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Abstract— UAV (Unmanned Aerial Vehicle) has
become an essential part of 6G. UAVs can make it easier
to have a LOS (light-of-sight) connection and quicker to
launch a network. However, backhaul connection and
energy limitations are two main reasons that slow down
UAYV usage. In our research, we propose a mixture model,
which combines a tethered UAV and a UAV. The tethered
UAYV s connected to a truck by a fiber optic cable that
ensures energy and fast data transmission to it via optical
communication. The tethered UAV forwards laser signals
from the truck to the UAV to charge and transfer data
simultaneously  via FSO  (free space optical)
communication. We consider the harvested energy
collected at the UAV under a given BER (bit error rate).
The harvested energy is evaluated by multiple factors, such
as transmitted power, the position of the UAV, and the FSO
link length in our simulation results. The FSO link includes
several phenomena, such as atmospheric attenuation,
turbulence, and pointing error.

Keywords—energy harvesting, UAV, tethered UAV,
FSO communications.

[. INTRODUCTION

The astounding development of technology has changed
all aspects of our lives. The continuous born of many
mobile network generations from 2G to 4G has proven
significantly how much information traffic people have
needed to share. Nevertheless, the percentage of all people
having the ability to utilize all those advanced networks is
surprisingly limited, only around 50%. Due to an ITU
publication [1], by the end of 2021, three billion people
were inaccessible to the Internet and many modern
applications. Recently, we have reached the next era of
mobile networks, the so-called Beyond 5G (B5G) or 6G.
Some of the main targets of 6G are to provide worldwide
and continuous connectivity. The worldwide purpose
targets a few challenging areas that are hard to reach from
previous network generations, such as rural areas, spare
places, and isolated islands. The continuous connectivity
aims to implement a quick network after some critical
natural disasters. Those purposes have been realistic by the
meaningful support of UAVSs. Since releases 15, 16, and
17, 3GPP has provided some specifications to attach UAVs
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to the existing cellular networks [2].

UAVs have become more and more popular in networks
due to their two main advantages, the better channel quality
of LOS and quicker network launch. These advantages
have made UAVs one of the essential factors in 6G [3-4].
However, UAV usage remains with some problems of
energy limitation and backhaul connection. Thanks to the
new type of UAV, tethered UAVS, they have been solved
more easily.

Tethered UAVSs are UAVs tethered to a ground unit. The
clever idea of leasing UAVs has lifted many obstacles
which untethered UAVSs always face. Firstly, tether cables
can provide seemingly unlimited power to UAVSs. It
guarantees seamless connection and increases their
endurance and persistence. Secondly, tether cables make it
possible to support ultra-high-speed data. So, tethered
UAVs can be used for backhaul connections with high data
rate requirements. The only limitation of tethered UAVs is
mobility compared with untethered UAVs [5].

Untethered UAVs are more flexible in deciding their
flying paths than tethered UAVS. If we need to make more
dynamic and flexible networks, untethered UAVs must be
used. In our research, we have thought about a network
combining both types, untethered and tethered UAVs. We
have tried to take advantage of both types and leverage the
whole network. The tethered UAV delivers a backhaul
connection with unlimited power and then transfers signals
to another untethered UAV with better mobility. However,
the link between tethered and untethered UAVs is not only
for data transmission purposes but also for wirelessly
charging the UAV through FSO communication, which is
called energy harvesting. FSO communication is used
between tethered and untethered UAVSs because it can
support high data transmission, like an optical fiber, and
has a laser beam with higher energy concentration to
enable a better charge [6]. The tethered UAV will
simultaneously transfer data information and charge to the
untethered UAV.

Some other researchers have focused on an
infrastructure-less environment requiring a backhaul
connection. In [7], the system model includes some UAVs
and tethered balloons with a fiber tether cable. The
backhaul links are between tethered balloons and UAVs,
and the fronthaul links are between UAVs and ground
users. The target is to achieve the best end-to-end
throughput of the system model. So, the paper has not
mentioned charging UAVs to make the model’s
connectivity continuous. In research [8], they categorized
UAVs into three different types for specific usage. The
communication drones are to communicate with all ground
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wireless devices in disaster-affected areas. They receive
and transfer information from/to a tethered backhaul drone
via FSO/RF hybrid links. However, they need another
power drone to charge energy on the fly. After finishing
the survey, it seems that there is not any research related to
backhaul connections using UAVs while considering
wireless power transfer.

