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Abstract: Wireless power transfer promises to revolutionize the way in which we use and power
mobile devices. However, low transfer efficiencies prevent this technology from seeing wide scale
real-world adoption. The aim of this work is to use quasioptics to develop a system composed of
a dielectric lens fed by a phased array to reduce spillover losses, increasing the beam efficiency, while
working on the antenna system’s Fresnel zone. The DC-RF electronics, digital beamforming and
beam-steering by an FPGA, and radiating 4 × 4 microstrip patch phased array have been developed
and experimented upon, while the lens has been designed and simulated. This paper details these
preliminary results, where the phased array radiation pattern was measured, showing that the
beam is being generated and steered as expected, prompting the lens construction for the complete
system experimentation.

Keywords: wireless power transfer; microwaves; DC-RF conversion; beamforming; beamsteering;
phased array; microstrip patch; dielectric lens; antenna characterization

1. Introduction

Research on wireless power transfer (WPT) has been performed since the experiments
of Heinrich Hertz [1] and Nikola Tesla [2,3] in the 19th century. Since then, two main
technology areas can be identified: coupling and radiative WPT.

The first of which includes the near-field electromagnetic (EM) effects, such as ca-
pacitive and inductive coupling, which are useful for a very limited range. A review
of near-field WPT can be found in [4]. These have been developed significantly, hav-
ing reached the point of commercial implementation, with most household electronics,
including mobile phones, having the possibility of being wirelessly charged.

The main limitation of near-field WPT is its limited range, as most applications work
only up to a few centimeters. Therefore, the transmitting and receiving devices must be
very close together and usually have to be properly aligned, restricting the components’
movement. Important implementations of near-field WPT can be found, nonetheless, such
as in biomedical applications [5] or EV charging [6].

On the other hand, radiative WPT consists in using antennas for radiating EM energy
that will propagate through space. In order to achieve high-beam efficiency, the radiation
should be focused and directed towards a receiving device. This WPT category has also
seen intense research, ever since the work of William Brown [1,7]. He proved the viability
of these systems by focusing microwave beams into targets, developing highly efficient
WPT experiments that still hold records today. Following his work, several nations became
interested in radiative WPT, with multiple projects starting all over the world [8–10].

Although long range systems have been proposed, radiative WPT has to be further
developed before being widely implemented in real-life scenarios. This is mainly due to low
overall efficiencies. One of the most problematic areas is the beam efficiency, mainly due to
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spillover losses and low coupling to radiating elements. To increase it, this work supports
itself on the quasioptical (QO) theory [11], which studies EM radiation by comparing it to
gaussian beams, taking into account the beam divergence. The authors have experience
with this theory as previous work has been developed that used reflectors for focusing
beams in WPT systems [12,13].

Regarding the implementation of the quasioptical theory in WPT systems, there have
not been system-wide studies relating the gaussian beam with the system paramters.
Even in the early days of WPT, William Brown used focusing components for reducing the
spillover losses but did not include QO analysis. Nevertheless, this theory has been used for
studying components of WPT systems, such as antennas [14,15], beam propagation [16,17]
or focusing elements [18,19]. We here propose a system that integrates quasioptics in the
system development, for achieving high efficiency.

During recent years, some works have been developed regarding active phased arrays,
especially for communication scenarios. For example, ref. [20] presents a 16-element
phased-array with 4-bit phase shifters capable of operating from 43–45 GHz resorting to
a 0.18-µm BiCMOS technology from satellite communications. Each of this 16-element
arrays is then a sub-array of a 20 × 20 element array to achieve high antenna gain and
transmitted power. In [21] the authors present an active phased array using commercial
Radio Frequency Integrated Circuits (RFICs) from Anokiwave. The main contribution lies
in implementing circularly polarized phased array antennas that use the RFIC beamformers
and can achieve an axial ratio bandwidth of 32% under the 3-dB standard limit. Moreover,
the system can track a device using an ultrasonic command system that covers up to 30◦ of
the azimuth angle.

