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Multifunction Tunable Piezoelectric-Actuated Metasurface
at Millimeter-Waves

Evangelos Vassos* and Alexandros Feresidis

1. Introduction

Metasurfaces are a technological breakthrough that has prolifer-
ated in recent years, with a range of applications in sensing,
imaging, and communication systems. Metasurfaces are thin,
low-profile versions of metamaterials that can manipulate the
incident electromagnetic waves.[1–3] Metasurfaces consist of
subwavelength metallic elements arranged on a periodic
(or quasi-periodic) lattice or subwavelength apertures in a
metallic sheet. These novel two-dimensional structures
have been used recently for various applications such as
controlling the polarization state of incident waves in the

millimeter wave,[4,5] IR/optical,[6] propagat-
ing mode to surface mode conversion,[7]

anomalous reflection,[8] reflectarray
antennas,[9–11] absorbers,[12–14] high-
impedance surface-based antennas,[15]

reflectors,[16] transmitarrays,[17–19] and
cloacking.[20,21] Furthermore, metasurfaces
have been proposed that possess the capa-
bility to perform multiple functions, such
as the independent control of horizontal
and vertical polarizations for reflectarray
or transmitarray applications[22] and/or
amplitude and phase control.[23] An
additional advantage of metasurfaces is that
they can be scaled from millimeter fre-
quencies up to the THz regime or even
the infrared spectrum,[24] depending on
the design and fabrication capabilities.

A key factor in the development of novel
metasurfaces is the capability to dynami-
cally control the impinging electromagnetic
wave by applying a tuningmethod. Some of
the tuning technologies that have been pro-
posed are ferroelectric substrates,[25] liquid
crystals,[26,27] phase change materials such

as vanadium dioxide,[28] graphene,[3,29] diodes,[30–33] microelec-
tromechanical systems (MEMS),[34,35] and more recently piezo-
electric actuators (PEAs).[36,37] The choice of tuning method
depends on the application and the required performance param-
eters. Basic parameters that normally guide the choice of the
appropriate tuning method are the frequency of operation, loss
tolerance, switching/tuning speed, ease of integration, form fac-
tor, cost, etc.

In the case of applications where polarization control of the
impinging electromagnetic wave is required, the essential
parameters are continuous phase control of the two orthogonal
components of the electromagnetic wave, low losses, low profile,
and a satisfactory operating range. For example, in the case of
satellite communications systems, polarization control is
required due to the rotational movement of satellites.[38]

In addition, a structure where it can force alternations between
the polarization states without the necessary use of multiple
antennas can lead to a drastic reduction in satellite costs. A par-
ticular application is the satellite polarimetric imaging systems
that include channels for receiving and sending a different polar-
ization state.[39] The main uses of these systems are the passive or
active monitoring of the velocity of the air at the earth’s surface
and the collection of vegetation information.[40] The dynamic
change in the polarization state could enhance radar systems’
detection and measurement of a target/object.[41] In addition,
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Free space (also termed quasi-optical) metasurfaces have recently been designed
and proposed as new types of polarizers that allow polarization control of an
impinging wave in ways that are not possible with conventional designs.
However, existing methods for tunable metasurface polarizers are not able to
fully control the polarization dynamically; additionally, at mm-wave and sub-
millimeter bands, they typically suffer from high losses, which are predominantly
produced by the inherent limitations of the tuning elements or materials. An
electromechanically tunable reflection polariser that has the ability to fully control
the polarization of an impinging wave has been designed, fabricated, and
experimentally tested in a frequency band centered at 57 GHz. The proposed
technique utilizes a variable air cavity between a periodic metasurface array and a
ground plane, controlled by a piezoelectric actuator. The periodic metasurface
element consists of two slightly different cross-shaped metallic elements
arranged in a periodic triangular lattice. Full-wave simulations are presented and
experimentally validated with measurements. The proposed approach is scalable
from microwave up to THz frequencies with low-loss performance due to the
nature of the tuning technology whereby the tuning element is not interfering
with the electromagnetic waves in the structure.
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flexibility in the polarization state can be included in millimeter
systems for isolation,[42] filtering, and diplexing.[43] The require-
ments of modern advanced driving assistant systems include
the reliable characterization of targets to analyze complex
scenarios.[41] Reconfigurable polarizers could also characterize
their targets compared to single or dual-polarized radars.[44]

