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Abstract: The advanced design of a millimeter-wave quasi-optical beamforming device (QOBD)
based on the ferroelectric ceramic was elaborated and considered. Among the advantages of the
proposed design are simplicity and cost-effectiveness in contrast to conventional analog and digital
beamforming devices based on array antennas. The use of ferroelectric ceramic in the QOBD design
allows operating in a wide frequency range up to 100 GHz. The advanced topology of discrete
radiotransparent electrodes to provide a realization of different beamforming functions such as beam
focusing and beam scanning was considered. The prototype of the proposed QOBD was designed to
operate at 60 GHz. The measured radiation pattern of the QOBD prototype is in good agreement with
the simulated one. Measurements demonstrate decreasing of beamwidth of the primary antenna
radiation pattern by the lens prototype operating in the beam focusing regime.
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1. Introduction

From the beginning of the wireless communication development, there has been an increase in
the transferred information and operating frequencies. Today, researchers and developers face new
challenges: to make compact devices with reasonable power consumption and outstanding wireless
data transfer capabilities. Such devices should become a base for innovative infrastructures such
as the 5G network [1], WiGig network [2], “smart home”, and its probable extension to the “smart
city” [3]. To overcome these challenges, one looks for a further increase of the operating frequency
and migration to the millimeter wavelengths range [4]. However, the millimeter wavelength range
demonstrates a significant attenuation of electromagnetic waves in free space [5]; thus, the antennas with
high directivity are of interest.

The lens antennas become more attractive for applications in the millimeter wave range because
of a good trade-off between directivity and the degree of insertion loss [6-8]. However, as a rule,
one should implement a mechanical system to provide a continuous beam steering capability [9].
Another way is to use several feed antennas to provide discrete switching of the beam position [10].
Both approaches lead to an increase in the system’s complexity as well as cost. These disadvantages
limit the range of possible applications of lens antennas.

The principles of lens antenna design are the origins of designing so-called “quasi-optical”
beamforming devices (QOBD) in micro- and millimeter-wave bands. There are a lot of different
QOBD constructions with various beamforming functions such as focus lenses [10], deflectors [11],
polarization controllers [12], etc. The realization of tunable QOBD beamforming functions relies on the
use of nonlinear elements such as PIN diodes [13], semiconductor or ferroelectric (FE) varactors [14],
and microelectromechanical systems (MEMS) [15]. The class of nonlinear elements determines
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time response, insertion loss, and the type of beamforming (a continuous or discrete one). Such
nonlinear elements operate as lumped ones; it means that the size of an element is much smaller than
an operational wavelength (L < Ap). As a rule, the operating frequencies of most proposed QOBDs
are limited up to frequencies of K;-band. To overcome this limitation, one should base QOBD design
on nonlinear distributed elements (i.e., at a condition of L > Ap). The ferroelectrics (in particular,
a solid solution of the Ba,Sr,_1TiO3 (BSTO)) demonstrate a fast time response, low dissipation loss,
and the absence of permittivity dispersion in a wide frequency range (up to 100 GHz) in the paraelectric
state [16-19]. These features allow considering BSTO as a promising material for the millimeter-wave
QOBD on the base of nonlinear distributed elements.

This article is devoted to the design of the electrically tunable ferroelectric QOBD for the millimeter
wavelength range. The simple and effective model of the device, allowing to design QOBD with
different beamforming functions, was proposed. The effectiveness of the model was confirmed by
simulation and experimental results. Note that the results of the experimental investigation of FE
ceramic materials were used during the simulation. The influence of the elaborated topology of discrete
control electrodes on QOBD performance was considered. In accordance with simulation results, it was
shown that the proposed lens design allows combining different beamforming functions (or operation
regimes) such as beam focusing and beam scanning. The prototype of the proposed lens was fabricated
and experimentally tested at 60 GHz. The results of measurements of the lens radiation pattern are in
a good agreement with simulated ones.

