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ABSTRACT Future networks are expected to make substantial use of unmanned aerial vehicles (UAVs)
as aerial base stations (BSs). The backhauling of UAVs is often considered with license-free and high-
bandwidth free-space optical (FSO) communication. Employing UAVs and FSO technology together is
appropriate for numerous applications such as user offloading, network capacity enhancement, and relaying
services. However, the reliability of the backhaul FSO link can be jeopardized by infrequent adverse
weather conditions such as fog. In this study, we proposed the capacity enhancement of a ground BS
(GBS) with the aid of an FSO-backhualed UAV aerial BS. In particular, we optimize the UAV’s circular
trajectory and parameters (i.e., coverage radius and beamwidth) to maximize the total network throughput
during both normal and adverse weather (e.g., fog events). Two trajectories, namely rate maximization
(RMT) and fairness-constrained rate maximization (FRMT), are considered. A novel expression for the
average capacity of the FSO backhaul over the entire trajectory is derived. The formulated problem aims
to maximize the average network throughput with constraints pertaining to backhaul capacity, network
fairness, and UAV parameters. It is shown that the UAV changes its trajectory using its coverage radius and
directional antenna beamwidth according to the weather conditions and fairness requirements to maximize
the total system capacity. Furthermore, real weather data from the cities of Edinburgh and London in the
U.K. is used to evaluate the performance of the system under low-visibility conditions. The numerical
results show the proposed FSO-backhauled UAV can provide significant capacity enhancement even in
thin, light, and moderately foggy conditions.

INDEX TERMS Beyond fifth-generation (B5G), free-space optical (FSO) communication, millimeter wave
(mmWave), unmanned aerial vehicle (UAV).

I. INTRODUCTION

THEMARKET for commercial unmanned aerial vehicles
(UAVs) is expected to reach over 13 billion U.S.

dollars by 2025 [1]. Due to their unlimited 3D mobility and
autonomous flight capabilities, UAVs are envisioned to be
increasingly used in future wireless networks [2]. In addition,
beyond fifth-generation (B5G) wireless networks are pro-
jected to address many of the limitations of current wireless
infrastructure by increasing data speeds, improving quality-
of-service (QoS) in congested areas, and diminishing current
network blind spots. For the sake of achieving increased
system capacity, free-space optical (FSO) communication is
predicted to play a critical role in B5G wireless networks [3].

Because of their ease of deployment, quick setup time, and
cheap maintenance costs, FSO links are a possible alternative
to traditional fiber optics used for backhaul connectivity.
Furthermore, in the context of B5G, the combination of FSO
communication and UAVs is a key component in a variety
of high-data-rate application scenarios [4], [5], [6].

Practical FSO systems face challenges such as pointing
and misalignment loss caused by building sways, unpre-
dictable connectivity in the presence of the atmosphere due
to turbulence-induced intensity fluctuation (scintillation), and
bad weather such as snow and fog [7]. The fog events are
relatively long-lasting, which may necessitate changes and
alternative solutions to the regular use of FSO links. A UAV
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aerial BS is typically considered with an ideal FSO backhaul
in the literature [3], [8]. In frequent good weather conditions,
the FSO links are very reliable and offer high-speed backhaul
connectivity. However, due to adverse weather effects on
the backhaul link, UAV aerial BS might need to change
its fixed position or trajectory so that the adverse weather’s
impact on its FSO backhaul links can be minimized to
improve the performance of the network in many scenarios.
Mixed FSO-radio frequency (RF) relaying systems have been
widely deployed in static deployment scenarios [9], [10].
A combination of FSO and millimeter wave (mmWave) in
the backhaul and access links, respectively, for the UAV
aerial BS is also often employed. To this end, the coverage
and trajectory of UAVs for providing high-quality capacity
enhancement adhering to their backhaul capacity is one of
the main challenges for the implementation of future wireless
systems, and this constitutes the main subject of this study.
Note that this paper considers a fixed-wing UAV, known
for its superior endurance in flight compared to rotary-
wing counterparts. While energy consumption is not the
primary focus of this paper, any tradeoffs between trajectory
time and power consumption are disregarded. It is assumed
that the UAV could be refueled or replaced at intervals,
allowing the investigation to focus on trajectory optimization
for capacity enhancement without considering these
tradeoffs.