On the other hand, some researchers have dedicated their interests to applying this
kind of structure in WPT systems. In [22], the authors present a 32-element active integrated
phased array capable of providing up to 42 W of output power. The antennas proposed
have circular polarization, and a 4-bit digital phase shifter based on a microstrip switch-line
is used to control the phase of each element. In [23], it is also presented a 32-element active
phased array that delivers a total power of 120 W that aims to power up a rover. To perform
the phase shift, a 4-bit digital phase shifter based on FET Switches is used, allowing to cover
an azimuth angle from −23 to 23◦. In this work, a rectenna on the receiver side collocated
at 2.5 m of distance. In this experiment, the energy collected was insufficient to power up
the rover.

Additionally, WPT in the Fresnel zone has also been pursued. The work presented in
ref. [24] uses planar arrays of rectangular patches for transferring power at a distance of
40 cm. Two 8 × 8 arrays were developed and used for the transmitter while a 4 × 4 array
is used as the receiver. The difference between both the transmitting arrays is the phase
distribution, achieved through different lengths of the microstrip transmission lines that
feed the patches. Therefore, there is no possibility of actively controlling the phase of each
element and achieve beamforming or beamsteering. This enabled a maximum efficiency of
33.2% for the transmitting array working on the Fresnel zone.

However, the most remarkable is the one developed by Belo in [25], since it was devel-
oped especially for WPT and passive/mobile devices purposes. In this work, an electronic
steerable phased array WPT system can select, track, and power up a passive wireless
sensor network in an azimuth angle range from −45◦ to +45◦. The authors present a radio-
frequency identification (RFID) and active/wake-up techniques that allow having a low
complexity battery-less device that can be accurately trackable and communicate back
to the transmitter. The system can also operate in three different states, each of which
provides different power levels depending on the device’s distance. The algorithm that
makes the switch between each state is based on the Received Signal Strength Indicator
(RSSI), and according to the received power, it is able to know how far away the device is
and adjust the gain and the transmitted power.
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This work aims to study a more compact and feasible system for transferring power
in an indoor environment. Aiming to charge mobile devices, such as phones, quasioptics
is used for increasing the beam efficiency. To achieve this goal, a beam launcher and
a dielectric lens for focusing the beam must be developed. The first of which is a 4 × 4
microstrip patch phased-array antenna. By controlling each elements’ current distribution,
beamforming [15] and beamsteering [26] can be implemented. This phased-array is fed by
a transmitter that follows a heterodyne architecture, allowing independent control of each
element, while providing up to a maximum of 2 W per element.

Following the Gaussian beam generation, a dielectric lens will be used to focus it [11].
Dielectric lenses have been thoroughly studied in the literature [27], including by this
research group [28]. Previous studies of lenses in QO can be found in [11,18,19].

Finally, on the receiving side, a radio-frequency to DC current (RF-DC) converter
will be implemented for outputting the transferred power. The output power is used in
a feedback channel, whose resonance frequency varies according to the energy received,
helping in the control of the transmitter for optimizing the overall WPT efficiency.

All of these components will be explained in the following sections. Starting from
an overview of the system architecture, the basics of the transmitter will be explained as
well as of quasioptics. Afterwards, the RF-DC conversion and the feedback channel will be
discussed. Experimental results have been obtained for the transmitter and phased-array
antenna, while simulation results were achieved for the antenna with the dielectric lens.

This manuscript is divided as follows. Section 2 presents an overview of the proposed
system, with the focus on the theoretical background, main principles and design consider-
ations of the crucial components of the system. In Section 3 some preliminary results both
measured and simulated are shown and analyzed having in mind future improvements in
the system performance. Lastly, in Section 4 some final remarks are drawn.

2. System Architecture

The proposed system is composed of a DC current to radio-frequency (DC-RF) con-
verter and power transmitter that will feed a phased array antenna. The beam created
will be focused by a dielectric lens. Afterwards, a receiving antenna will be connected to
a RF-DC converter, from which the output DC power will be obtained. A feedback channel
will be implemented in order to control the transmitter output for increasing the overall
efficiency. An overview of the system is represented in Figure 1.

