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The recent use of rotary-wing unmanned aerial vehicles (UAVs) has gained significant
interest and continuously been implemented since they are used across the world for civilian,
commercial, as well as military applications. The drawback of UAVs is the fight-time due
to the limited battery capacity. Therefore, energy harvesting (EH), captured energy from
the ambient environment is one of the effective measures to prolong the flight time for UAVs.
This paper proposes the hybrid EH system, which can simultaneously harvest power from
solar and radio frequency (RF) energy sources to significantly improve the energy issues
for endurance longer flight UAVs. A 7-stage voltage multiplier circuit of the stand-alone
RF-EH system is designed and simulated in this work. The stand-alone solar harvester is a
solar panel. The DC output voltage from both of two energy sources is passed through a
DC-DC boost converter and stabilizer. Simulation results can be deployed to power for the
battery of UAVs in practice.

1 Introduction

Recently, the use of flying platforms such as unmanned aerial ve-
hicles (UAVs), popularly known as drones, is rapidly growing for
many different applications in all commercial, civilian and mili-
tary fields. The UAVs are very common with real-time monitoring,
providing wireless coverage, remote sensing, search and rescue,
delivery of goods, security and surveillance, precision agriculture,
etc. UAVs have several key potential applications in wireless sys-
tems with their inherent attributes such as mobility, flexibility, and
adaptive altitude. They can be equipped with cameras, sensors, and
others to be more likely to perform various tasks such as surveillance
and military services [1], search, and rescue in disaster damage [2],
remote sensing [3, 4]. Additionally, they play an important role
in the telecommunications infrastructure supporting the Internet
of Things (IoT) vision [5] and wireless sensor networks (WSNs).
Commercial UAVs commonly use the lithium and lithium-ion bat-
teries that can maintain a fight time of about 20 to 40 minutes [6].
However, the energy limitations are a problem not only for UAVs
but also for wireless sensor networks [7]. When UAVs do not use
any alternative energy sources from the ambient environment, they
may fail to several tasks due to the limited operating time. To com-
plete various tasks for UAVs, the sustainable sources of power are

considered as an effective solution. Energy harvesting techniques
are the process by which energy is derived from ambient sources
such as solar energy, wind energy, vibration, electromagnetic en-
ergy, etc. They can be employed to extend the lifetime of battery
for low power devices. However, this paper has taken into account
the performance of hybrid RF- Solar EH system which is generally
a workable script, ensuring for operation UAVs, it continues during
all-day. Solar energy is harvested by solar panels and then converted
into electrical energy. RF energy harvesting from ambient environ-
ments is responsible as an alternative power source for powering
the day and night flight when there is no irradiation and thus no
power can be extracted from solar panels. Both solar and RF energy
sources contribute to the system with the same role. Hence, we
propose a hybrid system which comprises of the RF energy har-
vesting and on-board solar cell for the UAVs long-endurance flight.
Rechargeable batteries get support from both sources to operate
the UAVs. To make sure the UAVs can avoid suddenly cutting
power, the output power of the hybrid system is utilized for UAVs
through the battery. All the circuits for either stand-alone or com-
bined methods are designed with analysis and simulation results to
clarify our methods. The hybrid method shows promising points to
be more likely to improve the energy issues for UAVs in practical.
In summary, the contributions of our paper are:
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Figure 1: The block diagram of hybrid RF-Solar system for UAVs

1. A new model of energy harvesting for UAVs is proposed.

2. Analysis and Design with real circuits are provided for clari-
fication.

3. Recommendations in choosing suitable design including cir-
cuits, electronic elements to be able to achieve the most effec-
tive are provided.

The remainder of this paper is addressed as follows. All the related
work is provided in Section 2. Theoretical Analysis and Design
is mentioned in Section 3. Simulation results are provided with
separated methods, RF energy, and solar energy harvesting, and
combined both of them in Section 4. Conclusions and future work
finally addressed in Section 5.

2 Related work
Radio-frequency (RF) energy can be collected from the environment,
called ambient RF energy harvesting (RF-EH) which considered
as free powering sources. Therefore, the utilization of the perpet-
ual ambient RF-EH is more attractive than other dedicated energy
sources of the WPT system. RF-EH system consists of three main
components: (1) the receiving antenna, (2) the impedance matching
circuit and (3) the voltage multiplier (VM). However, due to the low
power density of the RF signal, the DC output voltage of the VM
could be not as high as enough to supply energy for charging mobile
electric devices (MEDs) such as UAVs. In order to overcome the
above drawbacks, several methods are proposed for improving the
VM circuit topologies in which the aim is improving conversion
efficiency from ambient RF power to direct-current(DC) voltage at
the given frequency band to power the low power devices/circuits
such as the design of multiband and broadband rectifier [8], the
choice of the number of stages [9, 10], etc.

