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Abstract— In future networks, UAVs (unmanned aerial
vehicles) will be essential devices for fulfilling our dream
of a 3D network with many flying network devices in the
sky and space. However, the lack of suitable and durable
energy sources causes low performance and intermittent
service in UAV-based networks. This paper evaluates an
energy harvesting strategy for UAVs from sunlight and
laser beams on cloudy days with a low-level cloud layer.
The channel models and harvested powers for both cases
are considered and analyzed using mathematical equations
and simulation results.
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[. INTRODUCTION

Nowadays, human has been moving into an era of
mega-connection. We have witnessed the booming of
many new types of applications based on the Internet, such
as digital commercials, online business, social media,
online study, and so on. But even more fantasy applications
have been on the way to launch shortly, which requires a
well-prepared network to support them. The terrestrial
network may not rely only on the infrastructure installed
on the Earth’s surface but also on some flying devices like
UAVs. In [1] and [2], the authors already mentioned the
role of UAVs in 5G and considered them a new approach
from the sky. As categorized in [3], a UAV can be an aerial
base station or a relay in 5G. In [4], the three main
advantages of UAVs that make them a promising solution
to substitute or complement terrestrial cellular networks
are the LOS links, quick and flexible deployment, and a
multi-UAV network. Those unique characteristics make
them ideal for a variety of networking applications [4-8],
including:

e Providing connectivity in disaster areas or remote
locations: UAVs can be quickly deployed to provide
connectivity to areas that have been affected by natural
disasters or that are otherwise difficult to reach with
traditional terrestrial infrastructure.

e Extending the coverage and capacity of cellular
networks: UAVs can be used to extend the coverage
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Fig 1. The harvested energy and communication
system of UAV from sunlight and a laser beam

and capacity of cellular networks, especially in areas
with high traffic demand or where it is difficult to
deploy traditional base stations.

e Providing backhaul connectivity for small
cells: UAVs can be used to provide backhaul
connectivity for small cells, which are being deployed
in large numbers to support 5G and beyond networks.

e Improving the performance of edge computing: UAVs
can be used to bring computing resources closer to the
edge of the network, which can improve the
performance of latency-sensitive applications such as
augmented reality and virtual reality.

Moving toward 6G, we have heard about a new concept
of the 3D network that includes some network devices in
the sky. Therefore, UAV is certainly one of the crucial
elements in the 3D network, as mentioned in [9] and [10].
Thus, we have no doubt about the importance of UAVS in
our future network, and many researchers have worked so
hard to bring those ideas to reality.

All the above roles of UAVs in the future network are
restricted by their limited energy capacity. UAVs are
powered by batteries or other energy supplies, which have
a finite amount of energy. This means that UAVs can only
fly for a certain amount of time before they need to be
recharged. This limitation can be particularly problematic
for applications that require UAVs to fly long distances or
to operate in remote areas. In order to tackle this

TAP CHI KHOA HQC CONG NGHE THONG TIN VA TRUYEN THONG 11



SOLAR AND LASER BEAM ENERGY HARVESTING FOR UAV UNDER CLOUD EFFECT

challenging problem, there are two main approaches:
reduce energy consumption and harvest the energy, as
mentioned in [11]. The first solution is to use energy the
most efficiently by making optimal trajectory planning,
resource allocation, and communication protocol design.
However, it can extend the lifespan of a UAV but it cannot
solve completely the problem. The second approach, an in-
flight UAV collects energy to be self-powered by the
surrounding environment or wireless charging. The two
outstanding candidates representing to the second idea are
solar charging and FSO wireless charging, respectively.

The first problem-solving method, the environmental
energy harvesting from sunlight has been studied and
applied to UAVs by many researchers. This type of UAV
is the so-called solar-powered UAV (SUAV). In [12],
authors used a set of drones equipped with solar panels to
build a network chain without the need for an electricity
grid and communication infrastructure. The research in
[13] investigated the joint optimization of 3D position,
power, and subcarrier allocation of SUAVs to maximize
total system throughput. Another in [14] proposed online
and suboptimal algorithms for resource management of
SUAVs, considering solar energy harvesting, aerodynamic
power consumption, onboard energy storage dynamics,
and QoS requirements for terrestrial users. [15] focused on
the feasibility of EH technology for SUAVs and proposed
two schemes to optimize its performance, while [14] and
[16] focused on establishing a solar UAV communication
system and considering the impact of clouds on solar
energy collection. So, SUAV is a part of the current
research stream which has caught lots of attention.