The methodology of this work follows two main principles. The first is that devel-
opments will be done according to the energy flow, meaning that the first stage to be
researched is the DC-RF converter and power transmitter, followed by the phased-array an-
tenna. Then, the dielectric lens will be studied and finally the feedback channel. The other
principle is that every stage starts by being studied theoretically, before being simulated
and implemented in practice.

The project’s current stage of development is such that the transmitter has been studied
and already developed in practice, while the dielectric lens has been studied and simulated.
The feedback channel as only been studied theoretically. This is what will be presented in
this paper.

Figure 1. System overview.
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2.1. Active Phased Array Transmitter

The proposed Active Phased Array Transmitter consists of 16 active and independent
channels that will feed a 4 × 4 microstrip patch antenna array operating at 5.8 GHz
that should provide at least 25 W to a maximum output power of 32 W of RF power in
a CW regime. In Figure 2, is presented the block diagram of the transmitter and also the
backscatter/receiving module. The backscatter is going to be used for feedback purposes
to improve the system efficiency. Moreover, in Figure 3, is depicted a photograph of the
complete system assembled with several components, such as DC power supplies, control
signals, power distribution, and fans for thermal compensation.

This system considered a LO frequency fixed at 5.1 GHz and an IF frequency of
0.7 GHz that is up-converted by a mixer to the operating frequency of 5.8 GHz. This choice
is justified since a phased array must have complete flexibility to control each element’s
amplitude and phase difference. There are several ways to achieve this kind of operation,
reported in the literature, such as using varactors [29], time delay [30] or based on vector
modulators (IQ modulators) [31]. Due to its operation simplicity, an IQ modulator is used
on every element to allow the control of phase shift and/or amplitude. Each IQ modulator
receives and modulates the 0.7 GHz IF signal that was previously divided into 16 equal
signals, as well as the LO signal.

To implement and perform beamforming architectures, following the antenna array
theory [26], the phase difference required at each element of the antenna to point the beam
to a certain direction (θp, ϕp), for a planar and uniform distribution is given by:

ψ(n, m) = k d n sin(θp) cos(ϕp) + k d n sin(θp) sin(ϕp), n = 1, · · · , N, m = 1, · · · , M (1)

where k is the wavenumber, d is the inter-element spacing, and n and m are the indexes of
the (n, m) element. Then to set the appropriate phase and amplitude for all 16 elements,
a dense digital-to-analog converter (DAC) was selected. The chip is a complete single-
supply, with 40-channel and 14-bit resolution that is controlled with the FPGA using SPI
connection. With this, each DAC is controlled by a 14-bit word that will produce a signal
with a certian amplitude and phase shift (ψ), the IQ values sent to each channel in decimal
representation are given by:

I(n, m) = round
(

214

2
+ an.m

214

2
cos(ψ)

)
(2)

I(n, m) = round
(

214

2
+ an.m

214

2
sin(ψ)

)
(3)

where an,m is referring to the amplitude control of the (n, m) element.
Since each RF path (each channel) will present different responses in terms of phase

and gain/attenuation that feeds each antenna element, a calibration procedure is needed
to compensate for those differences. For that, a full calibration is needed to create a LUT
that will be used to calculate the correct value to produce a radiation pattern in a specific
direction in both azimuth and elevation planes.



Energies 2022, 15, 3450 5 of 16

Figure 2. Block Diagram of High-Power Wireless Power Transmitter.

Figure 3. Full Transmitter Assembled with the several components.

