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Abstract

This paper introduces the development of a Feedback Chan-
nel for WPT (Wireless Power Transmission) systems to
loop a complete WPT system in which the Feedback Chan-
nel is responsible for communicating to the transmitter con-
troller the harvested power, in order to allow the optimiza-
tion of the beam adjustment for the highest efficiency. Al-
though this approach was implemented in a specific system,
it is inherently designed for adaptability. This offers a ver-
satile framework that can be integrated across WPT systems
with different characteristics.

1 Introduction

The energy problems in the world are still an issue to think
about, which motivated this work to be part of the area of
Wireless Power Transmission (WPT) for mobile devices.
Regarding this technology, there are also some challenges
to be overcome, but rapid advancements in electronics have
significantly propelled the growth of wireless solutions.
This document is focused on far-field radiative WPT, and
there is huge interest in its potential applications such as:
ground-to-ground WPT to provide electricity in difficult ar-
eas to reach, ground-to-air for providing energy to aerial
vehicles for communication and monitoring [1], or even
space applications, such as the solar power generation in
deep space and consequently its transmission to the surface
of celestial bodies via microwaves [2].

Japan first suggested using microwaves to charge electric
automobiles in 2004, while Hawaii recorded the world’s
longest wireless energy transmission in 2008 at a distance
of over 148 kilometers. The quantity of scientific arti-
cles has grown in the twenty-first century, and recent years
have seen some significant global research programs under
progress [3].

To enhance WPT efficiency, it is essential to minimize wave
spillover losses by aligning the antennas accurately. A ro-
bust WPT system requires a communication link between
TX and RX for real-time monitoring of power reception
during transmission. Evaluating efficiency in WPT projects
is critical, and this requires accurate measurement of the
power received and harvested. The communication mod-
ule, assigned for measuring harvested power and relaying

this information to the TX, was designated the Feedback
Channel. This channel is integral not only for assessing
overall efficiency but also for adjusting the beam direction
to optimize power reception.

Regarding the functionalities of the proposed module,
several works are reported with the implementation of
backscatter mechanisms, that are passive solutions. This
technology allows reflecting and modulating incident radio
waves back in the transmission direction, and was used in
the IoT field for other applications besides informing about
the harvested power by varying its signal frequency [4].

In this paper, the novelty lies in the research and implemen-
tation of a low-complexity and low-power module. This
adaptable module is capable of tracking both received and
harvested power and can be integrated into WPT systems
with different characteristics. So, after this introductory
section, the main objectives of the work are outlined, sec-
tion 3 describes the design and implementation, section 4
discusses the experimental results and in section 5 the main
conclusions are presented.

2 Objectives

Taking into account that the remaining WPT system was al-
ready implemented, the following objectives were defined:
design and implement an electronic mechanism responsible
for measuring the power harvested in the WPT RX side; de-
velop the wireless communication of this value to the WPT
TX side and build a receiver system for this communica-
tion, resorting to a device capable of getting the harvested
power value, estimate the receiver power and integrate this
module with the WPT system main controller.

3 System design and implementation

The design approach of this study acknowledges the pres-
ence of a battery in the receiver, eliminating the need to de-
velop a passive system. Nevertheless, we have focused on
minimizing power consumption for this application. The
overview diagram of the proposed solution including the
Feedback Channel is illustrated in Figure 1. The archi-
tecture is designed to maximize scalability across various
WPT systems.



Figure 1. Feedback Channel overview diagram.

In this work, the WPT transmission operates at 5.8 GHz
and although the main objective is the power measurement,
this module is based on an indirect solution. The approach
consists of using a component that varies the frequency of
its output signal according to the DC Out voltage measured
and allows it to convert that frequency back into voltage
through a polynomial regression. Then, in the WPT TX
(Feedback Channel RX) is implemented the correlation re-
gression to convert the frequency of the received signal into
voltage and calculate the output DC power on the RF-DC.

3.1 Voltage-frequency conversion

As shown in the diagram overview, a low-power Voltage
Controlled Oscillator (VCO) is used to provide a baseband
RF signal, whose frequency changes according to the DC
power in the output of the RF-DC. The selected VCO was
the HMC385LP4E from Analog Devices which has an out-
put power of 4.5 dBm. Its datasheet specifies that the tun-
ing voltage pin allows 0 to 10 V and the output frequency
varies from 2.25 to 2.5 GHz. In this section it was devel-
oped a PCB for all the necessary components, the behavior
of the feedback signal was studied, and a polynomial func-
tion to convert between output frequency and input voltage
was determined.