A. RELATED WORK
Backhaul optimization and the related user association issues
have recently attracted significant attention from the research
community. This is because it is anticipated that the key
bottleneck in B5G networks is going to shift from access
to backhaul links [11]. Studies on optimal UAV deployment
have largely ignored the backhauling problem (e.g., [12]),
as most of the literature on UAV-assisted networks assumes
an ideal FSO backhaul or pays no attention to the backhaul
problems. In [13], for example, 3D UAV deployment and
resource allocation are performed for a hotspot region to
maximize access link throughput while taking user QoS,
backhaul link capacity, system bandwidth, and power into
account. However, assuming the FSO link’s capacity is
high enough in clear weather, it’s excluded from the
optimization problem. Some studies [14], [15] have assumed
an ideal FSO backhaul or considered the backhaul as a
future study. The study in [16] considered a backhaul-aware
resource allocation problem in a UAV-to-everything network;
however, the main focus is on resource allocation in a layered
framework, which can help determine the optimal number
of transfers among UAVs and save energy while enhancing
resource allocation performance.
One of the key research areas in UAV-aided wireless

networks is UAV trajectory optimization. For instance,
a multi-UAV trajectory scheme is proposed in [17] that
develops optimal UAV trajectories to maximize service time
between users and UAVs in an FSO-based wireless aerial
system with multiple users and UAVs. To offload traffic for

BSs, the study in [18] emphasized the UAV trajectory at
the boundaries of three neighboring cells. By optimizing the
UAV trajectory in each flight cycle, the proposed system
maximizes the cumulative rate of UAV-served edge users
while still meeting the rate requirements for all users. In [19],
a UAV with a configurable directional antenna beamwidth
is used to distribute a shared file to a group of ground
users. The authors studied how beamwidth control impacts
the UAV’s 3D location and trajectory by minimizing mission
completion time. The UAV trajectory and network resource
allocation are jointly optimized in [14] for a wireless network
consisting of an UAV aerial BS with a directional antenna
and a terrestrial BS to maximize the minimum throughput of
mobile terminals. An algorithm combining optimal trajectory
design and a resource allocation mechanism is developed
in [20] to accomplish the data collection task with the
minimum energy consumed both by ground users and the
UAV. With an objective to maximize the sum rate, the study
in [21] proposed an iterative technique to optimize the UAV’s
trajectory to the deployment location, which involves the
UAV iteratively searching for the optimal location. The work
in [8] proposed a trajectory optimization approach for an
FSO-based UAV-Internet-of-Things (IoT) backhaul network
scheme that minimizes the end-to-end outage probability
considering moving clouds and obstacles. In [22], the authors
propose deploying a relaying node to obtain LoS when
barriers, such as buildings, exist between the source and
destination. However, the primary goal of this research is to
determine the ideal location of the UAV relay while taking
into account physical criteria such as height and the position
of obstacles. In [23], a recent study discusses the design of a
multi-layer airborne backhaul network using UAVs with FSO
links for global coverage in future networks. However, the
study focuses solely on trajectory design based on circular
tracks for multiple UAVs without considering the impact of
trajectory on FSO channel capacity.
There are several studies (e.g., [29]) that have considered

the impact of weather on the fixed FSO backhaul links.
The impact of weather on FSO or other backhaul networks
employing UAV-aided offloading and capacity enhancement
has almost received no attention. For instance, the study
in [30] investigated how different weather conditions affect
the vertical FSO link between the UAV and the GBS.
However, the UAV’s movement and trajectory are not taken
into account, and the impact of fog attenuation is also
neglected. The study in [31] proposed a complementary
solution to terrestrial applications with the goal of developing
a scalable and cost-effective FSO-RF system for 5G com-
munication. However, this work disregards the movement
and trajectory design of the UAV and instead concentrates
on point-to-point backhauling between the UAV and access
point. Research in [24] considered an UAV-aided FSO
communication for the trajectory optimization for the flight
time maximization. However, average backhaul capacity is
not considered in this research. Instead, the focus is on
service time, which is based on meeting a minimum data rate
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TABLE 1. The key insights in recent trajectory-based UAV-aided network research for RF and hybrid networks: notable works and related references.

threshold. In a more recent study [32], FSO technology is
employed as the backhaul solution to significantly improve
the link capacity between a macro base station (MBS) and a
UAV with backhaul constraints. However, the study focuses
on a hovering UAV-based deployment over a cluster of
users without a UAV trajectory, with a focus on bandwidth
allocation and UAV placement optimization, including the
impact of weather on UAV altitude and the satisfaction
of users. Table 1 summarizes some closely related works
involving trajectory optimization with UAV networks. One
can note that backhaul considerations are typically based
either on a discrete-time model or on the assumption of an
ideal backhaul link.

