three
different states of the tunable lens due to different combinations of
phases in the top and bottom VO2 layers.

is injected, is set at 2.8 based on experimental data [49].
For the permittivity of copper, the Drude model, fitted to
experimental data reported in [50], is adopted. The param-
eters used in the Drude model of the relative permittivity,
ε = ε∞ −ω2

p/(ω
2
− jωγ ), are: ε∞ = 4.68, plasma frequency

ωp = 1.32 × 1015 rad/s, and collision frequency γ = 1.05 ×

1014 Hz. We set the unit cell periodicity, corresponding to a
single meta-atom, at p = 2.5 mm, which is half of the cen-
tral wavelength in the bandwidth under investigation. In the
numerical analysis, the lateral dimension a of the brick is
fixed at 1.5 mm, and the other lateral dimension, b, varies
between 0.1 and 2.4 mm. Variations of dimension b produce
variations in the phase of the reflected wave that cover the
entire range between 0 and 2π , as shown in Fig. 2(a). Using
the lookup table data in Fig. 2(a), the sizes of silicon bricks
in the supercell, as shown in Fig. 1, were chosen to provide
the target phase profiles (see Fig. 2(c)-(e)) required by the
flat lens in the three states discussed above. In choosing the
brick dimension b, we avoid the Mie resonance visible in
Fig. 2(a) for b values near 0.6 mm. This choice prevents

TABLE 2. The lateral dimensions of the silicon bricks meta-atoms are
distributed periodically in the supercell of the metalens.

sudden change in the phase profile of the reflection, which
may affect the focusing of the reflected wave and guarantees
near unity magnitude of the reflection for all the bricks in the
supercell and, therefore, improves the focalization capability
of the metalens [51]. Due to the low absorption losses in the
metallic state of the VO2 layers, no Ohmic losses within the
silicon meta-atoms, and no transmission through the metallic
backplane, almost unitary reflectance is achieved.

The key point of the design procedure is the different
behavior of the reflection phase in the three different states
of the unit cell in Fig. 2(a). As shown in Fig. 2(a), when
the distance of the ground plane from the silicon meta-
atoms increases, the reflection phase is altered. The amount
of this shift changes for different sizes of the silicon brick.
This peculiar feature of our design procedure, revealed in
Fig. 2(c)-(e), allows us to achieve phase profiles that are
very close to the target ones, leading to the possibility of
concentrating millimeter waves at different focal distances
using different states of the same device.

III. NUMERICAL RESULTS
Next, in this section, we simulate the supercell of the meta-
surface with the FDFD method using CST. The supercell
of a flat metalens consists of 43 meta-atoms, as detailed in
Table 2. Periodic boundary conditions are set around the
structure at boundaries perpendicular to the x and y axes, and
an x-polarized plane wave, with a unitary magnitude electric
field, excites the metasurface from the air side. The numerical
results are depicted in Figs. 3 and 4.

Fig. 3(a) shows the normalized intensity of the electric
field versus the distance from the metalens in the three states.
When both VO2 layers are metallic, the focal point appears
at 27 mm from the metasurface, and if the top VO2 layer
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TABLE 3. Features of the previous reconfigurable metalens and the
present one in frequency, focal length, its tunability, and the tuning
method.

converts into an insulator (the second state), the focal length
becomes 31 mm. Additionally, if both VO2 layers are in
the insulator phase, the focal point is located at the farthest
point from the metasurface (f = 33 mm). To better clarify
the reconfigurable metasurface behavior, the electric field
intensity of the reflected wave in the xz-plane is reported in
Fig. 3(b)-(d), in which the focal point size in the direction
of the x-axis is 2.44 mm, 2.68 mm, and 2.76 mm for states
one, two, and three, respectively. Specifically, the focal spot
size in different states is about half of the operation wave-
length close to the Rayleigh limit. Tuning the temperature
of the VO2 layers controls the location of the focal point.
To improve the tunability of the focal length, the number
of states in the structure related to the VO2 layer should be
increased to create new phase profiles and focus the reflected
wave at different points in front of the flat lens. However,
increasing the number of reconfiguring states would increase
the complexity of the design in terms of thermal control. The
ability to tune the focal length is a key functionality for many
applications, including wireless communications.