Our paper contributes to the usage of UAVs for a
backhauling network with concern for charging the flying
UAV via FSO communication. The data transmission
between UAVs is satisfied by keeping a targeted BER. The
equation of harvested energy is achieved after several
mathematical steps. Then, it is simplified to a closed-form
format by the Gauss-Hermit method. The simulation
results consider some factors, such as transmitted power,
the initial position of the UAV, and the FSO link length,
which can change the quantity of harvested energy.

. SYSTEM AND CHANNEL MODEL

2.1. System model

Our system model contains two different
communication  types, optical fiber and FSO
communications. A transmitter with a laser is placed on top
of a truck to create optical signals. They are transmitted to
a tethered backhaul UAV via a tethered cable.
Consequently, they are received at the tethered backhaul
UAYV and then navigated to direct the optical beam toward
the untethered UAV via FSO communication using a
telescope. The FSO communication is to both transmit data
and charge the untethered UAV simultaneously. The end-
to-end trait from the transmitter to the untethered UAV is
supported to transmit optical signals. Using optical signals
ensures a high data rate for backhaul connection and a
better charge for the untethered UAV.
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Fig 1. The tethered UAV-to-UAV model

2.2. Channel model

Our signals are transferred through a optical tethered
cable firstly to reach to the tethered backhaul UAV.
However, the flying height is 100m which nearly equals to
the length of the optical tethered cable. In optical
communication, the transmission loss caused by such
optical cable is extremely small that we can seemingly
ignore it. In the second phase, the signals are transmitted
through the most struggling communication, FSO. In FSO
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channel, we take into account atmospheric attenuation,
turbulence and pointing error. The channel state h is show
in the following equation

h = hlhahpe! (1)
where h;, h, and h,, are represented atmospheric
attenuation, turbulence and pointing error, respectively.

a. Atmospheric attenuation

Atmospheric attenuation expresses the phenomenon of
energy reduction while the optical signals are transferred
over a certain distance in the air. The reduction happens
because gas molecules and aerosol particle naturally
exiting in the air absorb the laser beam energy. So, the
longer distance is, the more loss is. The Beer-Lambert law
[9] describes the path loss k; as follows

h; = exp (_O-airL)! (2)
where L is the propagation path length of FSO link, and
04 1S the attenuation coefficient of the atmosphere.

3912, 1 \ 91V
Ogir = 1Olog10(Eu)T<ﬁ> ’ (3)
where E,, is the Euler’s constant, A (nm) is the FSO
wavelength, V (km) is the visibility, and q(V) is the
specific atmospheric attenuation visibility coefficient.

b. Atmospheric turbulence

Atmospheric turbulence is the spatial and temporal
random fluctuation caused by some air conditions such as
temperature, pressure, and wind. Those conditions cause
spatial and temporal random fluctuation, so called
turbulence [10]. The received irradiance, h,, of the optical
wave can be modeled as a product of small-scale, «, and
large-scale, 8, turbulent eddies, and its probability density
function (PDF) can be expressed as

a+f
2p)y 2 b,
fng(ha) = e h,?  Kep(2aBh,), (4
where T'(.) is the gamma function and K, (.) is the v-th
order modified Bessel function of the second kind. For
slant FSO link propagation path, the Rytov variance, o2, is
used to calculate both « and g as followed

_ 04903 N
“ [exP ((1 + 1.110;2/5)7/6>l ’ ©
0.5102 -
:8 = [eXP <(1 n 0.690’;2/5)5/6>l ’ (6)
o = 2.25k7/*[sec ()] [ C2(h) (h —
h)Yedn, Q)

where k = 2m/2 is the wave number, and C2Z(h) is the
refractive-index structure parameter. In [11], the Hufnagel
Valley Boundary (HVB) is widely used to model C2(h)
and can be given by

Ci(h) =

0.00594 [% (1075 h) exp (— ) +2.7
h

— h
10~ %exp (— m) + C2(0)exp (— ﬁ)]’
where w? is the mean square value of the wind velocity in
m/s, h is the height above the surface of the earth inm, and
C2(0) is a factor which can be adjusted to match various

site conditions and given as

(®)
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5
CZ(0) = 1.29 x 1071?47, 332 ©)

5
—1.61 x 107129, °A% + 3.89 x 1071°,
where 1, is the atmospheric coherence length and 6, is the
isoplanatic angle. Normally, the value of the wind speed
and the factor C2(0) is chosen as 21 (m/s) and 5 x 10713
(m/s), respectively.