B. OBJECTIVES AND CONTRIBUTIONS
In this paper, capacity enhancement of a network served by
a ground BS (GBS) is performed with the aid of a UAV
aerial BS. The GBS serves its users using the sub-6 GHz
spectrum, whereas the UAV has high-speed backhaul and
access links using FSO technology and mmWave technology.
Since the end-to-end system capacity is influenced by
both the backhaul and access links, a backhaul-aware UAV
trajectory optimization is performed, and the impact of good
and adverse weather on the UAV’s trajectory is evaluated. In
particular, the effect of the FSO backhaul capacity limit on
the UAV trajectory is evaluated using orthogonal spectra of
sub-6 GHz and mmWave for the GBS and UAV aerial BS,
respectively. A novel expression for the average backhaul
capacity for the FSO link is derived. Since the impact
of the UAV’s trajectory should be reflected in the total
network performance (e.g., system fairness), it is inevitable
to involve GBS’s network throughput in the problem. This
renders the final problem exceedingly challenging to solve
using standard optimization techniques. Hence, to solve
the optimization problem efficiently, a powerful technique
known as the whale optimization algorithm (WOA) is
used. In the proposed system, the UAV’s trajectory can
be optimized in view of the fairness requirement and the
changing weather conditions. Our main contributions are
summarized as follows:

• This study optimizes the FSO backhaul-aware trajectory
of the UAV, which supports the GBS, to enhance
the capacity of the network in the context of B5G
networks. A novel mathematical expression for the
average backhaul capacity of the UAV-aided FSO link’s
circular trajectory is derived. The average FSO backhaul
capacity expression allows an on-board UAV buffer to
compensate for the time-varying access and backhaul
link data rates.

• The UAV’s circular trajectory in 3D space is adjusted
to improve the system throughput by optimizing its
antenna beamwidth and coverage radius according to
weather attenuation conditions and fairness require-
ments. Two backhaul-constrained objectives, namely
the sum-rate maximization trajectory (RMT) and the
fairness-constrained sum-rate maximization trajectory
(FRMT), are considered.

• The extensive numerical results demonstrate that the
UAV’s circular trajectory could be substantially changed
by the reliability of its FSO backhaul and system
fairness requirements. In terms of reliability, this change
is most noticeable in adverse weather conditions.
Additionally, user QoS (e.g., fifth-percentile throughput)
and network sum-rate exhibit an intriguing tradeoff.

• The proposed system is also tested using real-world
meteorological data from Edinburgh and London. The
results reveal that the UAV can effectively increase
user data rates and network capacity in foggy channel
conditions.

The rest of this paper is organized as follows: The system
model of the proposed UAV-aided mixed FSO-RF network
is presented in Section II. The trajectory optimization for
maximizing the network throughput is detailed in Section III.
Some numerical results and the results based on practical
measurements are provided in Sections IV and V, respec-
tively. Finally, the paper is concluded in Section VI.

II. SYSTEM MODEL AND UAV TRAJECTORY
This paper considers a single-cell wireless communication
system with a GBS centered at the origin of a coverage
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FIGURE 1. System model for the circular UAV trajectory for network capacity enhancement with FSO backhaul.

area of radius R. The K number of users is distributed
uniformly and randomly throughout the cell. In the context
of B5G, a mmWave and sub-6 GHz dual-mode network
(e.g., [33], [34]) is considered, which can take advantage of
the signals over both bands. The GBS serves all the users with
sub-6 GHz access links, whereas a fixed-wing UAV acting as
an aerial BS is employed to serve a portion of the cell with
mmWave access links for theQoS enhancement of the users, as
illustrated in Fig. 1. We consider a simple frequency division
multiple access (FDMA)-inspired resource allocation policy
under which the total access bandwidth is shared equally
among its associated users [35]. Note that we consider the
FDMA-based scheme as it can be efficiently mapped into
corresponding orthogonal FDMA-based allocations involving
frequency band partitioning into multiple physical resource
blocks [36]. Also, it is considered that the UAV has an FSO
backhaul to a nearby FSO gateway G. Note that a circular
UAV trajectory model (e.g., [14], [37]) is considered in this
paper, wherein the UAV footprint is always tangential to the
edge of the cell from inside. That is, the coverage footprint
of the UAV aerial BS increases as the UAV moves closer to
the origin of the coverage area. Consider that the UAV flies
in a cyclic manner above the cell with a constant cycle flight
time T , which can be discretized into N equal time slots. It is
considered that the UAV periodically serves a portion of users
with a coverage radius of rm, assuming a homogeneous and
rotationally symmetric beam pattern [38]. The FSO gateway
is considered to be located at [xG, yG, hG] ∈ R

3×1 at a
distance dG from the origin of the GBS’s coverage area.
Then, the time-varying position of the UAV is denoted as
[xm[n], ym[n], hm[n]]T , n = 1, 2, . . . ,N. The circular serving
region of the UAV aerial BS is defined by its coverage radius
and the trajectory radius (from the origin), denoted by rm and
Ro, respectively.
When fog events occur, the UAV aerial BS’s FSO backhaul

might be greatly impacted, and the UAV might want to alter

its coverage trajectory, e.g., changing coverage radius or
altitude, to minimize the attenuation on the FSO backhaul
link induced by the adverse weather conditions. Also, the
UAV’s circular trajectory might be impacted by the network
QoS requirements for its users. Note that the backhaul
capacity of the UAV varies due to the change in distance from
the FSO gateway G during the circular trajectory, which can
cause disparity in the offered data rates to the network users,
especially in adverse conditions. To this end, an average
FSO backhaul capacity expression is derived in the following
section.