In recent years, devices that can partially control the polariza-
tion state of an electromagnetic wave have been reported in the
literature. The initial polarization conversion structures were
based on mechanical motors or rotors, with additional disadvan-
tages of high energy consumption, relatively slow response,
bulky design, and reduced reliability.[41] To solve the disadvan-
tages mentioned above, MEMS[45] and piezoelectric ultrasonic
motors[46] were introduced. Due to the small size of the mech-
anisms, they succeeded in improving the reconfigurable polar-
izers; however, it was impossible to use these mechanisms for
dynamic control of polarization, except for a discrete change
of the polarization state. These tuning mechanisms mentioned
above refer to waveguide-based polarizers’ applications, and it is
not easy to scale them to higher frequencies due to the dimen-
sions of the specific mechanisms.

Free-space/quasi-optical structures introduce more challenges
due to the larger size (several wavelengths) and higher number of
tuning elements. A free-space reconfigurable reflection polarizer

with a liquid crystal tuning mechanism was reported recently.[47]

Despite their growing use in various applications, liquid crystals
exhibit higher losses and switching speeds ranging from a
few milliseconds to several seconds, which can limit their
performance[48,49]

This manuscript presents a novel metasurface that can fully
control the phase and polarization of an electromagnetic incident
wave. The structure consists of a periodic array printed on a
dielectric substrate. The ground plane is positioned at a certain
distance from the dielectric, creating an air gap, as shown in
Figure 1. An advantage of this unconventional configuration
is the significant reduction of reflection losses and increase of
the operating bandwidth. Introducing a tuning method in this
design adds an extra degree of freedom to control the reflection
response. A piezoelectric actuator is placed under the ground
plane, as shown in Figure 1a, with the direction of motion
(displacement) along the z axis. Since the mechanism is placed
under the ground plane, its device does not interfere with the
electromagnetic wave above the ground plane. The outcome of
the aforementioned technique is a reduction in losses, and it
has been previously employed in structures incorporating
piezoelectric actuators[36] and electronic components.[50] Based
on the piezoelectric mechanism’s properties, the ground plane’s
position can be controlled precisely (in the order of nm) with a

Figure 1. A schematic of the proposed piezoelectric-actuator-controlled reflection metasurface polarizer. a) Schematic illustration of the cross-section of
the polarizer, highlighting the unconventional configuration with an air cavity between the ground plane and the periodic array. The ground plane is
controlled by applying a voltage to the piezoelectric actuator resulting in micromovement of the ground plane along the z-axis. b) Schematic illustration of
the proposed reconfigurable polarizer that highlights its four functions corresponding to different ground plane positions. c) The periodic metasurface
array consists of crosses printed on a Nelco NY9220ST0787S1S1 dielectric with a thickness of 0.78mm. The anisotropy arises from the slightly different
dimensions of the two crosses of the periodic unit cell and their relative position.
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switching speed in the order of milliseconds. Additionally, we
can bring the ground plane in contact with the periodic structure
and separate them dynamically (i.e., continuously) up to a maxi-
mum displacement/separation of 0.5 mm. The contact of the
periodic elements with the ground plane entails the cancellation
of the operation of the metasurface. In addition, the small thick-
ness of the air cavity maximizes the influence of the movement
of the ground plane. The anisotropic design of the metasurface
unit cell makes it possible to independently control the reflection
characteristics of the two orthogonal linearly polarized incident
plane waves and, therefore, achieve linear to right or left circular
polarization or the twist of the linear polarization by 90°.