Besides, the RF/DC efficiency and DC output voltage is the
proportion with the number of stages [11]. For examples, an equiv-
alent incident signal of 0 dBm, a 5 stage voltage doubler circuit
in [12] achieved Vout = 1.8 V while Devi et al. in [13] used 7 stages
Schottky diode voltage doubler circuit with the result obtained is
DC output voltage of 5.0 V. In the other hand, in wide-bandwidth RF
applications that require smaller form factors or reduced cost, direct
RF energy source is a suitable choice. Similar to the ambient RF sys-
tem, a direct RF system also needs to improve the efficient RF-DC
conversion system. The existed solutions applied for charging bat-
tery UAVs can be mentioned as designing a dual-band rectifier with
impedance matching [14], designing a light-weight flexible rectenna
array mounted on the UAV body micro-controller drove power man-
agement circuit that enables efficient battery charging [15], etc.
Another energy source, the solar energy considered as harvesting
energy of the WPT system, is the cleanest and most plentiful renew-
able energy source available. Solar panels are used to absorb solar
energy and convert into electric power through the photovoltaic (PV)
effect. Therefore, solar energy harvesting technologies are widely
used for various applications, especially generating electricity for
domestic, agriculture, and industry, etc. In reality, the solar system
poses many issues in terms of environmental conditions, initial high
capital cost, low efficiency, etc. To eliminate these above issues,
the efficiency of the solar cell system can be improved by applying
methods such as a maximum power point tracking (MPPT) tech-
niques [16, 17], a solar power management system (SPMS) [18]
and boost converter in [19, 20] which can get the high efficiency
with slight weight. Besides, we also need to choose the most suit-
aestble materials for manufacturing solar panels. In [21], thin-film
solar cells is fabricated with Cu2ZnSnS4 (CZTS) absorber layers.
The battery is the storage place for UAV energy. Wireless power
transfer is the most popular technology to charge for the battery
of UAVs. This technology satisfies high-performance power trans-
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mission over short to long distances with various methods such as
mganetic resonant coupling, laser beaming, etc. [22].

Harvester aforementioned circuits can be developed to collect
energy from stand-alone either RF or solar source. In this paper,
we proposed a hybrid RF-solar harvesting system simultaneously
harvests energy from solar and RF sources readily available in the
ambient environment for the purpose of charging UAV batteries.

3 Theoretical Analysis and Design
This section provides an analysis of each stand-alone source sys-
tem and also the design to combine suitable components to build
the hybrid system. All the designs will be simulated to clarify the
methods and also the recommendations.

3.1 RF energy harvesting

Figure 2: RF energy harvesting

This model includes three main components, antennas, matching
circuit and rectifier. After receiving RF signal by antenna, a match-
ing circuit is installed in series between RF signal source and the
rectifier to be able to mitigate the dissipated power for these parts.
The rectifier circuit converts the input of an AC voltage into a DC
output. In each rectifier stage, the voltage multiplier method is used
to increase the harvested output voltage from narrow frequency
input [10]. The seven-stage voltage multiplier (VM) circuit is de-
signed and simulated to be shown in Figure 1. The 7-stage VM
circuit consists of passive components such as stage diodes (D1-
D14) and stage capacitances (C1-C14). Each stage is stacked onto
the previous stage.

3.2 Solar enery harvesting

Solar panels are deployed to convert light from the sun into electric-
ity using semiconducting materials that exhibit the PV effect. They
have disadvantage sides of varied efficiency value under weather
conditions. In Proteus software [23], if its sunny bright day then
solar panel normally gives in the range of 15 V to 19 V. On a cloudy

day, it could vary between 8 V and 12 V. Solar panels obtain output
ranges from 2 V to 6 V in the night time. In general, choosing solar
panels could affect the output voltages. In other words, depending
on the desired voltage needed for each UAV system, we can choose
a suitable one for the system. This also depends on the intensity of
sunlight in a deploying area.