The second problem-solving method, laser-powered
UAYV wireless communication systems, well-known as free
space optics (FSO) systems for UAVS, has the potential to
provide convenient and sustainable energy to UAVS.
Researchers have studied different aspects of these
systems. [17] focused on optimizing the performance of
laser-powered UAV wireless communication systems. In a
further step, the idea of simultaneously transferring data
and charging UAVs using optical signals was further
developed in [18-19]. This is known as simultaneous
lightwave information and power transfer (SLIPT), SLIPT
is particularly attractive for UAV applications because it
can provide high-speed data transfer and efficient energy
harvesting over long distances.

In all the mentioned research, authors have seemingly
considered those two promising charging methods
separately. Our paper contributes to putting them in one
scenario including cloud appearance to clarify their usage.
We evaluate our harvested energy with the presence of the
cloud effect to make a clearer comparison between solar
and laser-beam supplementations. All evaluations first are
introduced by mathematical equation explanation. Then,
some simulations are carried out to have a quantitative
comparison.

[I. CLOUD EFFECT

Natural clouds are visible masses of condensed water
vapor floating in the Earth's atmosphere. They are formed
when water vapor rises and cools, causing it to turn into
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tiny water droplets or ice crystals. Clouds play an
important role in the Earth's climate by reflecting sunlight
into space and by trapping heat. However, clouds are one
of the main factors causing a significant attenuation in our
charging systems from solar radiation and laser radiation
resources. In the former, the sun radiates sunlight whose
spectrum spreads from visible light to infrared light [20].
In the latter, FSO communications, also known as optical
wireless (OW) or infrared laser, is a technology that uses
modulated visible or infrared (IR) light beams to transmit
data through the atmosphere. Like fiber optic
communication, FSO uses lasers to transmit data, but
instead of transmitting the data stream through a glass
fiber, it is transmitted through the air where clouds may
exist. Therefore, clouds can degrade the energy harvesting
efficiency because most solar power and laser beam is in
the frequency range of visible and infrared light, which has
wavelengths smaller than 1 mm. This means that cloud
droplets, which have radii ranging from 5 um to 5 mm,
can reflect or scatter a large portion of those power
resources, reducing the amount of energy that the UAV can
collect [20][21].

In order to determine the concentration of clouds that
absorb light, the Beer-Lambert law is applied. The cloud
attenuation of solar light and laser beam rays can be
calculated as [21][22]

he = exp (=acL,), 1
where a, >0 and L. represent the Mie scattering
coefficient of the cloud and the distance that they pass
through the cloud. In other words, L. shows the path inside
of the cloud in which solar light and laser beam signals are
undergone.

. SYSTEM AND CHANNEL MODELS

3.1. System model

Our system model, as depicted in Fig.1, contains a flying
UAV that receives some optical signals from a transmitter
with a laser implemented on a building via FSO
communication. However, we not only consider the data
stream via the FSO link but also the charging techniques
for extending the lifespan of the in-flight UAV. There are
two different ways to charge the UAV, which are solar and
laser-beam supplementations. In the former, the UAV is
powered by sunlight from the Sun. In the latter, the FSO
link which we use to convey our data stream can also carry
energy to supplement the UAV through SLIPT
mechanism. We assume our UAV to fly at a height below
1800m and thus to be exposed to a low-lever cloud Stratus.
The cloud is formed from the lower edge, L;,, = 700m to
the upper edge, L,;,, = 1400m.