The other significant feature of this structure is its ability
to operate at various frequencies. As proved in previous
works on metalenses [44], [52], a frequency increase causes
an increase in the focal length. As the frequency becomes
lower, the focal point gets closer to the metasurface (see
Fig. 4). As can be seen in Fig. 4, changing the frequency
leads to a displacement of the focal point. Based on this
figure, the range of tunability of the focal length is changed
from 25.5-30 mm for a frequency of 58 GHz to 31.5-36 mm
for 62 GHz. This feature becomes crucial when some devices
operate at a frequency detuned from the target considered in
the design procedure. Variations of the focal length induced
by frequency shifts can be mitigated by adopting a configu-
ration with more VO2 layers and, therefore, a larger number
of states.

Table 3 summarizes the properties of previous works on
different types of reconfigurable metalenses in terms of fre-
quency, amount of focal length displacement, and method.
Reference [35] realized a near-field tunable lens in the THz
range with a structure and combination of materials (ion-gel

FIGURE 2. (a) The phase of reflection from the unit cell of the
metasurface with the periodicity of p = 2.5 mm as a function of b, the
lateral dimension of the silicon brick, varying in the range of 0.1-2.4 mm,
and fixing a = 1.5 mm. (b) Target phase profiles of the metalens for tuning
the focal length between 27 mm – 33 mm. Target and real phase profiles
of reflection for focal lengths of (c) 27 mm, (d) 31 mm, and (e) 33 mm.

and graphene ribbons) that pose several fabrication chal-
lenges. In [36], in addition to the considerable complexity
of the structure, the focal length can change only between
two states at the 5.2 µm wavelength. Another work switches
the focal point on and off by controlling the temperature of
the VO2 layer without changing its location [37]. Accord-
ing to [38], the tuning efficiency is about 10% using liquid
crystals around silicon resonators, and focal point tuning in
[39] and [40] is achieved mechanically. Our tunable metalens
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FIGURE 3. (a) The normalized intensity of the total field at 60 GHz along
the z-axis for x = 0, normalized with respect to the maximum value. The
electric field intensity of the reflected field in the xz-plane in the
(b) Metal-Metal, (c) Metal-Insulator, and (d) Insulator-Insulator state.

for millimeter waves has a design that allows a relatively
simple fabrication process, and it can electrically tune the
focal length in the range of 27 - 33 mm (with a tunability
range of 1.2 λ and, therefore, an efficiency of about 20%).
Moreover, the method proposed in this study can be gener-

FIGURE 4. The focal length of the tunable metalens versus frequency in
states of Metal-Metal, Metal-Insulator, and Insulator-Insulator.

alized to tunable metalenses with more than three states so
that the focal length may be more accurately controlled. This
advantage becomes even more significant when the lens must
work in a large operational bandwidth, which is common in
communication systems. The tuning abilities of our structure
remain virtually unaltered in a relatively large bandwidth
in the millimeter wave range. Another advantage of such a
method proposed in this paper becomes significant when the
metalens is illuminated by off-axis, which is an inevitable
problem in wireless applications. In this situation, to control
and compensate for the location of the focal point at the focal
plane, the resonators should be designed based on φ(x) =

2π
λ
(
√
(x + 1x)2 + f 2 − f ) in the way that changing the state

(temperature of the VO2 layers) creates an updated phase
profile with a revised value of 1x (amount of deviation in
the focal plane plan in comparison with the primary situation
when 1x = 0) [35]. In this design, the more phase profiles
with different values of 1x, the compensation will be better
and more accurate.

The analysis has been performed so far, assuming an
infinitely periodic metasurface with the supercell reported
in Fig. 1(b) and, therefore, by applying periodic boundary
conditions and plane wave excitation. To assess the per-
formance of the metasurface in a more realistic scenario,
we investigated the tunability of the focal length when a
plane wave illuminates a finite metasurface surrounded by
air. In particular, we have considered the structure of Fig. 1(a),
with a finite size 43p× 5p in the xy-plane. The values of focal
lengths in the three states for the finite structure are in good
agreement with those retrieved from the infinitely periodic
structure, as summarized in Table 4.

The realization of the proposed structure is compatible
with the state of the art [49]. Specifically, the procedure that
might be adopted to realize the structure is outlined in the
following. The multi-layer structure is composed of a copper
layer with a thickness of 0.5 mm on top of which a silicon
layer with a thickness of 0.08 mm and a pressed foam are
deposited [49]. Next, the top layer of VO2 and ITO layers
shall be added [49]. The metasurface pattern with silicon
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TABLE 4. The numerical results of the metalens with infinite periodicity
and finite structure.