2.2. Quasioptics for Enhancing the Beam Efficiency

One of the main losses in WPT systems are related to the beam propagation, mostly
due to spillover losses and unoptimized coupling to the radiating components, resulting in
low beam efficiency. Quasioptics (QO) can be used to deal with these issues since it helps
understand and control microwave beams and their propagation by adapting the results of
the theory of optics, to contexts characterized by high beam divergence.
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Due to it, the EM radiation can no longer be effectively represented by thin rays.
Instead, the fundamental block of QO is the comparison of microwave radiation to gaussian
beams, whose basics will now be explained. Gaussian beams are mathematical entities
with known behavior: the first assumption is the beam propagation axis, where, if assumed
to be in the ẑ direction, z0 is the point where the power is most concentrated and the
divergence less evident. At this point the radiation is a planar wave with no phase shift
between the electric field distribution. Gaussian beams are described with various modes of
propagation, but the most useful for WPT is the fundamental mode, in which the power is
mostly concentrated on the main lobe. Therefore the beam is axially symmetric, depending
only on the distance from the axis of propagation (radius), r, and the position along the
axis, z:

E(r, z) =

√
2

πv2 exp
(
− r2

v2 − ikz− iπr2

λR
+ iφ0

)
. (4)

The quantities in (4) are the beam radius, v, the wave front’s radius of curvature, R,
the phase shift, φ0, and the wavelength, λ. Of all of these, the beam radius is especially
important for WPT, as it is defined as the radial distance where the power density falls to 1/e
of the value on the propagation axis, with e being the Euler’s number. The minimum value
of the beam radius is called the beam waist, v0, and is located in z0, being a characteristic
of the beam.

Gaussian beams can be transformed using the matricial formalism: by representing
any QO system through a matrix, Msys,

Msys =

[
1 dout
0 1

]
·
[

A B
C D

]
·
[

1 din
0 1

]
(5)

and the effect the system has on the microwave beam is understood by the relationship
between the input and output beam waist, v0in and v0out , and its distance to the system,
din and dout, respectively:

dout = −
(Adin + B)(Cdin + D) + ACz2

c

(Cdin + D)2 + C2z2
c

(6)

and
v0out =

v0in√
(Cdin + D)2 + C2z2

c

. (7)

Another important parameter, included in (7), is the confocal distance, zc = πv2
0/λ.

This gives us the distance from z0 where the beam in which the beam has minimum
divergence, remaining relatively collimated.

Finally, the coupling of gaussian beams and radiating antennas is given by a compar-
ison between both their electric field distributions. The resulting coupling efficiency, ηG,
provides information about how well the antenna radiates and receives the radiation [11,32]:

ηG =

x
|EA · E∗G|

2dx dy[x
|EA|2dx dy

][x
|EG|2dx dy

] (8)

2.3. Antenna Array and Dielectric Lens

When attempting to transfer power, the beam efficiency must be maximized, which
is done here by focusing the energy through a dielectric lens, which means the system
works in the antennas’ Fresnel zone. A phased array antenna composed of 4 × 4 microstrip
patches was developed to perform beamforming and beamsteering, by controlling the
current distribution of each element. These were respectively implemented according to
the principles found in [15,26].
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Knowing the expected gaussian beam radiated by the phased array, a dielectric lens
was studied for transforming the beam in order to reduce the spillover losses. By keeping
the beam radius smaller that the receiving aperture, the receiver collects the majority of
the energy, and if it is located at the beam waist, the wave front is planar, enabling the best
coupling to planar rectennas. The lens was chosen to have a spherical and elliptical surface,
respectively, in order to reduce its reflectivity, and was designed according to [11,33].

2.4. Feedback Channel

In this section, we show the design and theory of the receiving node that should be
able to be selected and tracked by the developed transmitter. It is used separate link for
the pilot signal, the node will be able to continuously receive the energy that is being
transmitted to it, while being able to transmit a signal back to the transmitter with useful
information. The block diagram of this node is depicted in Figure 4. The main blocks of
the receiving node are a high-power and efficient RF-to-dc converter circuit, a variable
frequency oscillator and a load. The remaining of this section is dedicated to provide
a detailed description of each of these components.

Figure 4. Feedback Channel Block Diagram.

2.4.1. RF-DC Converter

An RF-DC converter can be divided into three parts, the matching impedance network,
the rectifier and the DC filter, as seen in Figure 5a. In the case of this work, the rectifier
used was a voltage multiplier.