A. UAV BACKHAUL CAPACITY
When intensity modulation direct detection (IM/DD) is used
in the FSO link, the received electrical signal may be
expressed as

so = ρgohoxo + zo, (1)

where ρ denotes the responsivity of the photo-detector, go
is the average gain to the receiver optical power, xo refers to
the transmitted optical intensity, so represents the received
electrical signal, and the zero-mean real Gaussian noise
with variance σ 2

o is denoted by zo. Note that an advanced
pointing, acquisition, and tracking (PAT) method is assumed
to be capable of compensating for pointing errors [39].
Numerous studies, such as those highlighted by [40], offer a
range of solutions addressing the PAT challenges between a
mobile UAV and a stationary FSO gateway. Research such
as [41] has demonstrated that PAT between a UAV and an
FSO node can adaptively function under various weather
conditions. Additionally, there is an inverse correlation
between atmospheric turbulence and fog [42], [43], [44].
Various turbulence mitigation solutions have been proposed,
including pulse position modulation [45], the use of concave
mirrors [46], adaptive optics correction [47], and turbulence-
resistant few-mode pre-amplified receivers [48], each tailored
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to different scenarios for mitigating the impact of turbulence.
Research [49] suggests that the average impact of turbulence-
induced intensity fading can be simplified to unity, i.e.,
E[ho] = 1. Other studies, such as [24], completely ignore
the impact of both turbulence and pointing errors to focus on
other aspects. Therefore, in this analysis, turbulence-induced
intensity fading ho is ignored to evaluate the average FSO
backhaul capacity. The average gain go can be expressed
as[50]

go = A

π
(

�
2 dB

)2 exp−(ϑdB), (2)

where A = π(
γ
2 )

2, the first and second terms represent
geometric and weather-related atmospheric losses owing to
scattering and absorption, respectively. Wherein the diameter
of the receiver aperture is denoted by γ , � represents
the beam divergence angle, dB shows the point-to-point
link distance from the FSO gateway to the destination
(UAV location), and ϑ is a weather-dependent attenuation
coefficient determined based on the Beer-Lambert law. The
attenuation coefficient ϑ and the visibility V in km are related
as ϑ = 3.91

V ( λo
550×10−9 )−ξ , where λo is the optical wavelength

and ξ is the weather condition-based size distribution of the
scattering particles. It is defined as a function of visibility
distance as [51]

ξ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1.6, V > 50 km
1.3, 6 km < V < 50 km
0.16V + 0.34, 1 km < V < 6 km
V − 0.5, 0.5 km < V < 1 km
0, V < 0.5 km.

(3)

We adopt the FSO channel capacity model used
in [13], [52], and based on (1), the achievable backhaul rate
of the FSO link for a given UAV position during its circular
trajectory T is given by

CT = 1

2
Wo log2

(
1+ eζ 2

o g
2
oρ

2

2πσ 2
o

)
, (4)

where Wo denotes the bandwidth of the FSO link, e is the
base of the natural logarithm, and ζo represents the optical
transmission power. Substituting (2) into (4), we have

CT = Wo

2
log2

(

1+ eρ2γ 4ζ 2
o exp−(2ϑdB)

2πσ 2
o� 4d4

B

)

, (5)

consider Wo = eρ2γ 4ζ 2
o

2πσ 2
o� 4 represents the constant terms,

then (5) can be simplified as

CT = Wo

2
log2

(

1+ Woexp−(2ϑdB)

d4
B

)

. (6)

In order to address the challenges in asymmetric dual-
hop relay systems (e.g., dual-hop relay transmission with
mixed FSO-RF links), it is practical to include buffering for
relaying [53]. Hence, it is assumed that the UAV is equipped
with a buffer for temporarily storing data, leading to the

FIGURE 2. Representation of changing distance with angle φ between UAV and the
FSO gateway G.

objective of calculating the average capacity of the UAV’s
backhaul link over its complete circular trajectory. However,
as illustrated in Fig. 2, the link distance between the FSO
gateway and the UAV does not linearly change, which makes
it hard to calculate the average capacity. One can note that
the link distance can be translated into the angular motion
of the UAV. Then, the UAV backhaul link distance, i.e.,
UAV to gateway distance dB, as illustrated in Fig. 2, can be
calculated as follows

dB(φ) =
√
h2
m̄ + d2

G + R2
o − 2dGRocos(φ), (7)

where hm̄ = (hm − hG), dG =
√

(xG − xs)2 + (yG − ys)2 is
the ground distance from the center of the coverage region
(xs, ys) to the center of the FSO gateway (xG, yG), and Ro =
(R − rm) is the UAV trajectory radius with UAV coverage
radius rm.
Now, using the channel capacity in (6), the average

channel capacity over the entire circular trajectory T of the
UAV can be written in the integral form as