TABLE 5. Thermal properties of the materials used in the thermal
simulation of CST.

resonators can be transferred to the photo-resist layer via
lithography. After that, through etching, the pattern is created
on the supercell of the metasurface. Also, temperature control
can be achieved by passing a static electric current through
the back metal and ITO layer by using two electrodes at both
sides of these regions.

IV. THERMAL INVESTIGATION OF THREE STATES OF THE
METALENS
In this section, we investigate the metalens’ thermal behavior
and how the device’s three states are achieved by exploiting
different combinations of phases in the twoVO2 layers. To get
the results of the previous section, we assumed that two
heating mechanisms allow the independent control of the
temperature in the twoVO2 layers; namely, an electric current
flowing through the copper ground heats the bottom VO2
layer, bringing its temperature above the critical value Tc,
while the electric current passing through the ITO layer under
the Si bricks heats up the top VO2 layer. Thanks to the appli-
cation of the current in the copper film, the Metal-Insulator
state can be reached (top VO2 layer in the insulator phase
and bottom VO2 layer in the metallic phase). Reaching the
Metal-Metal and Insulator-Insulator states is less problematic
since, in the absence of currents, the device is obviously
in the Insulator-Insulator state. In contrast, the application
of both currents induces the Metal-Metal state. Therefore,
we have investigated the structure’s heat diffusion properties
to determine theMetal-Insulator state’s existence for a proper
application of an electric current flowing in the copper film.

To ascertain this state of operation under thermal steady-
state conditions, we solved the heat diffusion equation using
the CST software. We set the thermal properties of the mate-
rials as in Table 5. Moreover, an open boundary condition
with ambient temperature (20 ◦C) is used for all boundaries,
while for the top and bottom boundaries, conduction and
radiation heat transfer are enabled in the simulation. The
electric current flowing in the copper film heats the whole
structure and induces a heat source at the interface with
the bottom VO2 layer, bringing its temperature to 75-102◦C
(>Tc). The thermal simulation results are shown in Fig. 5,

FIGURE 5. Temperature distribution in the xz-plane when the heating
current is flowing at the interface with copper (the ground metal layer of
the structure) (a) based on the thermal properties of materials in Table 5,
(b) by increasing and (c) decreasing up to 10% of thermal conductivity of
VO2 and PVC.

where the spatial distribution of temperature is reported in the
steady state: the bottom VO2 layer has a temperature larger
than Tc, leading to the transition from the insulator to the
metal without any effect on the top VO2 layer, which remains
below Tc, bringing the structure to the desiredMetal-Insulator
state. In other words, the Polyvinyl chloride (PVC) thermal
insulation film inhibits heat propagation and keeps the top
VO2 layer at a temperature lower than Tc, in the insulator
state.

Investigating the tunable lens behavior in different tem-
peratures affecting the thermal properties of the materials is
a significant step in ensuring the tunability performance of
the structure. However, the variation in thermal properties of
the Polyvinyl chloride (PVC) layer and thick layers of VO2
is minor [53], [54] with insignificant impact on the thermal
behavior. To verify this claim, we repeat the thermal simula-
tion by increasing and decreasing up to 10% in the thermal
conductivity of PVC and VO2. Based on these simulations,
the maximum temperature in the top VO2 layer changes from
46 ◦C to 48 ◦C. Also, the spatial distribution of temperature
in both thermal simulations (see Fig. 5 b, c) shows that in the
metal-insulation state, the bottom VO2 layer transits from the
insulator to the metal without any effect on the top VO2 layer,
indicating that changing thermal properties of materials in
this tunable lens has a no significant impact on the tunability
of the structure.

V. CONCLUSION
We presented a new type of metalens with tunable focal
length based on integrating a metasurface of silicon bricks
with a VO2-basedmultilayer. The focal length of themetalens
can be electrically tuned by exploiting independent phase
transitions in the VO2 layers. In the proposed configuration,
two active layers of VO2 are separated by an insulating film
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to prevent heat conduction between the two VO2 layers,
providing three states of operation corresponding to three
different focal lengths. Our numerical investigation results
indicate that the proposed metalens’ focal length can be tuned
between 27 mm and 33 mm at a frequency of 60 GHz.
In summary, our concept structure paves the way toward
realizing compact devices for millimeter waves with tunable
functionalities and activation times in the nanosecond order.
We envision applications of tunable metastructures based on
VO2 multilayers in 5G and 6G cellular systems.
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