2. Results and Discussion

2.1. Multifunction Metasurface

The reconfigurable polarizer’s operation is demonstrated by a
structure designed to operate at a central frequency of around
57 GHz and different bandwidths depending on the operation
of the structure. The dielectric chosen for this application is
the Nelco NY9220ST0787S1S1 with a thickness of 0.78mm
(dielectric constant 2.2 and loss tangent 0.0009). The metasurface
consists of a periodic array of anisotropic (with respect to the x
and y axes) cross-shaped metal elements. Each unit cell consists
of two slightly differentiated crosses placed in triangular lattice
symmetry, as shown in Figure 1b, where Px= 2.75mm,
Py= 2.35mm, l1= 0.85mm, l2= 0.75mm, and w= 0.30mm.
Due to the periodic nature of the metasurface, and after applying
Floquet periodic boundary conditions, the whole structure can be
studied simply by simulating the unit cell. Without losing any
information about the design and for the best use of time and
computing power, only the unit cell was simulated in the CST
microwave studio. The effect of the piezoelectric actuator was
inserted in the simulated model as a movable ground plane, with-
out the presence of the actuator itself, since the mechanism is
placed under the ground plane and does not interfere with
the electromagnetic wave above the ground plane.

The anisotropic design of the unit cell creates the conditions
for the differentiated behavior of the two orthogonal components
of the incident wave. In this case, the anisotropy derives from the
orthogonal shape of the unit cell (Px> Py) combined with the
triangular lattice symmetry of the two slightly differentiated
crosses. The incident and reflected waves are expanded into
two orthogonal linearly polarized waves along � and y and are
commonly referred to as TE and TM polarizations, respectively.
The metasurface’s control focuses on the phase difference
between the TE and TM polarized components. This phase differ-
ence will allow the incident linear polarization to be converted to
the desired polarization. In addition, it should be noted that both
orthogonal components of the reflected wave must have similar
amplitude. Different reflection losses between the two orthogo-
nal components could prevent complete conversion or twist of
the polarization state.

To extract the results for the polarization of the reflected wave,
the orthogonal components were studied independently. The
simulated results suggest that a conversion from linear polariza-
tion to circular polarization can be accomplished, as well as

preservation or a 90° twist of the linear polarization of the inci-
dent wave by moving the ground plane. It should also be noted
that different frequencies may require different air cavity heights
to achieve conversion to any of the above polarization states.

2.1.1. Polarization Twist

Initially, a study was conducted for the twist of the polarization by
90°. We observed that for a distance between the array and the
ground plane from 0.2 to 0.44mm, there is a dynamic reversal of
the polarization for an incident electromagnetic wave, with angle
ξ= 45° with respect to the y-axis, as shown in Figure 1b. The first
condition to twist the polarization of the incident wave by 90° is
for the phase difference of the two reflected orthogonal compo-
nents to be 180°.[51] The second condition is that the losses of the
two reflected orthogonal components should be equal. The two
orthogonal components were studied separately to confirm the
phase difference between them. The results are shown in
Figure 2a,b, where it is apparent that the requirements for polar-
ization inversion are satisfied.

The simulated results suggest a polarization twist of 90° for a
dynamic operating range from 53.8 to 61.0 GHz (Figure 2a). The
operating range was determined for the movement of the ground
plane from 0.20 to 0.44mm. This movement is continuous,
dynamic, and precise due to the capabilities of the piezoelectric
mechanism that holds and moves the ground plane. The magni-
tude of the 90° twisted reflected wave is shown in Figure 2b indi-
cating reflection losses of less than 10% of the whole operating
frequency range.

2.1.2. Right-Handed Circular Polarization

The subsequent study examined whether the structure could
convert linear to right-handed circular polarization. The criteria
for the incident electromagnetic wave with linearity ξ= 45 ° with
respect to the y-axis to be reflected having right-handed polariza-
tion are for its orthogonal components: a) to have a phase differ-
ence of 90° and b) to have similar reflection losses.[52] The axial
ratio of the structure was calculated from the simulation results
obtained for the two orthogonal components of the reflected elec-
tromagnetic field.[53] The simulation results are presented in
Figure 2c,d, where we have the conversion from linear to
right-handed circular polarization based on the phase difference
of the two orthogonal components. As suggested by the simula-
tions, the right-handed circular polarization is observed for a cav-
ity height from 0.14 to 0.37mm for a dynamic operating
bandwidth from 53.8 to 61 GHz. The 3 dB-axial ratio bandwidth
is at least 0.5 GHz for the various positions of the ground plane.
As in the previous study, the reflection losses of both compo-
nents are less than 1.5 dB in the whole operating bandwidth.