CT (φ) = Wo

× 1

2π

∫ π

0
log2

⎛

⎝1+
Wo exp

(
−2ϑ

√
X −Y cos(φ)

)

[
X −Y cos(φ)

]2

⎞

⎠dφ,

(8)

where X = (h2
m̄+d2

G+R2
o) and Y = 2dGRo. For the sake of

mathematical simplicity, we can disregard the constant term
1 in the logarithmic expression of (8), leading to a capacity
lower bound as

CT (φ) = Wo

× 1

2π

∫ π

0
log2

(
Wo exp

(−2ϑ
√

X − Y cos(φ)
)

[
X − Y cos(φ)

]2

)

dφ,

(9)
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by using the properties of integrals, we can write (9) as

CT = Wo

2
log2(Wo)

− Wo

π
ϑ log2(e)

∫ π

0

√
X − Y cos(φ)dφ

︸ ︷︷ ︸
I1

−W0

π

∫ π

0
log2(X − Y cos(φ))dφ

︸ ︷︷ ︸
I2

. (10)

According to [54, eq. (3.670.1)], the integral I1 can be
expressed as

I1 = 2
√

X + YK

⎛

⎝

√
2Y

X + Y

⎞

⎠, (11)

where K(·) denotes the complete elliptic integral of the
first kind. Also, using [54, eq. (4.224.9)], the integral I2 can
be solved as

I2 = π

ln 2
ln

(
X +

√
X 2 − Y 2

2

)

, (12)

finally, the average backhaul capacity for the UAV aerial
BS’s complete circular trajectory can be expressed as

CT = Wo

2
log2(Wo)− Wo

π
2ϑ log2e

√
X + Y

×K

⎛

⎝

√
2Y

X + Y

⎞

⎠− Wo

ln 2
ln

(
X +

√
X 2 − Y 2

2

)

.

(13)

As stated above, the average channel capacity CT is
derived without accounting for turbulence-induced inten-
sity fluctuations. This assumption is reasonable, as foggy
conditions are typically associated with weak to moderate
turbulence. In Section IV, we numerically demonstrate that
this derived capacity remains a reliable approximation under
these turbulence conditions.

B. UAV-USER COMMUNICATION
Though line-of-sight (LoS) communications dominate UAV-
user channels [14], [55], the significance of non-LoS (NLoS)
transmission, particularly in urban contexts, cannot be
ignored. Therefore, the channel between the UAV and the
users consists of both LoS and NLoS components. The
probability of a LoS link between the UAV and the kth user
could be stated as

PLoSmk (θk) = 1

1+ ω1 exp
(− ω2[θk − ω1]

) , (14)

where ω1 and ω2 are constant parameters that depend
on carrier frequency and the communication environ-
ment, and θk = 180

π
× sin−1( hmdmk

) is the elevation
angle between the kth user and the UAV with dmk =√

(xm − xk)2 + (ym − yk)2 + h2
m, the distance between the

kth user and the UAV, which has an altitude of hm. Then,
path loss (PL) for the LoS and NLoS links could be stated
as [56]

⎧
⎪⎪⎨

⎪⎪⎩

LLoS
mk = �1

(
4π fṁdmk

c

)η

,LoS link

LNLoS
mk = �2

(
4π fṁdmk

c

)η

,NLoS link
(15)

where fṁ is the mmWave carrier frequency, and �1 and �2
represent the mean values of excessive PL for LoS and NLoS
scenarios, respectively. The impact of small-scale fading on
the mmWave AtG channels is neglected [56]. Then, the
average PL could be expressed as [56]

L̄mk = PLoSmk (θk) · LLoS
mk +

[
1− PLoSmk (θk)

] · LNLoS
mk . (16)

The aerial position of the UAV aerial BS is a function of
its antenna beamwidth �m in degree, the coverage radius rm,
and the height hm. We adopt a commonly used simplified
antenna pattern that assumes flat1 gains in the mainlobe
and sidelobe, respectively. The simplified beam pattern of
a directional beamforming antenna array is approximately
represented as [25]

Gt � Gt(φa, φe) =
⎧
⎨

⎩

G0

(�m/2)2
, φa ∈ [0, 2π), |φe| ≤ �m

2
,

g0, otherwise.,
(17)

where φa and φe are the azimuth and elevation angles of
direction. The directional gain of the main lobe is G0

(�m/2)2

with G0 = 7500. In practice, the antenna power gain g0
is considered insignificant outside the main-lobe. Thus, the
projection of the main-lobe on the ground is a disc of radius
rm = hm tan(�m/2). That is, the coverage cell of the UAV
is the projection disc of the main lobe due to the huge gap
between the main lobe level and the side lobe level [25].
It is assumed that the Doppler effect caused by the