In order to design the matching impedance network and the DC filter, it is essential to
take into account the impedance that they will impose on the rectifier, as it has a significant
impact on the diode’s performance. So, to ensure that the blocks are matched to the rectifier,
one of the most important steps when designing an RF-DC converter is the source and
load-pull simulations. For this, the ADS software was used. The schematic used for this
simulation can be found in Figure 5b. To simulate the matching impedance network, it was
used the S2P_Eqn block in which the impedance Gamma_source was made varied to find
the adequate impedance for the rectifier.

On the other hand, to simulate the DC filter, the chosen block was the S1P_Eqn,
in which the Gamma_load variable was varied to simulate the load impedance. With this
simulation, it was possible to conclude that for a high input power of 30 dBm, the rectifier
requires low impedance from the source’s side, as it is possible to observe in Figure 5c.
In the case of the load impedance, the load-pull simulation showed that it was required
an impedance of 0.064− j0.465.

The chosen filter for the output was a class-R filter (Figure 5d), based on [34]. The sub-
strate used to simulate the microstrip lines is the Rogers RO4003C with a thickness of
0.508 mm, a dielectric constant of 3.38 and a dissipation factor of 0.0027. The source-pull
simulation was re-made with the R-filter implemented instead of a load block.
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The final RF-DC converter can be found in Figure 5e. The simulated efficiency and out-
put voltage can be observed in Figure 5f,g with an efficiency of 61% for 30 dBm calculated
with Equation (9).

η(%) = 100 ∗ Pout

Pin
= 100 ∗

V2
outDC

Rout ∗ Pin
(9)

(a) (b)

(c) (d)

(e)

(f) (g)

Figure 5. High Power and Efficient RF-DC Converter Step-by-Step Design. (a) RF-DC converter
block diagram. (b) Schematic of the source and load pull simulation used in ADS. (c) Source-pull simu-
lation. (d) Class-R filter Block Diagram. (e) Schematic of the RF-DC converter. (f) Simulated efficiency.
(g) Simulated output voltage.

2.4.2. Feedback Signal Generation

After the RF-DC conversion, the voltage obtained at the output indicates how much
power is generated in the receiver. Then it is necessary through a feedback channel to pass
this information to the transmitter so that the direction of the beam can be adjusted for the
best efficiency. Therefore, the most important component of this module is a low-power
Voltage Controlled Oscillator (VCO) whose oscillation frequency is controlled by a tuning
voltage. That voltage corresponds to the output voltage of the RF-DC converter (DC out)
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depicted in Figure 5g. As this feedback channel can be powered independently, a battery
and a voltage regulator are used to provide the supply voltage for the VCO. The frequency
of the feedback signal is around 2.4 GHz and depends on the DC output voltage of the
RF-DC converter. This frequency varies some MHz so that the Feedback Signal Receiver
can identify the frequency through the spectrum analyzer and convert it to the voltage
measured in the RF-DC output through a look-up table that contains the correspondences
between the oscillation frequency and the VCO tunning voltage. The Feedback Signal
Receiver is a Front end of Software-Defined Radio implemented in the FPGA. This FPGA
also incorporates a mini spectrum analyzer responsible for analyzing and detecting the
transmitted oscillation frequency. Then depending on the corresponding voltage value, it
can adjust the direction of the transmitted beam using the scanning algorithm developed.
The graphic of Figure 6 shows the VCO characterization in a laboratory environment.
The chosen components for the system allow for adjusting the tuning voltage from 0 V
to 10 V, thus meeting the minimum and maximum possible voltages for the output of
the RF-DC converter. The feedback channel frequency, the same as the Output frequency
in the graph, is between 2.10 GHz and 2.59 GHz, so both transmitter and receiver use
Microstrip Patch antennas with coaxial feed projected for the center frequency (2.35 GHz)
with 500 MHz bandwidth.
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3. Preliminary Results and Discussion

This section presents several results, both measured and simulated, obtained at the
time of writing, for the different parts of the system. Further analysis will be performed in
each of the following subsections.