2. Materials and Methods

2.1. Principle of Ferroelectric Lens Operation

A traditional lens antenna is based on the use of linear dielectric lenses with a feed antenna.
In this case, the curvature of a lens profile (variation of lens thickness) determines a radiation pattern
as schematically shown in Figure 1a. As a rule, the permittivity constant of linear material is not more
than ~20, so it is difficult to design a compact dielectric lens. The ferroelectrics have a dependency of
permittivity (epg) on the applied electric field (E); thereby, the curvature of the lens can be formed by
the permittivity variation along FE plate by electric field application. The QOBD based on ferroelectric
plate is presented in Figure 1b. Let’s assume the electromagnetic wave propagates through the FE plate
with the thickness of drr, then FE element’s equivalent electrical thickness (EET) measured in degrees

can be defined as:
o 27w EFE(E)

EET
Ao
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where Ag is the wavelength at the operating a frequency of the FE lens in free space. The use of
ferroelectrics allows providing the electrical control over a spatial distribution of the EET and, thus,
control over the forming radiation pattern (as schematically shown in Figure 1b). It leads to a realization
of different electrical beamforming regimes by a single lens, such as beam focusing and beam scanning.
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Figure 1. Comparison of (a) the linear dielectric lens and (b) the electrically tunable FE lens.
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The main characteristic of ferroelectric material nonlinearity is the tunability factor K, that can be
defined as:
ere (0)

EFE (E 7é 0)
Therefore with the use of (1) and (2) the FE lens EET variation in dependency on the electric
field becomes:

K= @)

N N 27td F Em 1
AEET (K) =EET (1) —EET(K #1) = o (1 \/K) 3

One should take into account the insertion loss caused by FE dissipation loss (tand) during the
design process. It can be done directly during numerical simulation or by the use of equivalent
electrical representation of FE ceramic plates, as was shown in [20].

To realize the control over FE permittivity, one should provide control electrodes in the lens
design. The control electrodes should correspond to several requirements, such as low insertion loss,
simple implementation, and minimizing the heating of the FE plate caused by the electric current
(Joule heating).

2.2. Topology of the Control Electrodes

In the first works devoted to FE lens design, metal electrodes were used [21-23]. However,
it leads to an increase of design complexity due to the decomposition of the lens aperture into
an array of separate FE elements with deposited metal electrodes. It is much more convenient to
use radiotransparent electrodes based on a thin film of the high resistive materials. The well-known
high resistive materials used for optically transparent electrodes such as ZnO [24] demonstrates low
insertion loss values in the RF/MW range. Thereby, such materials can be considered for the realization
of control electrodes of the FE lens.

In works [25,26], radiotransparent electrodes were presented as two continuous thin films deposited
on both sides of the FE ceramic plate as schematically shown in Figure 2a. One thin film is the control
electrode and is connected to the voltage sources while the other is a grounded electrode. The operation
voltage continuously drops along the control electrode from Uy to U,y;,. Thus, the electric field formed
in the FE plate leads to permittivity variation and, consequently, to the spatial distribution of EET along
the FE plate.
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Figure 2. The FE lens schematics with different radiotransparent electrodes’ topologies: (a) continuous
and (b) discrete.

Despite the simplicity of the continuous electrode configuration, it has drawbacks. The first one is
the electric current flowing through the control electrode thin film induced by the voltage difference
applied at opposite electrode edges. This may lead to radiation pattern instability caused by Joule
heating of the FE plate. Secondly, the continuous control electrode limits the functional capabilities of
the FE lens to only beam scanning [26] or beam focusing [25].
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In this work, the discrete topology of the control electrode is proposed. It consists of the discrete
sections of a radiotransparent material as presented in Figure 2b. The electric potential applies to each
section of the electrode. In such a configuration, each electrode section is an open-circuit for the control
voltage and, therefore, the electric current is not flowing through it. Besides, this topology allows the
application of voltage to each electrode section separately and to form different spatial distributions of
FE permittivity, i.e., realize different beamforming functions.