¢. Pointing error model

In our system model, at the transmitter side, a telescope is
mounted onto tethered UAV. Then, we assume that the
vibration of the tethered UAV can be ignore. The pointing
misalignment here is only from the hovering of the rotary
wing UAV due to the effect of the wind. In another word,
the wind will change the position of the UAV’s aperture
that leads to the pointing misalignment. As depicted in Fig.
2, as the UAV is flying, its initial location does not need to
be in the center of the Gaussian beam footprint. In order to
observe the hovering effect, the radial vectors from the
beam center to the UAV’s initial position, and to the
UAV’s actual position due to hovering are r and 7,
respectively. r;, is a vector describing the hovering trait
from initial to actual position. rpe(xpe,ype) can be
expressed in the coordinate plane as followed

e + Xy, = [Irll sin() + x,,

o

Ype =Ty t YV, = 71l cos(e) + yrh' (10)
where x,, and y., are zero-mean Gaussian random
variables with variance o;. x,, and y,. are thus two
statistically independent Gaussian random variables as
Xpe~N(1y,02) and y,.~N(ry,05). As a results, n,, =

fxrz,,e + )’rz,,e is a Rice distribution with the PDF given by

2 2 2
_ Te Tpe + 17 Tpel
o) = o0 (-2 ) (B5).
where I, is the modified Bessel function of the first kind

with order zero. Let A be the area of the receiving aperture,
the loss due to pointing misalignment is expressed as [12]

Ipe = fA Ipeam (T — rpe'L)dr ~

27”1%9 (12)
Ayexp (— Feq)’
where 4, = [erf (v)]? is the fraction of collected power by

Vmerf (v)
s — 2 — 2

UAV’s detector at 7,, = 0. Wi, = wj 2vexp(—v2)
avm

equivalent beam width, v = in which a is the radius
WL\/E

2
of the detector, w; = w, /1 +e (%) is the beam-waist
0

at distance L, w, is the beam waist at the distance L = 0.
The conditional PDF of I, can be expressed as

wie

2 2 2

Wieq r (hpe> 407
h,) = ket on (1) (e
rpe(Tpe) 44,07 eXp( 205) 4,

2
r Wieq (hpe>

XI,| = [— In{—
’\ o} 2 A,

is the

(13)
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Fig. 2. Pointing error model with hovering effect

All above factors including atmospheric attenuation,
turbulence-induced fading, and UAV hovering induced
pointing misalignment, are modeled in a combined
channel. Applying the same methodology in [13], using
Gauss-Hermit quadrature and several mathematical
manipulations, the closed-form of combined channel
model of FSO-based tethered-UAV-to-UAV is finally
derived as

fu(h) =
a+f at+p

N (aB) 2 A YERY
i=1 4xw; r@re) P < z,fg) (thl)

252 .
exp [le Upz(a+/3)] Iy (T\EXL) v

WLeq p

(14)

Ky p| 2 |—exp

afh (4xi2175) h%ﬁ_ll

Aohy

where N is the number of sample points. w; and x; are the
weights and the zeros of Hermite polynomial, respectively.

. DATA TRANSMISSION AND HARVESTED
ENERGY

We consider the FSO-based tethered UAV-to-UAV
system with the on-off keying (OOK) as the modulation
scheme. The transmitted signal is given by

) = { A If the bit 1 is transmitted

—A If the bit 0 is transmitted’
where A is the peak amplitude. Before being used to

modulate the optical intensity of the laser diode (LD), a DC
bias B is added to x(t) to ensure that the resulting signal is
non-negative. The emitted optical signal can be written as
P.(t) = Pp[B + x(t)] where P,, is the transmitted
power. The peak amplitude A is given by

_(B-ILIfB< (I, +1y)/2

- {IH —BIfB> (I, +1y)/2
where I, and I; are the minimum and maximum input bias
current, respectively.

The transmitted optical signal goes through the
atmosphere propagation medium and reaches the
destination. The received electrical signal can be then
expressed as

(15)

(16)

i(t) = RhP.(t) + n(t), 17
where R is the photo-detector responsivity, and n(t) is the
additive white Gaussian noise (AWGN) term with zero
mean and variance of ;2. Replacing the definition of P,(t),
we have

i(t) = Ipc + Lo (©)

= RhS,P,pnB + (RhS P péx(t) +n(t)), (18)
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where I and I, (t) respectively denote the DC and AC
components. € is the optical-to-electrical conversion
coefficient.
The harvested energy (conditioned on the random
coefficient I) at the UAV can be written as [14]
1.5Tz, V,(phRS,P,pB)?
h — Id §
where V; is the thermal voltage with the typical value of 25
mVolt and I, is the dark saturation current of solar panel.
n is the optical-to-electrical conversion coefficient. S,
denotes the area of the photo-detector.
Averaging over the PDF of the combined channel, the
average harvested energy can be expressed as
E,