2.1.3. Left-Handed Circular Polarization

In this case, the requirements to convert the linear polarization to
left-handed circular polarization for an incident electromagnetic
wave with linearity ξ of 45° to the y-axis are a) the orthogonal
components of the reflected electromagnetic wave must have
a phase difference of 270° as well as b) similar reflection
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losses.[52] The simulated reflection phase and the axial
ratio are shown in Figure 2e,f. The cavity height varies from
0.28 to 0.50mm. The reflection losses remain below 1.5 dB,
and we have a phase difference of 270° between the two orthogo-
nal components. Following the previous study, the axial ratio was
calculated similarly from the simulated results of the two orthog-
onal components. The operating range for a 3 dB axial ratio is
from 53.8 to 59 GHz. The conditions are met to convert the polar-
ization from linear to left-handed circular with a minimum 3 dB
axial ratio bandwidth of 0.5 GHz.

2.1.4. Preservation of Linear Polarization

The final characteristic of the device is the linear polarization
maintenance. The piezoelectric actuator can bring the periodic
array in contact with the ground plane, which results in the elim-
ination of the microcavity. We can observe that the electromag-
netic wave incident on the metasurface is reflected with minimal
losses while maintaining its polarization, as it would on a flat
metal surface. The preservation of the linear polarization exceeds
the operating bandwidth of the structure.

2.1.5. Surface Currents Distribution Analysis

Figure 3a–d presents the surface current distribution at 57 GHz
for different positions (0.00, 0.19, 0.26, and 0.34mm) of the
ground plane when an electromagnetic wave with a linearity
of 45° is incident, which for the specific frequency gives us
the four separate functions of the structure. Initially, in
Figure 3a, we have observed that very low currents as the periodic
array is grounded. In this case, we have the reflection of the elec-
tromagnetic wave without any conversion of the initial

polarization with almost zero losses. In the other three
Figure 3b,c,d, the maximum current amplitude is around the
crosses. As we move the ground plane away from the periodic
array we notice that the maximum current value decreases.
The maximum surface current value in the case of right-handed
circular polarization is 6485.5 Am�1 which happens for a
0.19mm air cavity height. For the air cavity with a height of
0.26mm, where we obtain the twist of the linear polarization,
we have a maximum current value of 4846.7 Am�1. Finally,
we observe that we have 118.3 Am�1 for an air cavity with a
height of 0.34mm, which corresponds to the case of left-handed
circular polarization. As the distance between the ground plane
and the periodic array decreases, we have weaker surface cur-
rents that lead to lower reflection losses for the same frequency.
The currents, in all cases, diffuse evenly along the x and y axes.

2.2. Phase Shifter Operation for X- and Y-Polarizations
Separately

Another functionality of this polarization converter is to obtain a
relatively large reflection phase shift of more than 360°[35] for
each of the two orthogonal components, x or y. To achieve this
phase shift range, two resonances must be generated from the
structure at a short frequency distance. The two resonances
should have the same amplitude otherwise, one of them becomes
quite sharp. This study also has a direct impact on the design
presented in the previous sections. For example, if we have a
sharp resonance, the difficulty in converting the polarization
increases as we introduce more reflection losses to one of the
two orthogonal components which can lead to an imbalance
in terms of the amplitude of the two electric field components.
We can adjust the frequency separation of the two resonances by

Figure 2. Simulation results of the reflection phase difference between the two orthogonal components of an electromagnetic wave that interacts with the
proposed dual cross element when the parameter t varies. a) Presents the phase difference of 180° in the whole spectrum between the two orthogonal
components for an air cavity between 0.20 and 0.44mm. b) Presents the co- and cross-polarization when the impinging wave has a linearity of 45°, where
is highlighted the rotation of the linear polarization by 90° for the corresponding cavity height. c) The phase difference of 90° between the two orthogonal
components, which is a requirement for the RHCP, is presented for positions of the ground plane between 0.14 and 0.37mm. d) The axial ratio of the reflected
wave is given for the corresponding ground plane positions. e) The phase difference of 270° between the two orthogonal components, which is required for the
LHCP, is presented for cavity heights between 0.28 and 0.50mm. f ) The axial ratio for the corresponding positions of the ground plane is presented.
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changing the geometric dimensions of the crosses. Another
critical parameter is that as we increase the air cavity height
between the periodic structure and the ground plane, we shift
both resonances to a lower frequency. The electrical length of
the two crosses at a lower frequency approaches each other,
resulting in a single resonance.