The proposed electrode topology allows realizing the discrete spatial distributions of EET with
a discretization period corresponded to the width of the electrode section, as presented in Figure 2b.
The angular spectrum method [27,28] may be used to analyze the influence of electrode section width
on the quality of a radiation pattern. This method is based on an expansion of a wave field into a sum
of a large number of plane waves. The far-field angular distribution (Ey) is the Fourier transform of
the complex E-field values of the wave in the aperture plane (E,):

Ef (k) = / 0; E, (x) e **dx, @)

where ky is a projection of the wave vector on the x-axis, which is directed along the aperture plane.
In a discrete form the expression (4) become:

N-1 )
Egf (ke) = Y Eq (Dxn)e Jistom, ®)
0

where N — total number of spatial discrete intervals, n — index of summation, Ax — spatial discrete
interval in fraction of wavelength, i.e.:

A
Ax =x, — X1 = EO (6)

where m is an auxiliary variable, which is used to define the spatial discrete interval as a fraction
of wavelength. Obviously that the values of the exponent order in the Equation (5) is limited to the
range [—7t; 7t]. The use of a 2D approximation assumption allows defining k, as a projection of the
wavevector k on the x-axis, i.e., ky = ksina, where « is an azimuth angle in cylindrical coordinates
(see Figure 3a). Thus with use of (6) one can conclude that:

ksinzx@ < |« @)
m

and that m # 2 in condition of normal incidence of wave to the aperture plane (i.e., sina = 1).
For simplicity, it is assumed that the spatial discrete interval of the lens aperture is equal to the width
of the radiotransparent electrode section (w), thus (7) leads to

Ao
< ZJ
ws 5 (8)

In the case of w more than half of a wavelength, it is supposed to appearing of grating lobes and
degradation of a radiation pattern.

2.3. Ferroelectric Lens Model

To clarify the FE lens design procedure, let us consider the 2D model of the lens with feed
antenna schematically presented in Figure 3a. For simplicity, we will assume that the feed antenna
is a point source with isotropic radiation pattern and FE lens placed at the distance F. In Figure 3b
we schematically present the distribution of the wave phase (A¢ = ¢ (0) — ¢ (x)) along aperture of
the FE lens (Drg). The FE lens should compensate for the phase difference obtained with distance by
the appropriate spatial distribution of the EET (as schematically shown in Figure 3c) in order to form
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radiation pattern with a focused beam. The presented simplified case allows calculating the phase
with the help of a solution of the Helmholtz equation:

(@2+1)g(z) =-0(2), ©)

where 92—differential operator of second degree defined along z-axis; k, — projection of the wave
vector k on the direction of the wave propagation (z-axis); g (z)—Green'’s function; ¢ (z)—Dirac delta
function, described point source of the radiation.
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Figure 3. Schematic of proposed model: (a) simplified 2D model of the FE QOBD and (b) the phase
distribution on the FE lens plane of the wave radiated by the feed antenna and (c) the FE lens EET.

The use of the trigonometric expressions allows writing k, in polar coordinates, as follows:

k; = kcosw (10)
ky = ksina 11

2
kZ:\/kZ—kﬁ:k\/l—sin2oc:kcoszx:A—Zcosa (12)

Since the solution of Equation (9) is well-known with the help of expressions (10)—(12) it is possible
to obtain required AEET angular distribution via Green’s function:

—ilz| 2
P ]\z|/\0 cos &

g(alz|) = (13)

j % cosx
Obviously, ¢(«, |z|) in (13) is a complex value, and thus, its argument determines the phase of the

wave propagated to the distance |z| in a direction defined by «. Hence the required AEET distribution
may be found by inversion of the obtained phase distribution sign:

AEET (w, |z|) = arg [ef arg[g(a,|z|)}} (14)

Results of the calculation on the base of (14) allow defining the required spatial distribution of
EET along the lens aperture to provide the beam focusing (see Figure 3c). A more detailed beam
scanning regime is described in Section 3.1. In accordance with the Equation (3), one can obtain the
spatial distribution of tunability factor for the FE lens from calculated EET distribution. The use of
K-factor spatial distribution is more convenient during the design process rather than control voltage
values (U.) because U, for defined K is dependent on the thickness and composition of FE material.
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The described model may be adapted to use different feed antennas. It can be based on computer-aided
optimization methods. In this case, the K-factor distribution obtained in the assumption of an isotropic
source may be used as the origin state of the optimization procedure.