UAV’s motion is completely adjusted at all user terminals.
Consequently, the achievable rate at the kth user in the access
link (downlink) with UAV aerial BS transmit power ζT

m can
be expressed as

�̂mk = Wm

Km
log2

(

1+ ζT
mGtGr/L̄mk

N0,m

)

, (18)

where Wm is the total mmWave bandwidth, Gt and Gr are the
transmit and receive antenna gains, respectively, Km is the
number of users covered by the UAV’s footprint, and N0,m
indicates the thermal noise power for the mmWave case.
Note that Wm

Km
indicates that an equal bandwidth allocation

policy is adopted in this paper. However, an unreliable
backhaul can limit the user data rate and also incur delays.
The rate constraint directly impacts the network throughput,

1This assumption is particularly suitable for a single-cell system wherein
sidelobes cause no interference to neighboring cells [57], since the UAV
causes no interference to GBS coverage, which operates on sub-6 GHz,
this assumption is well justified for the proposed system model.
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whereas the delay constraint is critical for control signalling
deadlines [58]. In this paper, we only consider the backhaul
rate limitation, which is caused by the weather attenuation.
As a result, when the total access link throughput exceeds
the FSO backhaul capacity at any position during the
UAV’s circular trajectory, the user rate in (18) cannot be
guaranteed. To this end, the effective throughput of the kth
user associated with the UAV aerial BS could be expressed
as

�mk =

⎧
⎪⎨

⎪⎩

�̂mk if
∑Km

k=1 �̂mk ≤ CT
�̂mkCT
∑Km

k=1 �̂mk
if

∑Km
k=1 �̂mk > CT .

(19)

One typical method is to divide the overall trajectory time
T into N different time slots, with the assumption that the
UAV’s position remains approximately constant within each
time slot [18]. To this end, the average sum-throughput of
UAV over a complete circular trajectory could be expressed
as

�̄UAV = 1

N

N∑

n=1

Km,n∑

k=1

�mk(k, n), (20)

where Km,n is the number of users covered by the UAV
and �mk(k, n) is the kth user’s throughput in the nth time
slot during its trajectory. It is worth mentioning that to
estimate the UAV’s average throughput in (20) by covering
all possible users under the footprint throughout the circular
motion, N should be large enough to minimize location
change within each time slot.

C. GBS-USER COMMUNICATION
Unlike the UAV-to-user wireless channel, the GBS-to-user
channels are dominated by the NLoS component, To this
end, the PL expression could be stated as [59]

L̄sk = �2

(
4π fcdsk

c

)η

, (21)

where fc denotes the carrier frequency for the sub-6 GHz
transmission, and dsk =

√
(xs − xk)2 + (ys − yk)2 + h2

s is the
GBS to user distance with GBS altitude hs. To this end, the
data rate of the kth user with GBS load K (all users) and a
system bandwidth Ws can be expressed as

�sk = Ws

K
log2

(

1+ ζT
s /L̄sk

N0,s

)

, (22)

where ζT
s is the transmission power of the GBS and N0,s

indicates the thermal noise power for the sub-6 GHz case.
Note that the GBS-user association does not change as the
UAV completes its trajectory. That is, the dual-mode nature
of the networks permits the GBS to serve all the users where
the UAV serves a portion of the users during the UAV’s
trajectory. To this end, during the UAV’s trajectory of N

equivalent time slots, the GBS’s average throughput could
be calculated as follows

�̄GBS = 1

N

N∑

n=1

K∑

k=1

�sk. (23)

Note that GBS’s sum throughput over N time slots does not
change, i.e., �̄GBS =∑K

k=1�sk. However, the average over
N time slots in (23) is used to make the system consistent
with the UAV trajectory, and it could also take into account
the impact of any change in the channel conditions, e.g., the
impact of small-scale fading, user mobility, etc., which are
not considered in this paper.

D. FAIRNESS PERFORMANCE METRIC
Fairness plays a vital role in the user experience and
performance of wireless networks. Overall, fairness in wire-
less networks is about striking a balance between providing
a good user experience to all users and efficiently utilizing
the limited network resources. Without a fairness metric, the
proposed UAV trajectory can offer significant rate disparities
among network users. To this end, we employ Jain’s fairness
index (JFI), which is an important measure of fairness, and
it is defined as [60], [61]

� =
(∑K

k=1 �̄k

)2

K
∑K

k=1 �̄2
k

, (24)

where �̄k = 1
N

∑N
n=1�k represents the average data rate of

the kth user after a complete UAV circular trajectory, i.e.,
�̄k accounts for the average data rate for the kth user served
by the GBS or the kth user jointly served by the GBS and
the UAV aerial BS. In comparison to other measures, Jain’s
index has a fairness criterion that considers all system users,
not only the users that are allocated minimal resources. Note
that � lies in the range [ 1

K , 1], where � =1 corresponds
to the fairest allocation, i.e., every user ideally receives the
same data rate.