In this paper, in order to keep the UAV system light and active,
the number of cells should be limited. In addition, we want to
improve the efficiency of solar battery charging in the night time
that motivates us to choose the output voltage as 5 V. Based on this
chosen voltage level, the solar panels will be chosen accordingly.
Therefore, DC-DC boost power converters are also chosen in the
systems to step up the output voltage of a solar panel for a given
set of conditions and maximize the efficiency of stand-alone solar
energy. The circuits will be provided in the next section.

3.3 Boost Converter and Stabilizer

This boost converter is a DC to DC converter with an output volt-
age greater than the input voltage. In this converter, an inductor is
used to resist any changes in current by creating and destroying a
magnetic field. While a transistor switch is typically a MOSFET to
pulse width modulate the voltage into an inductor. Maximum power
point tracking controls the duty cycle of the MOSFET’s switching
in order to achieve the desired power value. Figure 3 illustrates a
circuit diagram used for the Proteus simulation of a boost converter.

Figure 3: DC-DC Boost converter and Stabilizer

The key principle of the boost converter can be divided into
two states in one cycle: state 1 and state 2. State 1: when MOS-
FET Q1 is switched on at time ton, the input current rises and flows
through inductor L1 and MOSFET Q1. State 2: when MOSFET Q1
is switched off at to f f = (1 - ton), the input current flows through L1,
diode D1, C2, and load R1. The energy stored in inductor L1 flows
through the load [24].

(Vin − VTrans)ton

L1
=

(Vout1 − Vin + VD)to f f

L1
(1)

At to f f = 1 - ton, the output voltage through the resistor R1:

Vout1 =
Vin − VTranston

1 − ton
− VD (2)

Here VD is the voltage drop across the diode D1, and VTrans is
the voltage drop across the transistor MOSFET Q1. Vout1 is the
output voltage across the resistor R1.

Since the output voltage through the load R1 is unstable, the
stabilizer is added after the load to fix the output voltage of the
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load. Therefore, the purpose of this circuit is to measure the output
voltage Vout2 across the resistor R2.

3.4 The Design of Hybrid Energy Harvesting System

This paper proposes a hybrid RF-Solar system designed to harvest
energy from two energy sources: Solar and RF energy. In order to
maximize UAVs flight endurance, the conventional power supply
of UAVs is integral with RF and solar energy harvesting systems.
As shown in Figure 1, our hybrid system comprised of two main
components, that is the energy sources which include RF and solar
energy and amplifier circuits which include MPPT controller, boost
converter and stabilizer. Solar cells absorb sunlight as a source of
energy to generate DC electricity. Following in the solar cell design
of the solliance thin film solar research [25] in which they combine
a semi-transparent Perovskite cell and a CIGS cell to achieve the
power conversion efficiency of 23% on a flexible solar cell.

RF energy is collected by an antenna through the matching cir-
cuit to ensure the maximum power delivery to voltage multiplier
(VM). The RF power is converted from a lower AC/RF voltage to a
higher DC voltage by voltage multiplier. A voltage multiplier (VM)
is a special case of the rectifier circuit, including capacitors and
diodes. By comparing the results of experiments [10, 12, 13], and
the trade-off between the high voltage and power loss, the 7-stage
voltage multiplier is chosen.

Due to the changing temperature and variation of irradiation, the
efficiency of solar panels is low. A maximum power point tracking
(MPPT) circuit is used for two purposes. The first is to find the
amount of sunlight index harvested by solar cells and MPPT circuits
extract the maximum achievable power from the PV generator. The
second is support boost converter circuit to adjust the panel DC
output voltage to the desired value and the duty cycle of the DC-DC
converter. Two DC power sources are fed into the boost converter
which is a basic power converter that operates by simultaneously
closing and opening of a high frequency switches like MOSFET to
step-up voltage. However, it has a drawback such as the oscillating
voltage. The stabilizer is used to fix the output voltage value which
supplies the battery of UAVs. Our paper assumes all parameters of
the drone M200 V2 and its intelligent fight battery (TB55) that is
composed of 6S Li-Po cells that correspond to a battery voltage of
22.8 V, with a capacity between 7660 mAh [26].

4 Simulation Results
In this section, we independently simulate RF and solar system and
then combine them as the hybrid system to show the improvement.
The UAV/Drone, named M200-V2 is chosen for our simulations.
Based on that, all the circuits are designed to support the UAV.
All the simulation results would be provided to be suitable for the
attached batteries.