2.4. Materials

As was noted in previous sections, a ferroelectric ceramic plate is a key element of the proposed
QOBD construction. The ceramic plates were made from a mixture of previously synthesized BaTiO3; and
SrTiO3 powders with proportions 55/45 to perform an experimental investigation of FE characteristics.
The initial mixture was doped by the linear dielectric additives (MgyTiO4, MgO) to decrease permittivity
value down to epg = 440 and dielectric loss.

The characterization of FE nonlinearity is provided by capacitance-voltage CV dependency
measurements of FE capacitors under dc control voltages resulting in a tunability factor K =
C(0)/C(Uy.). The FE ceramic capacitors were fabricated with 5 x 5mm? contact copper metallization
deposited on the opposite sides of ceramic plate. For the measurement procedure, the RLC-meter (GW
Instek LCR-8101G) with the operating frequency of 1 MHz was used. Due to the absence of frequency
dispersion of FE permittivity up to 100 GHz, the experimental results obtained at 1 MHz are valid in
millimeter-waves range. Obtained experimental results of tunability and permittivity dependencies on
the electric field are presented in Figure 4.

To provide high precision measurements of ceramic tané the electrodeless method based on
an open resonator (OR) was used. The OR is intended to be used in the frequency range of f =
(40-75) GHz. The unloaded quality factor of the empty OR is of Q (60 GHz) = (5-6)-10*. Theoretical
approach of measurements is based on results of the theory developed by [29] for E- and H-field
distribution in an OR with a single-layer dielectric. The dielectric loss values of the ferroelectric ceramic
samples with size 48 x 60 x 1 mm?> were measured via the OR at frequency ~60 GHz. Note that the
sizes of measured samples were significantly more than operating wavelength; this allows to avoid
the small-sized body influence on the quality factor of the OR described in [30]. In accordance with
the described measure technique, the loss tangent value of the ferroelectric ceramic plate was about
0.015-0.02 at 60 GHz.

450 —7 1,8
Permittivity Ve
— ——Tunability (K-factor)
**************** 1,6
375 f
& L2 F14 K
300 +
—————— - 1,2
-~
225 = T T T T 1,0
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Figure 4. Measured ferroelectric ceramic sample permittivity and tunability dependencies on the
electric field.

Graphite was used to form the electrode topology in the proposed prototype design to simplify
manufacturing. The graphite films with thickness ~ 10 um demonstrate the surface resistance of
1-2 kOhm/sq and insertion loss of about 2dB per graphite layer at f = 60GHz. It should be
emphasized, that graphite used only for prototype manufacturing and is not considering as perspective



Coatings 2020, 10, 180 7 of 12

material for radiotransparent electrodes. The insertion loss per electrode layer can be decreased down
to ~0.4dB in the case of the use of ZnO material. This value was calculated on the base of the ZnO
resistivity (~108 Ohm cm) provided in [31].

The prototype of the FE lens was manufactured for experimental confirmation of simulated results.
Two FE plates with dimensions of 48 x 60 x 1 mm?> were used in the prototype design. Utilization of
two identical FE plates allows decreasing the magnitude of the control voltage applied to each plate.
The holder of the FE plates providing voltage application to the control electrodes was manufactured
from ABS plastic by 3D-printing. The plates of linear ceramic were used as quarter-wave impedance
matching layers in the lens prototype (see Figure 5).

Radiotransparent ground
electrode layer

Ferroelectric ﬂ\
layers ‘

Radiotransparent contro /

electrode layers

7

Matching
layers

(a)
Figure 5. The prototype design: (a) Exploded-view of lens prototype without ABS holder structure; (b)
the photograph of manufactured FE lens without matching layers.