3.2. Sunlight channel model for solar energy harvesting
with cloud effect

While propagating from the Sun to the solar panels,
sunlight, located at a spectrum range from visible to
infrared frequency, suffers some natural factors, such as
atmospheric transmittance (h,; ) and cloud attenuation
(he sotar)- Therefore, the total channel for solar energy
harvesting can be estimated as
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Rsorar = hat hc_solarl 2

a. Atmospheric transmittance h;

In [23], sunlight rays are radiated from the Sun and
transferred through the atmospheric environment which
absorbs a part of the energy and causes energy reduction.
The atmospheric transmittance is modelized by the
following equation:

hat = 0.8978 — 0.2804exp (— ), (3)

where [ is the altitude of the UAV carrying the solar panel
to collect solar energy. The equation is achieved from the
LOWTRAN 7 [23] software. Based on it, at the higher
altitude which is closer to the Sun, the value of the
atmospheric transmittance is bigger. Consequently, that
affects positively the increasing amount of the harvested
energy.

b. Cloud attenuation h; so14r

The atmospheric environment includes not only air
molecules but also lots of cloud layers. As discussed in
section 1l, the sunlight rays also witness the cloud
attenuation as modelized in Eq. (1).

In above equation, h; soq represents the cloud
attenuation of solar light rays depending on the correlation
between the UAV height and the cloud height. The value
of h; so1ar Can be described as

he sotar 0= 4)
1, if 1= Ly,

e—“c_solar(l‘up—l)’if Llow <l< Lup ,

if 1 < Loy

where a. so14, iS the absorption coefficient of cloud when
sunlight passes through. Based on equation (4), when the
UAV flies above the cloud, the cloud does not affect to the
harvested solar power. However, the UAV reduces its
altitude and flies into the cloud, the solar power decreases
due to the distance from the upper edge of the cloud to the
current UAV position. When the UAV gets through the
cloud to be closer to the Earth’s surface, h; 5014 NOW
becomes a constant value that is determined by the
thickness of the cloud, Ly, — Liow-

-a Lyp—L
e c_solar( up low)’

3.3 FSO channel model for laser beam energy harvesting
and communication with cloud effect

The laser beam is created at a laser of the transmitter
and carries optical signals. Those signals are transmitted
via an FSO channel. The FSO channel takes into account
three main factors: atmospheric attenuation (h;), beam
spreading loss (h,), turbulence (h,) and cloud attenuation
(h¢ rso)- The total channel hgg, is shown in the following
equation

hgso = hlhphthcjso- ®)

a. Atmospheric attenuation h;

The phenomenon of energy decrease that occurs when
optical signals are carried across a specific distance in the
air is expressed by atmospheric attenuation. The reduction
occurs as a result of the laser beam energy being absorbed
by gas molecules and aerosol particles that are naturally
in the air. Thus, the greater the distance, the greater the
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loss. Following the Beer-Lambert law in [24], the path loss
h, of the FSO channel is calculated as follows

h; = exp (_O-airL)’ (6)
where L is the propagation distance length, and a;, is the
atmosphere attenuation parameter.

Oair
3912 /A[nm]\ derVair)  (7)

Vair[km] < 550 ) ’
where E,, is the Euler’s constant, A is the wavelength in the
FSO system, V,;, is the visibility, and q,;, is the specific
atmospheric attenuation visibility coefficient.

= 10log,o(Ey)

b. Beam spreading loss h,,

When a lazer beam propagates through a wireless
channel, its footprint is expanded. Thus, the beam
spreading loss. h, aims to give a portion between the
receiver’s aperture and the size of beam footprint and can
be estimated as

2
hp ~ Ayexp (— r ), (8)

2
Wzeq

where 7 is the radial displacement at the receiver, w,,, is
the equivalent beam radius, and A, is the fraction of the
collected power at r = Om.

b. Atmospheric turbulence h,

The random fluctuations in temperature, pressure, and
wind that occur both in space and time are known as
atmospheric turbulence [25]. h;, can be represented as the
product of turbulent eddies on the small- and large-scales,
a and B, respectively, and its probability density function
(PDF) can be written as

a+p
2p)y 2 b,
e 9
fahe) = 5 ONG) h? Kep(2/aBh), (9)
where I'(.) represents the gamma function and K, (.) is the

v-th order modified Bessel function of the second kind.
Both a and 8 can be estimated as follows