(o0}

~ f 1.5T5,V,(WhRS,P,pB)?
- 3

(19)

0
N atp
=1

a+p
@p) 2 ()
monsior () @n) o
[inzag(a +ﬁ)]1 (r\/fxl')
0

2
WLeq UP

afh 4x202 a+f_
X Ky_p 2\/A0hlexp( L) |nz 'dh

Wieq

X

i

X exp

By using the Eq. (14) and Eq. (24) in [15], after several
manipulations, the closed-form of the above integral can be
expressed with the help of Gauss-Hermit method.

2 atp
3xiWiTEHVt(T]hRA\/P_tB) (aﬁ) 2 x

E =3V

h— ai=t 14T(c)T () Aohy )
2xfof(a+p) 12 (rx/fxi)

exp T, Iy o I'(a +

2)T(B + 2).

In our work, we consider bit error (BER) as the
performance metric for transmission fidelity. Let Ts
denotes the symbol duration, the BER of OOK
(conditioned on the random coefficient h) is given by

(:RhSaPLDA)ZTs

N (22)

BER = Q

By using the same method proposed in [16], [17], the
average of energy harvesting with respect to h as shown

a+p

Ey

C X;iW; (a/)’)azj r? 1\2z
:Z Jz @) P (‘ E) (m)

- [inzag (a + ,8)] Iy (r\/fxi)

X exp
WLeq O'p
_a+B
y (RS P p AT # (23)
N
apf <4xiza§>
exp
Aohy Wag
X G2 :
' Ny a;, a;
(RS P,pA)?T, |b1, by, b3
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Wherea1=1_ﬂ,a2=l_ﬂ,b1=
2 2 2
b; = —% and G is Meijer-G function.

Consider a trasmission duration Ty, the receiver works
in ID mode for a duration of T;, = tT;, With the time
splitting factor 7. This corresponds to =V symbols out of N
symbols. Taking a time average, the BER for the
simultaneous lightwave information and power transfer
(SLIPT) scheme is obtained as [18]

BERqy. =~ (tN)BER = 7BER. (24)

In the following, we aim to maximize the average
harvested energy by proper choice of ¢ while satisfying a
given BER target. Let BER, denote the required maximum
BER value. Mathematically speaking, we can write our
optimization problem as

max E,
——

ab b B-a

2 ' 2 2

= (25)
s.t.BER 4, < BER,.

0=7<1

The optimization problem above can be solved by
choosing the minimum value of 7 in the range of [0, 1]
which satisfies the BER target. Noting that Tzy = (1 —
)T} and utilizing (23), we can obtain the optimum Tgy

as
T = 1 (229

IV. SIMULATION RESULTS

(26)

This section provides numerical results for the harvested
energy in an FSO-based UAV system considering
atmospheric attenuation, turbulence-induced fading, and
UAV hovering. System parameters used in the analysis are
expressed in Table 1. Monte Carlo simulations using
MATLAB are also provided to confirm the theoretical
results.

Table 1. Simulation parameters

Parameters Symbol | Value
Wavelength A 1550 nm
Tethered UAV altitude hy 100 m
UAV altitude h, 50

Wind speed w 21 mls
Visibility 4 30 km
Aperture radius a 10 cm
Responsibility R 0.8 A/W
LD power Py 30 W/A
BER target BER, | 10°°
Symbol duration T 1lus
Power spectral density of | N, 10722 W/Hz
noise

Dark saturation current of Iy 107° A
PD

Minimum  input  bias I, 25 mA
current

Maximum  input  bias Iy 45 mA
current

Thermal voltage V; 25 mV

First, the harvested energy of the FSO-based Tethered
UAV-to-UAV, which depends on transmitted power with
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different initial positions, is shown in Fig. 3. When the
transmitted power increases, the harvested energy goes up.
Obviously, the more transmitted energy transfers to the
UAYV, the more received energy collects. The initial
positions of the UAV play a vital role in how much energy
is harvested at the PD. When the UAV stays closer to the
center of the beam, this fact leads to harvesting more
energy. The reason is that transmitted energy is more
intensive at the beam center. So, at a targeted harvested
power and initial position of the UAV, the transmitted
power can be set accordingly.