3. Results and Discussion

3.1. Results of Simulation

The Radio Frequency module (Electromagnetic Waves, Frequency Domain interface) of the
COMSOL Multiphysics software was used to perform the electromagnetic simulation of the FE lens
to prove the proposed beamforming concept. The region of numerical simulation is presented as
an air-filled circle of a radius of 25 wavelengths at 60 GHz with radiation boundaries containing
a waveguide flaring to a horn and a ferroelectric lens with impedance matching layers. The width of
the waveguide is 7mm, and the length is 15 mm. The horn dimensions were calculated based on the
procedure described in [32]. The length of the horn is 46 mm, and its aperture width is 32 mm. The size
of mesh elements was specified to not exceed A /6 value, where A is the wavelength in corresponded
material. The lens model consists of ferroelectric plates with quarter wavelength matching layers of
linear dielectric. The overall size of the FE lens aperture is 10 (at 60 GHz) with a total thickness
of the FE plates 2mm. The FE plates were divided into 20 rectangular regions in accordance with
(8) to provide the discrete spatial EET distribution. The permittivity of each region is determined
as erp/K;, where erp — ferroelectric permittivity without control electric field (epp = 440) and K; —
tunability factor corresponded to the i-th FE region. At the first step, spatial distribution of the K-factor
(see Figure 6a) was obtained in the assumption of a point isotropic source as was described above.
The calculation was performed in the condition that focal distance F is about 211y (~ 10 cm).

The K-factor distribution was optimized during the simulation with the criteria of a better
directivity and level of side lobes to provide the proper operation of the FE lens with the horn
antenna. Distributions of the K-factor before and after optimization may be compared in Figure 6a,b,
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correspondingly. It should be noted that the focal distance is assumed as the distance between lens
and plane where the waveguide starts to flare.

1,14 1,14
1,12 1,12
1,10 1,10
v 108

1,06

¢ 1,08
1,06
1,04 1,04

1,02 1,02

1,00 1,00

-30 -30  -20 -10 0 10 20 30

X, mm X, mm X, mm

(a) (b) (o)
Figure 6. Spatial distributions of the K-factor of the ferroelectric lens for focusing radiation of (a) the
isotropic source and (b) of the horn antenna; and for (c) the deflection of the focused horn beam.

Besides beam focusing, the lens provides the possibility of beam scanning. In contrast to existed
ferroelectric lens designs [11,23,25,26,33], the possibility to operate in several regimes can be considered
as a significant advantage of the proposed lens. In the case of the use of feed antenna with high
directivity, the AEET distribution providing deflection of the wavefront (i.e., beam scan regime) is
a simple linear gradient. The height of the AEET gradient determines the angle of deflection. If it is
necessary to provide a regime of focused beam scanning; one should combine AEET distributions for
a focused beam with a linear gradient. Figure 6c presents an example of K-distribution corresponding
to such a combined regime. The achievability of the obtained K-values for both regimes can be
confirmed by the experimental dependence of the tunability on the electric field strength shown
in Figure 4.

The simulation results of the wave E-field distribution corresponded to regimes of beam
focusing and focused beam scanning are presented in Figure 7a,b correspondingly. The presented
E-field distributions clearly demonstrate the required wavefront transformation for both cases.
The effectiveness of the proposed lens can be concluded from the simulation results of radiation
patterns presented in Figure 8. It demonstrates that the beamwidth of the feed antenna was reduced
from 14 down to 7 deg, while the achievable scan angle value is 23 deg.

The reflection coefficient was calculated in a wide frequency range to estimate the impedance
matching of the ferroelectric lens with free space via a single quarter-wave plate of a linear dielectric.
Obviously, a variation of the FE permittivity along the lens aperture effects on impedance matching
condition. Therefore, the simulation was performed for several cases: the FE lens without variation of
the permittivity (i.e., epg = 440 for every part of the lens); the K-factor distribution corresponded to
the beam focusing (as shown in Figure 6b); the K-factor distributions corresponded to the scanning
of the focused beam (example of such distribution presented in Figure 6¢). The simulation results
are presented in Figure9a. One can conclude that the reflection coefficient is less than —10dB in
a frequency band close to 9 GHz for all of the mentioned regimes of the lens operation. The directivity
of the FE lens and the horn was simulated in the same frequency range (55-64 GHz) and presented in
Figure 9b. The results demonstrate that ripples of the directivity do not exceed 3 dB in the considered
frequency range. According to the obtained results, the lens design demonstrates a wide operating
frequency band (~9 GHz) comparable with the bulk dielectric lens [6,10].