In this way, not only to validate the developed board but
also to determine the antenna bandwidth, a setup measure-
ment was performed by varying the voltage in the tuning
voltage pin of the VCO and measuring the frequency of
the baseband RF signal on the VCO output. The labora-
tory setup is depicted in Figure 2 and the results obtained in
Figure 3.

Figure 2. Setup measurement of the VCO in a laboratory
environment.

From the experimental setup it is possible to verify that the
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Figure 3. Laboratory measured VCO relation between out-
put frequency and tuning voltage.

VCO power consumption is around 150 mW. When com-
paring the whole range of the graphic obtained with the one
available in the component’s datasheet, the frequency evo-
lution has a similar behavior, thus thresholds were defined
with a margin to minimize the probability of failure, so the
antennas were projected to operate in a bandwidth from 2.1
to 2.6 GHz.

The measurement outcomes for the VCO enable the deriva-
tion of a straightforward polynomial function, which is in-
strumental in estimating the voltage value from the base-
band frequency received. By applying a comparable mea-
surement methodology to the RF-DC converters utilized in
our projects, we are able to get the RF power received in the
WPT RX. Consequently, these polynomial functions are in-
corporated into the Feedback Signal Receiver, enabling us
to meet the project’s objectives.

3.2 Wideband antenna

As it is necessary to consider the output frequency inter-
val from 2.1 to 2.6 GHz, this corresponds to a fractional
bandwidth of 21 % at a center frequency of 2.35 GHz. Ac-
cording to the literature [5], this value specifies the antenna
as Ultra-wideband (UWB) antenna. When considering a
500 MHz bandwidth at a frequency close to 2.4 GHz it was
proposed to design a Microstrip Patch Antenna (MPA) in
the Astra MT77 substrate with permittivity (Dk) of 3, loss
tangent (Df) of 0.0017 and thickness (Ts) equal to 0.762
mm.

Coaxial feed and linear polarization were chosen, but a
well-known disadvantage of MPAs is their narrow band-
width and low gain [6]. Due to the bandwidth restrictions,
a simple MPA cannot achieve the desired results, so a care-
ful study was necessary to increase the antenna bandwidth.

One possible solution to overcome this problem is to add
an air layer between the radiating element and the ground
plane to reduce the effective permittivity and increase the
total thickness of the MPA, both of which are important
factors in increasing bandwidth [7]. Besides the additional



air layer, a small feed capacitive patch is also placed close
to the actual radiating patch [8]. Both radiating and feed
patches are etched on the same dielectric substrate and a
long SMA pin is used to connect the feed patch down to the
copper plane at the bottom of the antenna (ground plane).
The only copper areas are the ground plane present in the
bottom layer, and the feed and radiating patches in the top
layer, these last two are not connected.

This approach was used to manufacture the two antennas,
M3 plastic screws secured the antenna layers, with inter-
layer spacing adjusted based on S11 measurements in the
laboratory. The antennas’ reflection coefficients were mea-
sured using a Keysight PNA-X (N5242A) Vector Network
Analyzer.

Although simulations suggested an optimal air gap of 13.83
mm, practical adjustments led to final heights of 14.9 mm
for the TX antenna and 15.1 mm for the RX antenna. The
S11 parameter graph in Figure 4 compares the simulated and
actual antennas, confirming the achievement of the targeted
bandwidth. A photograph of the antenna, particularly the
RX configuration, is shown in the subsequent sections.
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Figure 4. Comparison of the reflection coefficient between
simulated, TX and RX manufactured antennas.

3.3 Feedback Signal Receiver

The Feedback Signal Receiver is a crucial sub-model de-
signed to detect the frequency of the Feedback Channel
( f f eedback GHz). This sub-model integrates a PlutoSDR
and a Raspberry Pi (RPi), harnessing their capabilities to
fulfill its required functions. The harvested power is de-
termined according to the detected frequency in the imple-
mented spectrum analyzer and this information is relayed
to the system’s main controller.

As previously shown, the beam steering in the WPT TX
is controlled by the FPGA, so in order to build a wireless
loop where the beam control is performed according to the
available DC power in the WPT RX (mobile device), it is
necessary to get this value on the WPT TX side and com-
municate the data to the FPGA.

