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Abstract: A method for forming electromagnetic waves with a tunable nonzero orbital angular
momentum (OAM) is proposed. The approach is based on transforming an incident plane wave
into a helical one using an electrically tunable ferroelectric lens. It uses high-resistive thin/thick
film electrodes with a special discrete topology. The correlation between film electrodes topology
and the highest order of OAM modes that the lens can form is described. A lens prototype based
on Bag 5551( 45TiO3 ferroelectric material and operating at a frequency of 60 GHz was designed,
manufactured, and tested. The amplitude and phase distribution of the OAM wave with [ = +1 formed
by prototype were measured to confirm the effectiveness of the proposed method. The proposed lens
has a combination of advantages such as low dimensions, electrical control over the OAM modes,
and the possibility to operate in the millimeter wavelength range.
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1. Introduction

The price and restraint of the available frequency spectrum call for improvement
of the wireless communication systems’ transmission data rate. This could be achieved
using electromagnetic waves carrying orbital angular momentum (OAM). Such waves
have great potential for communication applications due to the mutual orthogonality of
waves carrying different OAM modes. This feature allows the performance of multiplexing
and demultiplexing of the nonzero OAM waves with low crosstalk [1-3]. Multiplexing of
OAM modes can be considered to be a special case of space-division multiplexing where
each OAM mode carries an independent data channel. Main research directions in this
area include developing methods for generating and detecting OAM waves. Several device
types were proposed for the generation of OAM waves in the millimeter wavelength range.
These include spiral phase plates (SPP) [4,5], spiral reflectors [6,7], metasurfaces [8-11].
However, all these devices generate single-mode OAM waves without the possibility of
mode switching. The exception is the uniform circular antenna arrays (UCAAs) [12-14].
The use of the UCAAs provides flexible control over radiated fields and has the potential
for simple OAM multiplexing due to generating several OAM modes simultaneously.
Yet, implementing the UCAA for the millimeter wavelength range is still a challenging
task because of the high cost of the phase shifters or switched delay lines, which they are
based on.

The most straightforward approach for detecting the OAM waves, is to use inverse
SPP [15]. Although very simple, this approach allows the detection of only a single OAM
mode wave. Therefore, it is not suitable for developing multiplexing/demultiplexing OAM-
wave system. Other methods for detecting the OAM waves, such as interference phase
detection [7] and phase gradient method [16] rely on the conventional antennas that are not
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capable of OAM—waves generation. Thus, these methods are suitable only for a receiver
of OAM waves. Furthermore, these methods are most effective for single-mode detection.

In this article, a method for the formation of electromagnetic waves with the nonzero
OAM is proposed. It uses an electrically tunable lens to transform a plane wave into OAM
carrying wave with dynamic mode order variation. The proposed lens has a combination
of advantages such as low profile, electrical controlling over the OAM modes and the
possibility to operate in the millimeter wavelength range. The main advantage of imple-
menting the proposed ferroelectric lens (in comparison to the other tunable devices used for
OAM-wave generation or conversion) is the higher operating frequency (up to 100 GHz).
The analysis of the recent progress in the design of OAM-wave-forming devices [17] shows
that the operating frequency of the current devices (based on meta-lenses and metasurfaces)
or tunable lumped elements (varactors, pin-diodes, etc.) does not exceed 20-30 GHz.

2. Theoretical Part

The distinct feature of the OAM carrying wave is the helical wavefront [18]. The
number of turns and the direction of wavefront rotation determine the specific mode of
OAM wave. In the case of transmitting structure (SPPs and lens structures), one should
provide a helical angular distribution of the phase retardation to transform incident plane
wave into OAM carrying one. The nonlinear dielectrics such as ferroelectrics demonstrate
the dependence of its permittivity on an electric field. This feature allows providing
the desired phase distribution without thickness variation in contrast to linear dielectric
SSPs. Ferroelectric ceramic plates are preferable for this type of devices because of the
combination of their electrical tunability, thickness, and mechanical strength [19]. It must be
noted that the device’s operating principle is considered under small-signal conditions, i.e.,
microwave signal does not affect ferroelectric permittivity value due to its small magnitude.

To alter the permittivity of a ferroelectric plate, one should form electrodes on both
sides of the plate (control and ground) and apply a voltage drop across. In the case
of transmitting structure, the electrodes should be radiotransparent, i.e., provide low
insertion and reflection loss. Thick/thin films of high-resistive materials must be used
as electrodes in proposed lens design. Materials appropriate for such applications will
be mentioned in the section devoted to the prototype design description. The realization
of the angular distribution of the control electric field in ferroelectric volume is provided
by a specific electrode topology. It should be noted that the discrete topology of the
control electrode (i.e., electrode is composed of separate sections of radiotransparent
material) has an advantage over continuous electrode such as the absence of electric current
flowing through the electrode film. Moreover, the discrete topology allows providing the
increasing range of available OAM-wave modes depending on the number of separate
sections. The transformation of a plane wave to the wave with nonzero OAM based on
the ferroelectric lens with the discrete angular distribution of permittivity is schematically
shown in Figure 1.