10"

Harvested Energy (mJ)

20 25 30 35 40 45
Transmitted power, PLD (dBm)

Fig. 3. Harvested energy versus the transmitted power with the
FSO propagation of 500 m and beam-waist of 45 micromet.
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7~L=900m
—0—L=1100m

10"

Harvested Energy (mJ)
)

10 20 30 40 50
Transmitted power, PLD (dBm)

Fig. 4. The relationship between harvested energy and
transmitted power in different of FSO link length with r =1 m
and wy = 35 micromet.

Secondly, we analyze the harvested energy with
different Tethered UAV-to-UAV distances, so-called FSO
link lengths in Fig. 4. At the same distance, the energy is
harvested more when the power is transmitted more. L
affects mainly due to atmospheric attenuation and
atmospheric turbulence. The longer the distance is, the
more attenuation and the less harvested energy is. Among
different L values of the distances, the smallest L 500m
always has the most energy at the same transmitted power.
At L = 500m, when the transmitted power increases each

SO 03 (CS.01) 2022
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10 dBm, the energy gains more ten times. For example, P,
is 10, 20, 30, 40, and 50 dBm, harvested energy is
0.01,0.1,1,10 and 100 mJ, respectively.

102 i i T 1
—o—W, = 45 ym

—a—W, = 35 um
148

10 W0=25 pm

——W, = 15 pm

Harvested Energy (mJ)
)

104
10 20 30 40 50

Transmitted power, PLD (dBm)

Fig. 5. The impact of beam-waist on the harvested energy over
the range of transmitted power with FSO link length of 500 m
andr=1m.

Finally, we consider the impact of beam-waist on the
harvested energy over the range of transmitted power when
we set L = 500m,r = 1m in Fig. 5. The same pattern with
four scenarios, the larger amount of energy goes along with
the stronger transmitted power. However, the bigger beam-
waist leads to absorbing more energy at the PD. So,
comparing four lines, the line of the biggest beam-waist
w, = 45um always gets the most energy.

V. CONCLUSION

A mixture model combining two UAV types, tethered
UAVs and untethered UAVS, has become more powerful
in providing faster backhaul connection and more effective
harvested energy. In our research system, a tethered UAV
connected to a truck by a cable can send fast data
transmission and charge more energy to a flying UAV
through an FSO link. The simulation results have shown
how much some factors, such as transmitted power, the
initial position of the UAV, and the FSO link length, affect
the harvested energy. The FSO channel has included
atmospheric attenuation, turbulence, and pointing error.
The usage of a mixture model of tethered UAVs and UAVs
has opened a new broad research attraction. Instead of only
one link between a tethered UAV and a UAV, the network
may involve several UAV links, which need to be
considered more. And the FSO link can be more realistic
when we can add more factors, such as the vibration or
shake of tethered UAV. A new and broad road needs more
researchers to engage themselves.
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THU THAP NANG LUQNG GIUA CAC UAV CHO
KET NOI BACKHAUL

Tém tit- UAV (Phuong tién bay khong nguoi lai) tro
thanh mot phan thiét yéu trong 6G. Cac UAV gilp tao ra
két ndi truc xa LOS dé dang hon va trlen khai mang nhanh
hon. Tuy nhién viéc cung cap két ndi backhaul va sy gidi
han vé ning lugng 14 hai nguyén nhan chinh lam cham viéc
st dung UAV. Trong nghién ctru nay, chung t6i dua ra mot
mo hinh két hop gdm mét UAV ndi day va mot UAV thdng
thuong. UAV ndi day dugc ndi véi mot xe tai boi soi cap
quang dé c6 thé dam bao nang lugng va truyén dan dit liéu
toc do cao t6i n6 théng qua truyén thong quang. Sau do,
UAV nbi day nay chuyen tiép tin hiéu laze tir xe tai dén
UAV dé sac va truyén dir liéu cing mot luc thong qua
truyén thong quang khong day FSO. Chung t6i xem xét
nang lugng thu thap duogc tai UAV nay v6i mot BER yéu
cau cho trudc. Ning luong thu thiap dwoc danh gia boi
nhiéu yéu t6 nhu cong suit phat, vi tri cia UAV va khoang
cach dudng FSO trong phan mé phong. Kénh FSO khao
sat boi nhiéu hién tugng anh huong nhu suy hao khi quyén,
nhiéu loan khi quyén va 15i 1éch hudng.

Tir khéa- Thu thap nang luong, UAV, UAV nbi day,
truyén thong FSO.
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