III. PROBLEM FORMULATION AND RESOURCE
ALLOCATION
Note that we derived an average FSO backhaul capacity
expression in (13) because it is very complex for a mobile
UAV to simultaneously deal with instantaneous backhaul and
access link capacities. As a result, an on-board UAV data
buffer is assumed to compensate for any mismatch in the
data rate of the backhaul and access links. One can also note
that both achievable backhaul and access data rates are a
function of the UAV’s position and trajectory, both of which
depend on the UAV’s coverage radius rm and directional
antenna beamwidth �m for the considered system model.2

2It is worth noting that additional factors (e.g., the UAV’s speed and
buffering mechanism) also impact the end-to-end throughput; however, these
are assumed to be ideal and could be considered in a future study.
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A. PROBLEM FORMULATION
Given that the horizontal coordinates of the users are
known, our objective is to maximize the end-to-end average
network throughput, under certain degree of fairness and
FSO backhaul capacity constraints, by jointly optimizing the
UAV’s coverage radius and directional antenna beamwidth,
which essentially optimizes the UAV aerial BS’s trajectory.
Note that the UAV’s altitude hm is a function of both
antenna beamwidth �m and coverage radius rm, i.e., hm =
rm cot(�m/2), and rm is related to the trajectory radius Ro
as rm = R−Ro. One can note that the introduction of UAV-
enabled mmWave access links for capacity enhancement may
result in a massive disparity in the average achievable data
rates of users if the trajectory is not properly designed. To
handle this, a minimum JFI threshold �th that is commonly
used in the studies (e.g., [63]) could be introduced. To this
end, the following optimization problem is formulated to
enhance the total capacity of the network as

(P0) : max
rm,�m

�̄UAV(rm,�m)+ �̄GBS (25)

s.t. �̄UAV(rm,�m) ≤ CT , (26)

�T ≥ �th, (27)

�min ≤ �m ≤ �max, (28)

rmin ≤ rm ≤ rmax, (29)

where constraint (26) denotes that the UAV’s mmWave
access link throughput cannot exceed its average FSO
backhaul capacity, it is ensured to be satisfied by using (19).
The constraint in (27) ensures that the system fairness
�T is at least �th. Constraints in (28) and (29) define
the operational limits of the UAV’s coverage radius rm
and antenna beamwidth �m, respectively. In essence, the
sum rate of the GBS remains unaffected by changes in
the UAV’s user association due to the dual-mode operation
of users, as the GBS serves all users during the UAV’s
complete trajectory. Note that the FRMT method considers
the fairness constraint in (27) whereas the RMT method
ignores the fairness constraint. The performance of the
proposed schemes is compared with the benchmark GBS
only (GBSO) scheme, i.e., without a UAV deployment.
Note that for a given coverage trajectory based on radius

rm and beamwidth �m and FSO gateway location, the UAV’s
backhaul capacity can be explicitly calculated using (13).
However, P0 is non-convex due to the non-concave objective
function and the non-convex constraint (27) [64]. In general,
there is no systematically efficient method for obtaining
the optimal solution. To efficiently handle the trajectory
optimization, we employ WOA, a powerful metaheuristic
tool that is particularly suitable for UAV trajectory-based
scenarios [65]. The application of WOA has been specifi-
cally proposed for UAV location, placement, and trajectory
optimization problems [66]. In comparison to other heuristic
methods, WOA enhances the likelihood of avoiding local
optimum solutions. Due to its simple, adaptable, and efficient
method, WOA has been employed for a wide variety of

network optimization problems in wireless networks [67],
[68], [69], [70]. As detailed in [71], it also has a wide
spectrum of applications in various engineering domains.
Further, as demonstrated in [72], [73], WOA can solve
the optimization problems more efficiently in terms of
solution quality and convergence speed than the widely
used algorithms such as particle swarm optimization (PSO),
genetic algorithm (GA), grey wolf optimization (GWO), etc.

B. WHALE OPTIMIZATION BASED UAV-TRAJECTORY
WOA is a meta-heuristic algorithm inspired by the prey-
hunting method of whales. The WOA employs adaptive
mechanisms that balance the exploration and exploitation
characteristics of the algorithm. In WOA, whale population
Xi, i = {1, . . . , N} is initialized. Each element of this
population represents a pair of rm and �m values in
the context of our problem. The algorithm determines the
position of the best whale X∗, which represents an optimal
pair of roptm and �

opt
m values (both of which determine

the UAV aerial BS’s trajectory in Fig. 1) with the aim to
maximize the objective (fitness) function of P0 in (25).
Note that a minimization objective can be transformed into
a maximizing problem in the WOA by adding a negative
sign to the objective function. In order to achieve the
final goal, the whales’ behavior is divided into three main
steps [65], [72].