Following the above designing parameters, we extract the
results shown in Figure 4a–d. For the ground plane moving from
0.10mm to 0.50mm for the x-polarization, we have a 57 GHz
phase shift of 530°, while for the y-polarization, we have 270°
at the same frequency. The maximum phase shift value of
493° for the y-polarization is at 60 GHz. In addition, we observe

that for all ground plane positions and for both polarizations in
the frequencies of interest, the reflection losses are less than
1.5 dB, and their amplitudes are similar.

2.3. Angular Stability Study

Extensive studies have been performed on the angular stability of
the device and are presented in Figure 5. Initially, the studies
were performed for changes in the angles of incidence θzx
and θzy with respect to the z-axis defined in Figure 5a,b with
a constant cavity height between the ground plane and the peri-
odic array. For each PT, RHCP, and LHCP function, the cavity

Figure 3. Surface currents distribution analysis. The surface currents for four different positions of the ground plane (0.00, 0.19, 0.26, and 0.34mm) at
57 GHz. The aforementioned four positions represent the four functions of the structure when interacting with an electromagnetic wave with a linearity of
45°. Where a) corresponds to the polarization maintenance, b) to the polarization twist, c) to right-handed circular polarization, and d) to left-handed
circular polarization. As the distance between the ground plane and the periodic array decreases, we have weaker surface currents that lead to lower
reflection losses for the same frequency.

Figure 4. Design analysis. Simulation results of the a) reflection magnitude and the b) reflection phase of the proposed double-cross element for the x-
polarization. The reflection magnitude c) and the phase shift d) for the y-polarization by varying the parameter t.
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height was selected so that we have a polarization conversion at
around 57 GHz. The initial values of the cavity height values are
0.26, 0.19, and 0.34mm, respectively. An important feature of
the structure is that the ground plane can be moved dynamically,
so we can adjust it according to the angle of incidence to main-
tain the structure’s performance. Figure 5a,b shows the struc-
ture’s performance at 57 GHz for a fixed position of the
ground plane and for a dynamic change of the ground plane
for scanning the angles θzx and θzy. For angle θzx scanning,
we can maintain a stable performance for all functions up to
37.5° by dynamically shifting the ground plane. The dynamic
movement of the ground plane significantly improves the struc-
ture’s operation compared to the fixed ground plane. Regarding
the scanning of the angle θzy, although it improves significantly
with the dynamic change of the ground plane, we cannot main-
tain the conversion of the linear polarization to left-handed cir-
cular for more than 15°. The conversion of linear polarization to
right-handed circular and the rotation of linear polarization can
be maintained up to an angle θzy of 30°.

The stability of the structure with respect to the change in the
angle of incidence is determined by the less stable function in
each plane. In this structure, the least robust function is convert-
ing linear polarization to left-handed circular polarization, which
happens for angle θzy scanning as defined in Figure 5b. For scan-
ning angle θzx, the structure operates up to 37.5°, and for

scanning angle θzy, the structure operates up to 15°. The results
for scanning the angle θ at the two planes are presented in detail
in Figure 5c–h. In summary, we can assume that the stability of
the structure with respect to changes in the angle of incidence is
more inherent in the dynamic nature of the structure than in the
configuration of the periodic array.

2.4. Fabricated Prototype

The fabricated dynamically tuneable prototype, as shown in
Figure 6, consists of the periodic array, a ground plane, and a com-
mercially available piezoelectric actuator, PiezoMove P-603.5S1
(by Physik Instrument Ltd UK). The ground plane is positioned
at a distance t from the dielectric, creating the necessary cavity.
In this arrangement, the substrate is not included in the cavity
to minimize reflection losses and maximize the effect of cavity
change. The proposed piezoelectric mechanism is attached to
the ground plane, allowing the cavity to move vertically, which
in turn provides the polarization control. Standard PCB fabrication
was used for the periodic array. The substrate is the Nelco
NY9220ST0787S1S1 with a thickness of 0.78mm, which is com-
mercially available and has a dielectric constant of 2.2 and a loss
tangent of 0.0009. The periodic array surface is 120mm2, corre-
sponding to �20λ� 20λ for the lowest operating frequency.