4.1 Solar Energy Standing Alone

As mentioned above, we assume the output voltage of the solar
panel in Proteus simulation is 5 V which is delivered directly to
the boost converter. The output voltage of the solar system with

the boost converter significantly increases compared to the original
value. After 40 sec, the DC voltage increases from 5 V to 15.3189
V and the current from 5e−12 A to 0.6963 A, as shown in Figure 4.
Since the output voltages from the boost are unstable, a stabilizer is
used to provide a stable and secure power supply to the devices.

Figure 4: The solar panel connected with DC-DC boost converter

This allows the system to keep the voltage stable and to protect
the systems from almost the main problems that may happen. With
all of the effort to improve the solar systems, we only achieve the
output voltages that are smaller than the voltages required by the
drones as 22,8 V. Therefore, the hybrid energy harvesting system
should be proposed to be able to adapt the power supply for the
batteries of UAVs.

4.2 RF Energy Harvesting Standing Alone

In this work, the DC output voltage obtained through simulation as
6.62V, shown in Figure 2. This result is comparatively much better
than in reference [13].

Figure 5: DC output voltage verses rise time of voltage multiplier circuit through the
stages

The number of stages in the rectifier has a dramatic influence on
the DC output voltage of the RF energy harvesting circuit, shown
in Figure 3. Settling time more than 100 second, the DC output
voltage is obtained Voutput = 0.85 V at one stage;Voutput = 1.62 V at
3-stage; Voutput = 2.4 V at 5-stage; and Voutput = 4.22 V at 7-stage.
Because of the trade-off between the value of the DC output voltage
and the time response, we choose the stopping time at 40 sec and
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achieve Voutput = 3.68 V with 7-stage. At this point, the voltage
output is quite stable which would be enough to support the UAVs.

4.3 The Proposed Hybrid Energy Harvesting System

This simulation is aimed to take the suitable output voltage for the
battery requirements of the UAV M200-V2.

As shown in Figure 6 and Figure 7, the charging voltage and
current of the battery reach a stable level after one second. The
one second can be acceptable because this is the response time to
charge the battery rather than supply power directly to the UAV, so
it does not require strictly the real-time. After that, the voltage and
current values are stable at 23.15 V and 1.05 A. These results also
overcome the previous systems that show promise.

Figure 6: Time response of DC output current for the battery of UAVs

Figure 7: Time response of DC output voltage for the battery of UAVs

From the analysis of these simulations, the measured DC voltage
and currently collected from RF energy, solar energy, and hybrid
models are addressed in Table 1. The output current and voltage
of the hybrid system are always greater than the output current and
voltage of stand-alone RF or solar harvester circuit before adding
the boost converter.

Table 1: The output current and voltage of Solar, RF and Hybrid system without a
boost converter

Solar Energy RF Energy Hybrid
Current (A) 5e−12 3.677e−8 0.32
Voltage (V) 5 3.68 7.17

As shown in Table 1, both the voltage and the current are not big
enough to supply to the battery of the UAV/Drone M200-V2. There-
fore, we have Table 2 where the circuit adds the boost converter

and a stabilizer. The results show the desired levels that we always
expected. We finally achieve the level suitable for the systems.

Table 2: The output current and voltage of Solar, RF and Hybrid system with a boost
converter

Solar Energy RF Energy Hybrid
Current (A) 0.69 0.48 1.05
Voltage (V) 15.3 9.77 23.15

5 Conclusions and Future Work
In this paper, the proposed hybrid solar-RF energy harvesting
overtakes stand-alone solar and RF harvesting systems and shows
promise. At any time during the day, the efficiency of the hybrid
harvest system is critically increased more than stand-alone systems,
so the flight time of UAVs is significantly extended. Since the stand-
alone RF and solar systems are abruptly drop, so this performance
of UAVs significantly improve the situations. By utilizing the hybrid
system, this problem is tackled. A new design with all results is
shown to clarify the problems.

Currently, the capacity of the battery storage has not been men-
tioned that would be the next step to improve the systems. Besides,
it is possible to improve the efficiency and reduce the overshooting
time by using fuzzy or PSO (particle swarm optimization) algorithm
for controlling the duty cycle of the DC-DC boost converter. Further,
we would utilize this hybrid source to directly supply for the UAVs
and to charge for the battery of the UAVs at the same time.
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