0.4902

-1
a=|ex -1 , (10)
[ P ((1 + 1.110,12/5)7/6> l
0.5107

" [exp ((1 . 0.690;2/5)5/6> - 1] SN CEY

where o2 is the Rytov variance. For the plane wave, o2
can be given as

o = 2.25k7/%[sec ()]*V/6 fl; _Ci(h)(h—

Ir)>/°dh,
where k = 2m /2 is the optical wave number, C2(h) is the
refractive-index structure parameter, and [ is the height of
UAV, [, is the height of transmitter on the Earth and ¢ is
the zenith angle of the transmitter. The Hufnagel Valley
Boundary (HVB) [26] is applied to model C2(h) as follows

Ci(h) =
w? _ h
0'00594E(1‘1 5h)0exp (— M) : 2.7 %
10~ %exp (— m) + C2(0)exp (— E)’
where w[%] is the wind velocity and h is the height above

the Earth’s surface. C2(0), the turbulence at ground, can
be given as

(12)

(13)
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5
C2(0) = 1.29 x 1072, 332 (14)

5
—1.61 x 107126, %2 4+ 3.89 X 10715,
where 1y, is the atmospheric coherence length and 6, is the

isoplanatic angle. In general, w and C2(0) are assigned to
21 (m/s) and 5 x 10713 (m/s), respectively.

c. Cloud attenuation h, s

The parameter a, in equation (1) expresses how much
clouds affect the signals passing through. In our FSO link,
the a. can be replaced by a specific variable a. rso. Thus,
h._rso can be estimated by the following equation

he pso = eXp(_ac_FsoLc_Fso): (15)
where L. pso is the distance of optical signal passing
through the cloud. It can be calculated as

Lup = Liow,  if 1= Ly (16)
Le rso = U= Liow if Liow S U <Ly,
0, if 1 < Ly

The value of a, gso is based on each cloud type. We can
classified clouds by the attitude, but to model the effect of
clouds into our systems in FSO link, we focus on two main
parameters of clouds which are cloud droplet number
concentration, N.(cm™2), and cloud liquid water content
M_.(g/m®). Those two parameters contribute to measure
the visibility V (km) as following [ 27]:

1002 (17)
- (N xM,)06473°

For example [27], the low-level cloud Stratus existing
below 1.8 km compared to the Earth’s surface has
250 (em™3) to N and 0.29 (g/m®) to M.. While the
middle-level cloud Altostratus is from 1.8 — 6 km above to
the Earth’s surface, N, and M, are 400 (cm™3) and
0.41 (g/m?®), respectively.

Once we have the visibility ¥V (km) we can estimate
a. so through the dependent empirical model

3.91 /A[nm]y 1"V
*cFso = V[km]( 550 )
where A denotes the signal wavelength and q denotes the
coefficient relying to the size distribution of scattering
particles. In [28], q is estimated from empirical models and
specified by Kim model as follows:

(18)

1.6, if V> 50 (19)
1.3, if6<V <50
g=10.16V+0.34,if 1<V <6,
V-05  if0s5<V<1
0, if V<05
IV. COMMUNICATION AND ENERGY

HARVESTING ANALYSIS

4.1. Solar energy harvesting

According to [22-23], the harvested solar power at the
UAV implemented the solar panel is estimated by the
following equation:

Pgotar (1) = nspSsp Ghsotar, (20)
where ngp and Sgp are parameters for the solar panels
installed on the UAV’s wings. They are the solar cell
efficiency and the total size of solar panel, respectively. G
is the average solar radiation from the Sun. However, to
obtain P,,;.(1), the UAV has to carry the solar panel,
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which consumes more energy. The trade-off is lifted in the
paper’s scenario to reduce the complexity.