For the proposed ferroelectric lens, the permittivity value changes with a constant
step Ag, ie,,

€nt1 — €n = Ae (n=1,2.N) 1)

where N—is the number of separate electrode’s sections.

Each mode of the wave carrying OAM characterized by a value of integer number
I. The value of | determines the number of [0; 277] intervals of angular phase distribution
in the lens aperture plane while its sign determines the direction of helical wavefront
rotation. This condition determines requirements to ferroelectric material properties such
as tunability factor (K = e¢(E = 0)/¢(E)). The value of the tunability factor required for the
formation of a certain mode can be determined as

NN
K= (W)) (1= +1;42.) @)
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where A is the wavelength in free space, d is the thickness of the ferroelectric layer and
¢ fe—permittivity of ferroelectric ceramic at E = 0.

Therefore, for certain mode, the value of Ae can be found from a condition that the
maximal angular phase difference at the aperture of the lens is equal to 277/, i.e.,

- Efe(K_l)
K= (m) )

The eight section (N = 8) ferroelectric plate with a stepped distribution of permittivity
is schematically presented in Figure 1. OAM carrying wave with the mode number [ = +1
will be formed by the lens if the permittivity step value Ae corresponds to the phase shift
difference between adjacent sections A® = 45°. The conversion of the incident plane wave
into OAM wave with | = +1, —1 corresponds to the angular distribution of the control
electric field from E;;y to 0 V/m applied clockwise and counterclockwise, respectively.
In the case of OAM mode numbers [ = £2, £3... the value A® must be increased up to
90°, 135° etc. The highest OAM mode (with number =£I,,,y) that can be formed by the
lens depends on the tunability of ferroelectric ceramic, its thickness and N value. As
known from [20,21] the theoretical limit of the highest mode which can be formed by
discrete radiation sources is determined by |I| = N/2. However, it was observed that
modes with I close N/2 demonstrate radiation patterns with ripples of the main beam [20].
These ripples increase and lead to the main beam destruction with a further increase of
[. In turn, tunability K and ceramic thickness define the maximal value of A® that can be
obtained. The radiation pattern of the circular lens in the condition of uniform amplitude
and phase distribution at the aperture (I = 0) can be found using the approximation of
circular aperture [22]:

9 4) / / kp sin(6) cos(¢p—¢') d(P/P/dP @)

where a—aperture radius, k—wavenumber, p—radial distance, ¢p—azimuthal angle and
f—polar angle.

Figure 1. The incident plane wave transformation into OAM carrying wave by the proposed ferro-
electric lens.
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In the case of discrete increase of the phase angular distribution with step A® Equation
(4) can be transformed to:

ST R kel sin®) cos(p— ) +AGG-1)) g 1
£(0,0) = 2/0 - 1)e] ° pdpdg )
i=1 LA

Note that in Equation (5) the wave attenuation in the ferroelectric plate and the wave
spillover are neglect. These assumptions are valid for the estimations of the lens parameters
at the first stages of its elaboration. The influence of these factors on the lens performance
can be taken into account during a full-wave simulation.

Using Equation (5) the radiation patterns corresponded to different OAM waves
(I = +1; +2; +3) were obtained and presented in Figure 2. The phase distributions of corre-
sponded waves were calculated in the plane parallel to the lens aperture at the distance of
100 wavelengths and presented in Figure 2. One can conclude that the phase distribution
demonstrates a spiral character in accordance with the mode number. It is also can be
observed that increasing of [ leads to an increase in angular ripples of the main beam
directivity (see Figure 2b,d,f). Due to the lens symmetry, the change of the sign of / affects
only the direction of the spiral phase distribution. Hence, the obtained results confirm that
an 8-sectional ferroelectric lens provides the possibility of electrical switching between
6 OAM modes with |11 =1, 2, 3.

d8

-0.2 -0.15 -0.1 -005 0 005 01 015 02
X, m 40

(e) ®
Figure 2. Phase-front distributions and radiation patterns of different OAM modes [ = +1 (a,b); | = +2
(c,d); I = +3 (e, f) formed by lens with N = 8.
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3. Experimental Part
3.1. Prototype Description

To confirm the proposed OAM-wave formation approach a prototype with an operat-
ing frequency of 60 GHz was manufactured. It consists of two ferroelectric plates of barium
strontium titanate with a surface area of 48 x 60 mm, and a thickness of 1 mm. The use of
double plate design allows the decreasing value of the control electric voltage applied to
each ferroelectric plate. The ferroelectric ceramic used to manufacture the prototype was
produced by Ceramics Co. Ltd. (Saint Petersburg, Russia). It consists of a mixture of pre-
viously synthesized BaTiO3 and SrTiO3 powders (in a proportion of 55/45), and 40 wt.%
linear dielectric materials (Mg, TiO4, MgO). The density of the ceramic was 5.1 g/cm?,
the dielectric constant was ¢ = 440, dielectric loss (tan §) was 0.015-0.02 at 60 GHz and the
tunability factor K = 1.8 at 10 V/mm.