As the feedback frequency vary almost 500 MHz, it is re-
quired to acquire data with the PlutoSDR changing the cen-
ter frequency at least 9 times to span the whole range (con-
sidering a hacked PlutoSDR with 56 MHz bandwidth). To
configure and obtain the data received by the PlutoSDR, a
python environment resorting to Pluto’s Python API (pyadi-
iio [9]) was implemented in the RPi. In each iteration, the
received IQ samples are processed into the frequency do-
main in the RPi using the FFT method and stored in an
array. After the 9 iterations, is computed the PSD with all
values in the array, so the frequency of the maximum peak
power detected corresponds to the f f eedback GHz in each
cycle detection.

4 Experimental results

The receiver of the WPT system and the Feedback Channel
TX were embedded into a 3D structure to be provided as
a single product. Thus, Figure 5 presents a photo of the
components integrated into the structure.

Figure 5. WPT RX and Feedback Channel TX components
integration in the 3D structure. The left antenna featuring
an air gap is the Feedback Channel TX, while the array of
16 elements on the right represents the WPT RX antenna.

The initial validation involved conducting a frequency de-
tection using the PlutoSDR within the required frequency
range. The setup consists of connecting the RF signal gen-
erator directly to the PlutoSDR and evaluating the devel-
oped methodology. Additionally, transmission from the
Feedback Channel using known DC values was carried out
to validate the Feedback Signal Receiver for subsequent
integration. The modules developed for integration into a
complete WPT system were tested in an anechoic chamber,
as shown in Figure 6.

The objective was to measure the power in the RF-DC out-
put when the transmitter changed the beam in different di-
rections. The Feedback Channel RX antenna is placed be-
low the WPT TX structure, and the UART cables (commu-
nication between FPGA and RPi) are shown below. In order
to confirm the Feedback Channel power measurement, the
value was also measured with a digital voltmeter. The val-
ues measured with both devices present a maximum error
of 16 mW.



Figure 6. Complete WPT system integration with the de-
veloped Feedback Channel in the anechoic chamber.

During the anechoic chamber tests, with TX and RX of the
WPT system aligned and phase settings varied between -
30 to 30 degrees via FPGA, peak efficiency was identified
at 0 degrees. In response, the Feedback Channel alerted
the main controller to realign to this setting. The Feedback
Channel adeptly detected the optimal angle for maximum
power reception when the RX location was varied, always
aligning with the highest power configuration. Addition-
ally, it signaled when no energy was being received by dis-
playing a message on the terminal, emphasizing its crucial
role in ensuring safety against the potential hazards of trans-
mitted power.

Usually, energy is not necessary to operate the backscat-
ter on the WPT RX side, but it requires a total of three
antennas including the passive tag which changes the fre-
quency according to DC Out value. The implementation
of the tag electronic circuit needs research for each spe-
cific solution and is more complex than mainly a battery
and a VCO. Thus, the simplicity of implementation and ro-
bustness of the module is considered an advantage of the
Feedback Channel proposed in this work.

As described, the approach for this Feedback Channel used
a set of concepts and components that makes its degree
of complexity quite low. The features obtained with this
Feedback Channel implementation enable the possibility to
be integrated into WPT systems up to 3 meters and 60º of
solid angle. Regarding the process duration, the frequency
sweep performed by the Feedback Signal Receiver takes
about 200 ms, and the communication to the main con-
troller via UART is a variable time between 10 and 50 ms.
The time for a phase sweep for six samples took about 1.5
seconds.

5 Conclusions

The combined use of PlutoSDR and VCO fulfills the objec-
tives of developing a system that is non-complex to imple-
ment and adaptable to different systems. As the communi-
cation of this module with the WPT system main controller
was made resorting to the RPi, the communication protocol
used for this case (UART) can be replaced by another avail-
able on the RPi, either wired or wireless, in order to adapt

the module.

A Feedback Channel for WPT applications was imple-
mented aiming to communicate the power value from the
receiver to the transmitter in order to adjust the beam for
the best efficiency. All the components were first tested in a
laboratory environment and then the model was integrated
with a real WPT system in the anechoic chamber, which al-
lows us to validate the work developed in this context and
study how it will be possible to extend the approach to other
WPT systems.
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