Figure 5. Angular stability study. Comparison of the axial ratio and reflection magnitude is presented for a stable ground plane position (RHCP: 0.19mm,
PT: 0.26mm, and LHCP: 0.34mm) and a variable ground plane for different angles of incidence a) θzx and b) θzy. The dynamic nature of the device allows
us to satisfy the three functions c) polarization twist, d) RHCP, and e) LHCP for different values of θzx and the same three functions f ) polarization twist,
g) RHCP, and h) LHCP for different values of θzy.
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The motion of the piezoelectric mechanism is along the z-axis,
as shown in Figure 6a. The periodic structure was placed in a fixed
position during the experimental process. The piezoelectric mech-
anism was attached to the ground plane and placed behind the
periodic array. As the initial position of the ground plane, we
set its contact with the periodic array; this also ensures that the
two parts are aligned. We do not apply voltage to the piezoelectric
mechanism (0 V) in the initial position. Additional components
used for the experimental validation of the structure were the volt-
age source that controls the piezoelectric actuator and a frame that
holds the periodic array. Two standard gain horn antennas were
placed opposite the structure in the far-field after the VNAwas first
calibrated. For the measurement, we tried to minimize the dis-
tance between the antennas and the angle θ of incidence to
approach the normal incidence. By applying a voltage through
the voltage source to the piezoelectric mechanism, we linearly
and accurately remove the ground plane from the periodic array
along the z-axis. The maximum voltage applied to the piezoelectric
mechanism is 120 V, providing a displacement of up to 0.50mm.

The Nelco NY9220ST0787S1S1 dielectric is rough and flexi-
ble. The result of this dielectric’s characteristics is that microcav-
ities are formed between the ground plane and the periodic array
when they are in contact, which can be from 0.00 to 0.10mm
thick, as shown in Figure 6b. The specific characteristics do
not affect the operation of the structure, as will be seen from
the experimentally confirmed results.

The experimental process described was for measuring one
orthogonal polarization; for the perpendicular orthogonal polari-
zation, the structure was rotated by 90° to the x-axis. The reflec-
tion characteristics for both positions of the periodic array for the
various applied voltages, which correspond to a variable distance
between the ground plane and the periodic structure, are shown
in Figure 7.

Figure 7a shows the voltage–displacement curve of the piezo-
electric mechanism measured under a microscope. Figure 7b,c

shows the reflection losses for the periodic array’s initial
position and its rotation by 90° with respect to the x-axis;
from 53 to 59 GHz, the losses are below 4 dB and are similar
in both polarizations allowing the linear polarization to be
converted.

Figure 7d,e shows the normalized reflection phase for various
voltages with respect to the 0 V reflection phase for the two
orthogonal linear polarizations. Although we tried to minimize
the angle of incidence θ to approximate the normal incidence, we
could not eliminate it. Also, we need to consider that the electric
field might have an inclination of a few degrees with respect to
the x-axis due to alignment tolerances.

We compare the experimented retrieved data with the normal
incidence, which is why we have this small deviation in the phase
between the simulations and the measurements. Figure 7f shows
the phase difference between the two orthogonal polarizations
where we observe that the phase differences of 0°, 90°, 180°,
and 270° that are necessary for the four functions of the structure
are satisfied. Additionally, it can be noted that for a constant dis-
tance between the ground plane and the periodic array, different
polarization conversions can be observed at different frequencies.

Figure 7g presents the device’s cross-polarization when illumi-
nated by an electromagnetic wave with a linearity of 45° with
respect to the y-axis. There is a good agreement between meas-
urements and simulations if we take into account the 2 dB addi-
tional losses between measurements and simulations and the
small deviations in angles θ and φ with respect to the z and x
axes, respectively. A moving average filter was applied to the
|S21| data to reduce noise caused by standing waves formed
as a result of the test horn antennas being placed in close prox-
imity to one another and in close proximity to the metasurface.
The raw data are presented in the insert. Finally, in Figure 7h, we
present the axial ratio for two different voltage values, which cor-
respond to different functions of the device (RHCP and LHCP),
and we compare it with simulations. The extra losses don’t affect