4.2. SPLIT mechanism for communication and laser beam
energy harvesting

00K

demodulator

PD Ac/DC

' converter [ seperator
Energy

harvestor

Fig 2. SPLIT mechanism to simultaneously transfer data and
energy

In our FSO link, the simplest modulation on-off keying
(OOK) is used. At the transmitter, the electrical signals
carrying bit streams are represented as

b(t) = { A for transmitting bit '1’
—A for transmitting bit '0"’
where A is the peak amplitude. Then the signals, b(t), are
added a DC bias B to make sure of a non-negative value
afterward. The correlation between A and B is given by
A= {B —IifB<(,+1y)/2 (22)
Iy—Bif B>, +1y)/2
where I, and Iy are the lowest and highest input bias
currents, respectively. To convert the electrical to optical
signals, a laser diode (LD) with a power P, is used.
Consequently, if & is the electrical-to-optical conversion
coefficient, the optical signal from the transmitter can be
described as the following
P.(t) = P,p[B + Eb(2)]. (23)

The signal propagates through an FSO channel,
modelized by hgg,, to reach to a receiver of the UAV. In
Fig.2, the optical signal is first switched back into the
electrical domain by using a PD converter. The electrical
signal can be expressed as

i((t) = RSahpsoPe(t) + n(),

(21)

(24)

where R and S, are parameters for the PD. They are the
PD responsivity and PD size, respectively. n(t) is the
additive white Gaussian noise (AWGN) term with zero
mean and variance of g2. The receiver applies SPLIT
mechanism to split the received electrical signal into the
DC part (Ipc) for the charging target and the AC part
(I4c (t)) for the communication target. So, the electrical
signal also can be formulated as
i(t) = Ipc + Lic(t) + n(t). (25)
Based on the above equations, we can get the following
values
Ipc = RSahpsoPLpB, (26)
Lic(t) = RSahpsoPLpéb (). (27)
According to [29], the harvested energy Erso Can be
estimated as

0.75T sy Velpe? (28)
Epso = T
_ 0.75TEHVt(RSahFSOPLDB)2
= I

where Tgy is the harvesting time, V, is the thermal voltage
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and I; is the dark saturation current of the solar panel.
Therefore, the power collected by the FSO link can be
expressed as

(29)

Epso _ 0.75Vi(RSzhpsoPLpB)?
Ten Iq '
Because the FSO channel hgg, is described by a PDF
function, the average value of power collected by the FSO
link is estimated by
Prog = f0°° 0-75Vt(RSaf§:FSO)PLDB)2 dhpsp.
In order to evaluate the quality of our communication,
the bit error probability P, when using OOK modulation
scheme is estimated as

Pb=0(m)=o<

where T is symbol duration and
N, is the power spectral density of AWGN. Since the FSO
channel hgs, equation is described by PDF, the average
value of P, is calculated as

Py (32)
= J-oo Q \/(Rsaf(tho)PLDfA)sz
0

Prso =

(30)

(RSahrsoPLD§A)?Ts (31)
Ng !

NO dhpso.

V. NUMERICAL RESULTS

This section is to provide some results to help us analyze
the impact of the cloud on the harvesting process and our
communication quality. All parameters are described in
detail in Table 1.

Table 1. Simulation parameters

System parameter
Height of transmitter Ly 10m
Lower edge of cloud Liow 700m
Upper edge of cloud Lyy 1400m
Parameter for sunlight link
Absorption coefficient of | @, so1ar 0.01
cloud for sunlight .
Solar cell efficiency Nsp 0.4
Size of solar panel Ssp 0.1m?
Average solar radiation G 1367W /m?
Parameter for FSO link
Wavelength A 1550 nmm
Visibility Vair 30 km
Atmospheric attenuation |  qg;, 1.3
visibility coefficient
Droplet number N, 250 cm™3
concentration of Stratus
cloud
Liquid water content of M, 0.29 g/m3
Stratus cloud
Minimum input bias I, 25mA
current
Maximum input bias Iy 45 mA
current
LD power Py 30 W/A
Electrical-to-optical & 0.9
conversion coefficient
DC bias B 35mA
SO 01 (CS.01) 2024

Responsibility R 0.8A/W
PD size S, 0.1m?
Thermal voltage V; 25 mV
Dark saturation current of Iy 107° 4
PD

Power spectral density of N, 10~ W/Hz
noise

Symbol duration T, 1us

The first result, in Fig.3, shows how much cloud affects
the energy harvesting from the Sun. When the UAV flies
higher which means closer to the radiation resource, the
Sun, the more energy the UAV collects. In a clear sky
condition, the collected power increases slightly from 36\
to 39W when the UAV moves from the height of 500m to
1500m. However, the harvested energy drops significantly
from 38 to 0.03W at the two edges of the clouds L, =
1400m to L,,,, = 700m, respectively.