Coatings 2020, 10, 180 90f12

Horn
Antenna

e

Horn
Antenna

o]

FE Lens

(@) (b)

Figure 7. Wave electric field distribution in case of (a) the beam focusing and (b) the beam scanning.

0 0

o

© 3

> =

= i

=™ 5 ]

= e}

o 8]

2 o 1
T -20 1 o |

- 5 -40

(V] (V]

N N
2 30 Hom (sim e

g N FI(Emlje(:lsm(s)im.) g -60 1 scan angle ~3 deg. scan angle ~12 deg.
[©] ® Homn (meas.) o scan angle ~6 deg. — — —  scan angle ~17 deg
= e FE Lens (meas.) z scan angle ~9 deg. — — —  scan angle ~24 deg.
-40 | | i ! - - - : 7 7
-40 -20 0 20 40 -30 -20 -10 0 10 20 30 40 50
Angle, deg. Angle, deg.

@) (b)
Figure 8. Comparison of the simulated and measured of (a) beam focusing, and simulation results of
(b) the beam scanning capability.

3.2. Results of Measurements

The conical horns with an aperture diameter of 30 mm were used as feed and detector antennas
during measurements of radiation patterns at 60 GHz. The special electrodes topology was formed
on the ferroelectric plates” surfaces to apply control voltage. The advantages of this topology were
described in Section 2.2; the main one is the elimination of heating due to the absence of electric
current in contrast to topologies used in existing lens designs [25,26]. It allows increasing the stability
of the ferroelectric lens parameters during operation under a controlled voltage. To minimize the
grating lobes of a radiation pattern, the sizes of electrode strips satisfy the condition (8). The maximum
operating voltage (at the edge of the lens aperture) for the case of a beam focusing regime was
approximately 2.1 kV. The high value of operating voltages can be significantly reduced by the use
of a multilayer structure composed of thinner ceramic plates (in the order of 50-100 pm) in the case
of an optimized manufacturing process of the FE lens. Figure 8 presents the measurement results of
the beam focusing by the FE lens under control voltages corresponded to the distribution of K-factor
from Figure 6b. The total insertion loss of the manufactured prototype at 60 GHz is ~11 dB. Note that
a significant part of the insertion loss value is due to the use of graphite electrodes. One can conclude
that the manufactured FE lens prototype significantly decreases the main beam width of the horn
radiation pattern (from 13 to 6 degrees at —3 dB level). As can be seen from the radiation pattern
(see Figure 8a), several minor lobes appear around the level of -20 dB. Its properties can be explained
by the effect of diffraction on the lens edges and spillover of the wave, which can be clearly observed
in Figure 6.
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Figure 9. Simulation of (a) the reflection coefficient and (b) the directivity of the radiation source with

and without the FE lens.
4. Conclusions

The design of a quasi-optical beamforming device based on ferroelectric ceramic was considered
and analyzed. The topology of electrodes to provide a realization of different beamforming functions
was investigated. The absence of discrete elements in the lens design allows to simplify lens
construction and provide operation in the millimeter wavelength range. The significant advantage of
the proposed lens in contrast to existing ferroelectric lens designs is the possibility to operate in several
regimes such as beam focusing and scanning of a focused beam. The possibility to adapt the FE lens
performance in combination with different primary antennas based on an approximate model was
demonstrated. The results of the simulation were confirmed by the measurements of the prototype
radiation pattern at the operation frequency 60 GHz. Under the distribution of operation voltages
calculated from the described model, the lens prototype demonstrates a significant decrease in the
beam width in comparison with the feed horn antenna. Implementation of the proposed lens design in
wireless communication or radar systems operating in the millimeter wavelength range is promising
due to effectiveness and simplicity.
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