3.1. RF Boards Validation

With the first characterization setup was intended to characterize each one of the
four boards developed, in terms of the amplitude and phase of the output signal. For
a setup composed by a VSG that is responsible for generate the LO and IF frequencies
(5.1 GHz and 700 MHz respectively), power supply sources that provide the DC bias for
the different elements in the boards. Then each output of the board is connected to a VNA
that will measure the amplitude and phase of the received signals, as shown in Figure 7.

In Figure 7, the phases of all 16 channels are presented. It is possible that several
combinations of I and Q words are possible to cover a frequency range of 360◦ (from −180◦

to 180◦). The amplitude of each channel is not presented since for this characterization the
amplitude was maintained equal to 1.
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With the values obtained is intended to create a LUT in order to be able, in the future,
to control in real time the phase of each channel and provide beamforming capabilities to
the system.

(a) (b)
Figure 7. Measurement Setup to characterize the boards developed. (a) Validation and characteriza-
tion setup using a VNA. (b) Phase differences of all 16 channels with different I and Q words.

3.2. Microwave Beam Focusing

The energy focus is created by generating a Gaussian beam with a phased array and
later transforming it through a dielectric lens.

3.2.1. Microstrip Patch Phased-Array Antenna

As described previously, the gaussian beam launcher is a phased array that was
designed, simulated and optimized for the frequency of operation of 5.8 GHz in CST Studio
Suite, before being built. This optimization resulted in a 4 × 4 array, composed of identical
square patches. These are fed by a coaxial connector on the ground plane, located slightly
below the patches’ center. The optimized antenna in CST is visible in Figure 8a next to the
final manufactured array in Figure 8.

(a) (b)
Figure 8. (a) Design of the phased array antenna in the CST Studio Suite, where the patch separation
into groups is visible. (b) Picture of the printed antenna, with the connectors soldered in place.
Beamforming was achieved by grouping the elements as described in Table 1 and applying phase
differences, which enable the results summarized in Table 2.

Using this antenna, a study was performed for understanding how to generate dif-
ferent gaussian beams, according to the project’s needs. The beamforming was achieved
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by altering each elements’ current distribution [15]. Firstly, the elements were separated
in groups, according to their distance from the antenna’s central point (Figure 8a). This
resulted in three groups, described in Table 1, whose results, after applying specific phase
differences, are described in Table 2.

Table 1. Phased-array element separation into groups, according to the distance from each patch
center to the overall array central point, where w is the patch width and d is the element separation.

Group Distance Value [mm] Elements

A d/
√

2 21.213 6, 7, 10, 11
B d

√
5/2 47.434 2, 3, 5, 8, 9, 12, 14, 15

C 3d/
√

2 63.639 1, 4, 13, 16

Table 2. Details of the radiation produced by varying the electric current distribution feeding the
phased array.

Beam waist Max. E f ield Max. E f ield Gain Efficiency
Location [V/m] Location [mm] [%] [%]

Infinity 998.261 92.343 18.42 84.17
1000 mm 1153.88 77.586 18.34 84.16
500 mm 1302.12 72.220 18.02 84.08
400 mm 1369.59 69.537 17.77 84.01
300 mm 1471.02 64.171 17.23 83.97
200 mm 1635.17 53.439 15.72 83.45

The electric field distribution and antenna gains of the most extreme cases, for a focus
at infinity and a focus location at 200 mm, are represented in Figure 9.

Infinity

200 mm

(a)

Infinity

200 mm

(b)
Figure 9. Comparison of the phased array antenna’s electric field distribution (a) and far field gain (b),
for a focus at infinity and at 200 mm from the antenna. The results are summarized in Table 2.
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Following this study, the antenna array was printed in a PCB and the connectors were
soldered to each element’s back. This enabled the measurement of each elements’ return
loss and coupling to elements in the same line (Figure 8b), as depicted in Figure 10. All
the elements present a return loss of under −10 dB for 5.8 GHz, and coupling between
elements of the same line is under −20 dB, both being acceptable values.