To achieve the radiotransparency of lens electrodes they should be made from a high-
resistive material. The radiotransparency requires thin-film material with high surface
resistivity. To simplify the prototype manufacturing process, graphite spray (GRAPHIT
33, CRC Industries) was used to form both the control and ground electrodes. It was
experimentally observed that a graphite layer with a thickness of ~10 um has a surface
resistance of 1-2 kOhm/square and insertion loss about of 2 dB at 60 GHz.

The linear dielectric plates of quarter-wavelength thickness at 60 GHz should be used
to match the impedances of the ferroelectric plates and free space. The glass-ceramic plates
of 0.4 mm thickness (ST-50 type, JSC “Zavod Sytal”, Vladimir, Ukraine) were used as
matching layers in the prototype. The glass-ceramic consists of SiO,—60.5 wt.%, Al,O3—
13.5 wt.%, CaO—38.5 wt.%, MgO—7.5 wt.% and TiO,—10 wt.%. The real part of its dielectric
permittivity was ~10 and density was 2.65 g/cm?.

The schematic of the lens construction and photo of the prototype are presented in
Figure 3.

Matching Ferroelectric
layer\ layers with
electrodes

Matching layer

(a) (b)
Figure 3. Exploded-view—(a) and photo (matching layer removed)—(b) of tunable ferroelectric
lens prototype.

3.2. Calculation and Simulation

To estimate the influence of the ferroelectric lens on the primary horn antenna radia-
tion pattern, the 2-D electromagnetic simulation was performed by Comsol Multiphysics
software (RF module). The calculation area was limited to a semi-circle with a radius of
15A¢ at 60 GHz with the “Far-Field Calculation” boundary condition. The horn antenna
with a length of 46 mm and aperture dimension of 30 mm was used as the primary an-
tenna (the circular horn antenna with equal dimensions was used during the experimental
investigation), placed in the center of the calculation area. The lens model consisted of
a ferroelectric plate with dimensions 48 x 2 mm and matching layers of linear dielectric
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with dimensions of 48 x 0.4 mm was placed at a distance of 5 mm from the horn aperture.
The simulated radiation pattern is presented in Figure 4a.

0 0
| —— Mode /=1 i
(sim.)
-6 Mode /=1
m —-10 1 m (meas.)
© © b b
& >-12
= -20 = 1 1
g 1o
a -39 | a 1 ,
30 -24
Horn with Lens (sim.) | /\ A
Horn with Lens (meas.)
-40 ! ; ‘ -30 — AL — o
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
o, deg. o, deg.
(a) (b)

Figure 4. Comparison of the simulated and measured beam of a horn with mode with I = 0 (a);
comparison of the simulated and measured beam of mode with I = +1 (b).

To estimate the main beam shape of the radiation pattern, we used the far-field
calculation based on the Fourier transform of the field at the lens aperture. This calculation
method is well-established and efficient, especially for planar aperture antennas with
dimensions larger than several wavelengths [23,24].

For calculation, we used a rectangular area (10 x 12)Ag as the lens aperture with a
uniform amplitude distribution. The aperture area was divided into 8 angular sections (in
accordance with the electrode topology) with corresponded initial phase values. These
values were calculated according to the variation of ferroelectric plate permittivity under
the applied control electric field. We should note that this simple model did not include
the effects of mismatching of the ferroelectric plate and spillover of the primary antenna
radiation and was investigated to provide the main beam shape. The calculated radiation
pattern corresponded to OAM wave with [ = +1 is presented in Figure 4b.

3.3. Experimental Results

Experimental measurements of the ferroelectric lens prototype were performed in a
microwave chamber. A horn antenna with an aperture diameter of 30 mm was used as a
source of 60 GHz quasi-plane wave for lens irradiation. The receiver probe antenna was
placed at a ~20 cm distance from the lens aperture, which corresponds to the far-field
condition for the 60 GHz radiation. The probe antenna was placed on a two-dimensional
scanning system. The amplitude and phase of the radiated waves were measured by a
vector network analyzer (VNA). The scanning and measurement routine was controlled
by software running on a laptop. The control voltage was applied to the lens due to the
laboratory voltage source connected to a self-made voltage-up conversion device. The
control voltage for each controllable section of the lens prototype was separated due to the
resistive divider.