40

_____ gl
________ X 1400!
ge = Y:38.81

Y

=e=with cloud effect A
= without cloud effect ’

w
o

N
(8}

edges of cloud

Harvested solar power (W)
a 3

o

(&)
T

X: 700
Y:0.03332
o

0 . .
500 700 900 1100 1300

Height of UAV (m)

1500

Fig 3. The harvested solar power over the height of the UAV
with and without cloud effect.
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o

0 200 400 600 800 1000
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14001500

Fig 4. The laser beam harvested power over the height of the
UAV under cloud effect

The second result, in Fig.4, depicts the amount of energy
harvesting via FSO link to a flying UAV with the cloud
effect consideration. Because the FSO link is strongly
influenced by complicated turbulence, even the lower
altitude of the UAV does not go along with the more
collected energy. The highest power is harvested when the
UAYV flies below the cloud and stays at 500m height.
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Moreover, the affection of clouds in this harvesting process
is the same as solar energy. The harvested power drops
nearly ten times (from 5.8 x1078 to 3.7 x10~°) when the
laser beam passes through the cloud (from 700m to
1400m) to reach the UAV.

= X: 1400
Q_‘ Y: 1.419e-09
- /""———*—7‘. '
= 10°
3 X: 700
Q Y: 3.1256-10 4«
5 — edges of cloud
g 1010
by=]
[aa]

10!

500 700 900 1100 1300 1500

Height of UAV I(m)

Fig 5. The bit error probability P, over the height of UAV under
cloud effect

Lastly, Fig 5 is made to evaluate the communication
quality of the FSO link. The higher the UAV stays, the
higher the bit error probability is. However, at any height,
lower than 1500m, the value of P, remains smaller than
1072 which can be considered as an error-free link.

VI. CONCLUSION

In the future network ecosystem, UAVs will play a role
in linking many devices of the existing terrestrial networks
to many more flying devices in the sky and even in space.
The UAV performance is strongly affected by energy
limitation. A potential strategy for dealing with it is energy
harvesting. The paper has considered the solar and laser
beam charging methods under a challenging condition,
which includes a low-level cloud layer. The solar energy
reduces significantly when the sunlight passes through the
cloud layer. The harvested energy from a laser beam
witnesses the same tendency with a reduction when
transmitting through a cloud. However, the FSO link with
turbulence phenomena causes a more complicated and
unpredictable result. The most collected energy happens
when the UAV’s height is below the cloud but not near the
transmitter. The research in this paper is the beginning to
develop the idea and bring UAVSs to our network.
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THU THAP NANG LUQNG TU MAT TROI VA
CHUM LASER CHO UAV DUGI ANH HUONG
CUA MAY

Tém tit- Trong cac mang tuong lai, UAVs (thiét bi bay
khong nguoi 1ai) s& tré thanh cac thiét bi thiét yéu dé thoa
man udc vong cua mdt mang 3 chiéu vé6i nhiéu thiét b
mang bay trong khong trung va vii tru. Tuy nhién, viéc
thiéu cdc ngudn ning luong bén ving va lau dai khién
mang dya trén UAV hoat dong kém hiéu qua va gian doan.
Bai bao nay danh gid mot chién luge thu thap ning lugng
cho UAV tur anh sang mat troi va tia laser vao nhiing ngay
nhiéu may voi 16p méy thap. Cac mo hinh kénh va ning
lugng thu dugc cho ca hai truong hop dugc xem xét va
phan tich bang cic cong thirc toan hoc va két qua mo
phéng.

Tir khoa- Thu thap nang lugng, UAV, nang luong mat
troi, nang luong tia laser, anh huong cua may, truyén thong
FSO.
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