(a) (b)
Figure 10. Experimental results of the phased array designed for wireless power transfer containing
the return loss of each element (a) and the coupling between elements of the same row (b).

The array was then connected to the transmitter board described previously and the
complete transmitting system was analyzed in an anechoic chamber, with beam steering
having been performed.

3.2.2. Transmitter Radiation Pattern

After validating each PCB and hardware in a laboratory environment, the system was
taken to the anechoic chamber in order to measure the radiation pattern, using the results
obtained in Section 3.1. As shown in Figure 11, the measurement setup was mounted on
the anechoic chamber with the goal of measuring the radiation pattern in several azimuth
angles (0◦, +30◦, and −30◦). For that, the transmitter was rotated manually from −45◦ to
45◦ with a step of 5◦. The results of these measurements are presented in Figure 11b, and it
is possible to observe that, although there is no calibration whatsoever, the results obtained
are close to what was expected. With the feedback channel and intelligent algorithms
to optimize the necessary amplitudes and phases, the beamwidth will be narrower and
provide higher gain and efficiency than what was presented here.

As it is, the results are satisfactory, prompting the development of the next system
component, the dielectric lens.

(a)
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(a) Measurement Setup in Anechoic Chamber. (b) Radiation pattern.
Figure 11. Transmitter Radiation Pattern for different Azimuth Angles and respective Measurement
Setup.

(a) Electric field of the antenna and lens. (b) Gain of the antenna and lens.
Figure 12. Comparison of the phased array antenna and lens’ electric field distribution (a) and far
field gain (b), for a focus at infinity and located at 200 mm from the antenna.

The antenna and lens system was also simulated in CST. This complete transmission 315

system has the electric field distribution and far field represented in Fig. 12. The results 316

obtained are summarized in Table 3. 317

One can conclude that the beam focused by the dielectric lens is more directive, 318

creating a focus of energy after the lens, which is necessary for high efficiency wireless 319

power transfer. However, the analysis of the gaussian beam still needs to be further 320

developed as the beam outputted from the phased array needs to be determined. 321

However, the presented results are promising, showing that an antenna and lens 322

system achieves high simulation efficiencies and a beam with controlled divergence, after 323

which we expect to be able to significantly reduce the spillover losses. This prompts further 324

development of the system as high efficiency WPT is expected to be achieved. 325

Having already built the transmitter and phased array antenna, the dielectric lens will 326

now be manufactured and experimented upon, both for validating the results shown here, 327

but also to perform further study and analysis, mainly about the created gaussian beam 328

and its focus of energy. 329

The main expected issues with using a system with a lens is that the beamsteering 330

may be limited. This is because, at extreme angles, the beam may miss the lens that is a 331

certain distance from the phased array. If that is the case, there may be a tradeoff between 332

the beamsteering capability and the beam focusing, but these issues need to be studied 333

furtherly. Nevertheless, the advantages of using the lens in terms of beam efficiency far 334

surpass its limitation. 335

(b)
Figure 11. Transmitter Radiation Pattern for different Azimuth Angles and respective Measure-
ment Setup. (a) Measurement Setup in Anechoic Chamber. (b) Radiation pattern.
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3.2.3. Dielectric Lens

Having studied the phased array, its radiation will be focused by a dielectric lens,
in order to create a focus of energy. The lens’ design that was chosen has a spherical and
elliptical surface, respectively, for reducing its reflection. The design was based on the
principles found in [33], where the lens’ thickness and diameter is related to its focal length.

The antenna and lens system was also simulated in CST. This complete transmission
system has the electric field distribution and far field represented in Figure 12. The results
obtained are summarized in Table 3.

(a) (b)

Figure 12. Comparison of the phased array antenna and lens’ electric field distribution (a) and far
field gain (b), for a focus at infinity and located at 200 mm from the antenna.

Table 3. Far-field simulation results of just the phased-array (Tx) and phased-array and lens radiating
system (Tx + Lens).