The angular gradient of the control voltage in the range of 0-5 kV was formed to
provide OAM-wave mode with [ = +1. The control voltage magnitude is relatively high.
However, there are several ways to decrease this value. The first of them is to use a ferro-
electric ceramic with higher nonlinearity. Another is using a more complicated multilayer
structure where the control voltage is applied to each layer individually. For example,
a multilayer structure consisting of ten layers allows decreasing control voltage amplitude
from 5 kV to ~250 V. Please note that ferroelectric materials with higher dielectric per-
mittivity and tunability values allow using ferroelectric thick films multilayer structures.
Furthermore, increasing the frequency of operation will reduce the thickness of the ferro-
electric layer, hence the control voltage. For example, a similar prototype device operating



Coatings 2021, 11, 569

7 of 9

at 100 GHz will require control voltage with nearly twice a smaller amplitude. The total in-
sertion loss of the lens prototype was about 12 dB. Please note that such a high value is due
to the graphite electrodes used in the lens prototype construction. Possible use of thin/thick
film high-resistive electrodes can decrease this value down to 5 dB. For example, indium
tin oxide (ITO) is suitable because its surface resistance is up to 10 MOhm/square [25].
Resistive alloys such as silicides of chromium, nickel, iron, and binary and ternary systems
on their base are perspective materials for transparent electrodes. A wide range of thin-film
surface resistivity is achieved by the variation of Si concentration from 15% to 95% in the
resistive alloys. These materials are usually used for thin-film resistors manufacturing.

Figure 5 presents measured amplitude and spatial phase distribution at a distance of
~40A( (~20 cm) from the FE lens on the area of 70 x 70 mm?. One can conclude that the
central part of the measured phase-front demonstrates a spiral form. Around the point,
with x = 0 and y = 0 (this point lies on the optical axis of the FE lens), the measured phase
rises in the clockwise direction from 0 to 27t rad. Such a phase distribution corresponds to
a phase-front of the OAM wave with | = +1.

Phase, rad
0.08 0.08 . 3.14
2.36
0.04 0.04 - 1.57
£ E - 0785
€ 0.00 € 0.00 -0
> > A - -0.785
-0.04 -0.04 - 157
I -2.36
-0.08 -0.08 — = -3.14
-0.08 -0.04 0.00 004 0.8 -0.08 -0.04 0.00 004 008
X, mm X, mm
(a) (b)

Figure 5. Measured amplitude distribution—(a) and phase-front—(b) of the OAM wave with [ = +1
formed by prototype.

The comparison of far-field radiation patterns measurements and calculation results
for modes I = 0 and I = +1 are presented in Figure 4a,b, respectively. For convenience, due
to the axial symmetry of the horn radiation pattern, only the horizontal cross-section of the
radiation pattern is presented in Figure 4. The results demonstrate that the field intensity
has a local minimum at the beam axis at = +1. This characteristic feature confirms the
formation of the electromagnetic wave with nonzero OAM by the proposed electrically
tunable lens. Please note that electrode film thickness inhomogeneity can explain the
asymmetry of the main beam of the measured radiation pattern.

4. Discussion and Conclusions

A method to form electromagnetic waves with nonzero OAM using an electrically
tunable ferroelectric lens was proposed, and its applicability was experimentally demon-
strated. The main advantages of the proposed method over the already existing methods
(SPP, metasurfaces, etc.) are the simplicity of design, electrical control over the OAM
modes formation, and the possibility to operate in the millimeter wavelengths. The fer-
roelectric lens construction to form nonzero OAM waves and its principle of operation
were presented. The special discrete topology of high-resistive thin/thick film electrodes
is proposed and analyzed. Correlation between film electrodes topology and a maximal
number of OAM modes that can be formed by the lens is described. The device prototype
based on ferroelectric Bag 5551 45 TiO3 material was designed, manufactured and measured
at a frequency of 60 GHz. Amplitude distribution and phase-front of the OAM wave with
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I= +1 formed by prototype were measured. Experimental results confirm the effectiveness
of the proposed method.

Arguably, the value of control voltage used in the presented prototype is relatively
high and this could be considered to be an obstacle for its practical implementation. A
way around this challenge is to use a multilayer ferroelectric structure with individual
voltage control [26]. Additionally, to improve the device performance (i.e., insertion loss,
responsivity (to control voltage), etc.), a further optimal material selection combined with
detecting and separating the formed OAM-wave modes investigation is required.

Nevertheless, the proposed method is a steppingstone toward the enhancement of the
wireless communication data transfer rate.
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