Figure 6. Experimental configuration. In a), the experimental configuration is illustrated. The two antennas are positioned in the far-field, and the polarizer
is illuminated with TM polarization. To minimize the angle of incidence θxz, the two horn antennas are placed as close as possible to each other. The
components (ground plane, PEA, and voltage source) behind the polarizers and the absorbers are depicted in the three inserts. b) The reconfigurable
polarizer is depicted, and we highlight the different components. In the top right insert, we present a magnification of a segment of the periodic array. In
the down left insert is a photograph of the device under the microscope. Due to the roughness and elasticity of the dielectric microcavities are formed
between it and the ground plane. The microcavities can have a height of up to 0.10mm.
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the axial ratio as they occur in the initial position of the periodic
array and when it is rotated by 90° with respect to the x-axis.

3. Conclusion

Techniques that allow the tuning ofmeta-surfaces offer extensive
possibilities for manipulating the spectral and spatial properties
of electromagnetic waves. One of the essential characteristics of
the electromagnetic wave is polarization. Its control is necessary
for several applications, such as satellite communications and the
automotive industry. Low-profile structures that control the
polarization states would be critical to enhancing systems’ flexi-
bility and reducing costs.

In this manuscript, we introduce a new contribution to the
state-of-the-art that utilizes piezoelectric tuning and extend the
current possibilities of tuneable metasurfaces. This structure
has two specific advantages. First, it introduces the maintenance
of the polarization of the incident electromagnetic wave, which
was not previously possible in combination with all the other
three functions described earlier, and second, the low reflection
loss performance which is particularly challenging at mm-waves.

The active mechanism is shielded below the ground plane and
does not interact with the electromagnetic wave as with any other
mechanism, so no additional losses are introduced. This allows
this type of metasurface to operate at millimeter frequencies as
well as being particularly scalable to even higher frequencies up
to the THz band.

Traditional tuning mechanisms, integrated into structures at
higher frequencies, show increased losses. In the case of the pie-
zoelectric actuator, as we proceed to higher frequencies, its capa-
bilities increase as the amount of available displacement
becomes a larger fraction of the wavelength, thus, it can lead
to an increased operating range. The limitations of this mecha-
nism for operating frequency come only from the positional
accuracy of about 1 μm sufficient to provide continuous tuning
into the THz region.

This manuscript presents a structure that gives complete free-
dom regarding the conversion of linear polarization and is con-
firmed experimentally. The structure has a dynamic operating
range for normal incidence ranging from 53.8 to 59 GHz, with
each function having at least 0.5 GHz constant bandwidth
for each ground plane position. The four functions are the
conversion of the linear polarization to a right-handed circular

Figure 7. Experimental results. a) The displacement that provides the PiezoMove P-603.5S1 was measured by microscope. b) The device’s reflection
magnitude for the one orthogonal component of the electric field and c) the reflection magnitude for the perpendicular orthogonal component of the
electric field. In d,e) are presented the simulated and measured reflection phase shift with respect to t= 0.00mm and V= 0 V, respectively, for the two
orthogonal components of the electric field. f ) Comparison between d) 7 and e) 7 highlights the phase difference variation between them. The table
legend presents the orientation of the periodic array. g) Measured and simulated cross-polarization when the device was illuminated with a linearity of 45°
for different applications of voltage and different positions of the ground plane (raw data shown in insert). h) Measured and simulated axial ratio for
different applied voltage and positions of the ground plane, highlighting the RHCP and the LHCP.
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polarization, left-handed circular polarization, its rotation by 90°,
and finally, its polarization maintenance. If we want to consider a
range of operations in which the structure performs despite the
changes in the angle of incidence, we can consider that it is from
56.5 to 57.5 GHz to maintain its functions.

The displacement of the PEA varies continuously with applied
voltage but can suffer from hysteresis effects. To experimentally
control the piezoelectric mechanism, we must apply voltage from
0 to 120 V to achieve a shift from 0 to 0.50mm. This study pre-
vented the hysteresis effect by unidirectional voltage application
after initial calibration. Also, commercially available actuators
have closed-loop feedback control electronics to avoid hysteresis
effects.