Beam Waist Gain [dBi] Efficiency [%]
Location Tx Tx + Lens Tx Tx + Lens

Infinity 18.42 24.25 84.17 84.62
1000 mm 18.34 23.92 84.16 84.51
500 mm 18.02 23.36 84.08 84.09
400 mm 17.77 22.99 84.01 83.78
300 mm 17.23 22.25 83.87 83.12
200 mm 15.72 20.35 83.45 81.52

One can conclude that the beam focused by the dielectric lens is more directive,
creating a focus of energy after the lens, which is necessary for high efficiency wireless
power transfer. However, the analysis of the gaussian beam still needs to be further
developed as the beam outputted from the phased array needs to be determined.

However, the presented results are promising, showing that an antenna and lens
system achieves high simulation efficiencies and a beam with controlled divergence, af-
ter which we expect to be able to significantly reduce the spillover losses. This prompts
further development of the system as high efficiency WPT is expected to be achieved.

Having already built the transmitter and phased array antenna, the dielectric lens will
now be manufactured and experimented upon, both for validating the results shown here,
but also to perform further study and analysis, mainly about the created gaussian beam
and its focus of energy.

The main expected issues with using a system with a lens is that the beamsteering may be
limited. This is because, at extreme angles, the beam may miss the lens that is a certain distance
from the phased array. If that is the case, there may be a tradeoff between the beamsteering
capability and the beam focusing, but these issues need to be studied furtherly. Nevertheless,
the advantages of using the lens in terms of beam efficiency far surpass its limitation.
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4. Conclusions

This work reports a high-power and efficient Wireless Power Transmitter for charging
mobile devices. The proposed system is composed of a RF transmitter that powers a 4 × 4
phased array antenna, as well as a dielectric lens for focusing the radiated beam. The trans-
mitter and antenna have been produced and experimented upon, while the lens has been
designed and simulated.

The transmitting board is composed of 16 independent channels that can provide up to
2 W and control over the amplitude and phase of each channel, forming a high-power active
phased array for wireless power transfer purposes that is capable of beamforming and
beamsteering. Then, since most of the energy is typically lost in the beam propagation due
to free space losses, an innovative approach based on the quasioptics theory is proposed
for enhancing the beam efficiency and, consequently, the overall system efficiency. To do
that, a dielectric lens will create a focus of energy in the Fresnel zone, significantly reducing
the spillover losses. The lens has been designed and simulated, with its implementation
achieving simulation efficiencies higher than 81.5%.

On the receiving side (mobile device), a feedback channel is implemented that al-
lows the transmitter to locate the received node and improve power transfer efficiency.
The receiving node is composed of an RF-DC converter that will convert the RF energy into
electrical power. This electrical power will supply a low-frequency oscillator will transmit
a signal back to the transmitter, whose frequency will depend on the power received by
the RF-DC converter. In this way, it is possible to know how far the receiving node is.
Finally, positive preliminary results (measured and simulated) are presented regarding
several parts of the system, proving its feasibility for indoor-environment mobile devices
charging. Furthermore, the eventual implementation of machine learning or artificial
intelligence algorithms on the transmitter, for assuring the optimal amplitude and phase
current distribution of each element of the array, will allow the development of commercial
WPT systems for device charging.
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The following abbreviations are used in this manuscript:
CW Continuous-Wave
DAC Digital-to-Analog Converter
DC-RF Direct Current to Radio Frequency
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EM Electromagnetic
FPGA Field Programmable Gate Array
IF Intermediate Frequency
IQ In-phase and quadrature
LO Local Oscillator
LUT LookUp Table
PCE Power Conversion Efficiency
PCB Printed Circuit Board
QO Quasioptical
RF Radio Frequency
RF-DC Radio Frequency to Direct Current
RFIC Radio Frequency Integrated Circuit
RFID Radio-frequency Identification
RSSI Received Signal Strength Indicator
SPI Serial Peripheral Interface
VCO Voltage Controlled Oscillator
VNA Vector Network Analyzer
VSG Vector Signal Generator
WPT Wireless Power Transfer
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