The piezoelectric actuator, PiezoMove P-603.5S1, is superior
in terms of switching speeds in combination with the required
displacement compared to any other moving mechanism such as
solenoids, small motors, or other magnetic-based devices. The
speed of the aforementioned actuators is typically in the order
of a few milliseconds and varies depending on load. Based on
the weight of the ground plane micromachined for this experi-
ment, a switching speed of less than 2ms could be expected.
Additionally, the durability of the actuator exceeds 109 cycles
which is superior to any other mechanism that provides this dis-
placement. The limitation of the piezo-tuning systems is the
alignment tolerance, but we can overcome them with modern
ultra-high precision manufacturing, metrology, and automated
optical instruments.

Future research aims to investigate the potential for
enhancing the structure’s operating bandwidth and reducing
losses by altering the configuration of the periodic array. In addi-
tion, an attempt will be made to integrate this meta-surface into
antennas to create a compact antenna that can change its
polarization.

4. Experimental Section

Piezoelectric Actuator: The PEA tuning technique uses the reverse
piezoelectric effect whereby a piezoelectric material with an applied charge
across its volume will produce a mechanical strain. With the commercially
sourced PEAs used in these experiments, numerous thin disks of the
piezoelectric material, namely lead zirconate titanate (PZT), are formed
into a stack and biased via interleaved electrodes. When a biasing voltage
is applied, the stack translates the resulting strain into an increase in the
overall stack length. The stack is constrained within an aluminum flexure
assembly, which acts as a lever and amplifies the increase in length to a
maximum lateral travel distance of �20.50mm. The PEA encased in the
flexure assembly can be seen in Figure 6b. The PEA used in the presented
studies is the PiezoMove P-603.5S1 (by Physik Instrumente Ltd. UK)[54]

with dimensions 2 cm� 6 cm� 0.6 cm, and the moving part was oriented
perpendicular to the ground plane and attached to provide lateral
movement.

The application of the voltage between 0 and 120 V controls the
position of the PEA head for a displacement between 0 and 0.50mm.
The manufacturer asserts that the actuator offers a movement resolution
of 5 nm and a linear movement error of 0.2%. A displacement–voltage
graph is shown in Figure 7a. This graph does not show the effects of
hysteresis, but with the unidirectional application of voltage, this graph
was consistent as observed and recorded by a measurement microscope.

Data Extraction: The presented experiment was set up so that two stan-
dard gain horn antennas of appropriate bandwidth and minimal incidence
angle were configured to detect reflected S21 magnitude and phase in the
far-field, as shown in Figure 6a. Bare ground measurements were also

taken with the periodic surface absent so that free path losses may be
removed to isolate the effects of the metasurface. A moving average filter
was applied to the |S21| data to reduce noise caused by standing waves
formed as a result of the test horn antennas being placed in close
proximity to one another and in close proximity to the device under test.
The proximity of the antennas was required to minimize the angle of
incidence for the reflection measurements desired for the intended use
of this reconfigurable polarizer.

The metasurface was first designed and optimized for its particular
objectives in an industry-standard EM simulation package (CST
Microwave Studio). Individual unit cells were simulated using periodic
boundary conditions, which yield the result of an infinite array of unit cell
designs and are commonly used to model array sizes over 20λ� 20λ
under plane wave incidence with very good accuracy. The PEA component
was not required during the simulation, as it does not form part of the EM
system. Its effect was modeled by directly varying the air gap between the
periodic surface and ground plane.

Fabrication and Equipment: For experimental validation, standard PCB
methods were sourced using a Nelco NY9220ST0787S1S1 substrate with a
dielectric constant of 2.2, loss tangent of 0.0009, and thickness of
0.78mm. The metasurface printed on the substrate had dimension
20λ� 20λ at the lowest frequency which should provide a similar result
to an infinite surface simulation. The device is presented in Figure 6b.
The periodic array was brought in contact with the variable ground plane
for testing. The PEA was connected to a DC voltage source to control the
displacement. By increasing the voltage, the ground plane moved away
from the surface, and the air cavity height increased. A ZVA 67 A vector
network analyzer (Rohde & Schwarz) was used to sweep the appropriate
frequency ranges. Specialized phase-stable cables (ZV.796) were used to
ensure accurate reporting of phase measurements.
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