1) ENCIRCLING PREY

When the whales execute this action, before totally engulfing
their prey, they first evaluate the position of the prey. The
current best whale position is assumed to be quite close to
the optimal solution. The position of the other whales is
updated based on the best whale’s position. The following
equations can describe the behavior [65], [72]

	D =
∣
∣∣ 	C · −→X∗(q)− 	X(q)

∣
∣∣, (30)

	X(q+ 1) = −→X∗(q)− 	A · 	D, (31)

where
−→
X∗ denotes the position vector (i.e., rm,�m) of the

best solution (so far) and
−→
X represents the position vector,

q is the current iteration, |.| is the absolute value, and
‘.’ denotes the element-wise multiplication. Note that the
coefficient vectors 	A and 	C are determined as follows

	A = 2	a.	r − 	a, (32)
	C = 2.	r, (33)

where 	a is linearly reduced (2 to 0) over iterations, and 	r
is a random vector in the range [0, 1]. Note that the main
purpose of (32) and (33) is to balance the exploration and
exploitation for the algorithm.

2) BUBBLE-NET ATTACK METHOD

The spiral equation between the location of the prey and the
whale can be used to replicate the helix-shaped movement
of humpback whales as follows [65], [72]

	D′ =
∣∣
∣
−→
X∗(q)− 	X(q)

∣∣
∣, (34)
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	X(q+ 1) = −→D′ · ebκ · cos (2πκ)+−→X∗(q), (35)

where b denotes the constant value used to determine the
logarithmic spiral’s shape, and κ is a random number in the
range [−1, 1].
Since humpback whales swim around their prey in a

shrinking circle while also moving along a spiral-shaped
course, the shrinking encircling method and the spiral
approach are utilized in combination. To model this behavior,
it is assumed that each mechanism occurs with a 50%
probability, as follows

	X(q+ 1) =
{−→

X∗(q)− 	A · 	D, if p < 0.5−→
D′ · ebκ · cos(2πκ)+−→X∗(q), if p ≥ 0.5

(36)

where p is a random in [0, 1].

3) SEARCH FOR PREY

Searching for prey (exploration) can be done using the same
method based on the variation of the 	A vector. Humpback
whales, in fact, search at random based on their location. To
push the search agent away from a reference whale, 	A with
random values higher than 1 or less than -1 is employed. In
the exploration phase, as opposed to the exploitation phase,
the position of a search agent is updated based on a randomly
selected search agent as opposed to the finest search agent
discovered so far. This mechanism and |	A| > 1 emphasize
exploration and allow WOA to perform a global search.
The mathematical model for prey search is represented as
follows [65], [72]

	D =
∣∣
∣ 	C · −−→Xrand − 	X(q)

∣∣
∣, (37)

	X(q+ 1) = −−→Xrand − 	A · 	D, (38)

where
−−→
Xrand denotes a randomly chosen position vector from

the existing population. Note that meta-heuristic algorithms
have two phases: exploitation and exploration, which are
the bubble-net attacking mechanism and search for prey,
respectively. The bubble-net attack strategy exploits the best
local solution, while the prey search increases solution
diversity for global solutions. Exploitation is preferred in
early iterations, but exploration is preferred as iterations
increase.

4) CONSTRAINT HANDLING

Note that the original WOA was developed for uncon-
strained optimization problems [65]. To solve the proposed
constrained problem, we must use an efficient constraint-
handling method. The death penalty [74] is the modest one
that constructs the main objective value of the mathematical
model to be processed, and the infeasible solutions can
be discarded automatically by the heuristic algorithms.
Therefore, the death penalty method is employed in this
work to tackle the constraint in (27).
Algorithm 1 summarizes the steps of WOA to solve the

problem P0. Additional information, such as a more detailed
discussion of WOA’s working principles and complexity, can
be found in [65], [72].

Algorithm 1: Optimal UAV Trajectory Using WOA

Initialize;
Initialize the whale population Xi, i = {1, . . . , N},
Iteration q = 1, maximum number of iterations Imax,
Determine the fitness of the search agents and discover
the best search agent

−→
X∗(q).

while q < Imax do
for k← 1 to N do

Update a, A, C, κ, p.

if p < 0.5 then
if |A| < 1 then

Update
−→
D by (30) and

−→
X by (31)

else

Select a random
−→
X rand and update

−→
D

by (37) Update the position
−→
X by (38)

end
else

Update
−→
D by (34) and

−→
X by (35)

end
end
Calculate the fitness of each search agent Update
X∗(q) of the best search agent Increment the
index q = q+ 1.

end
Return X∗ (i.e., roptm , �

opt
m ).

TABLE 2. Simulation parameters.

IV. RESULTS AND SYSTEM PERFORMANCE
In this section, simulation results demonstrating the
performance of the proposed trajectory optimization model
depicted in Fig. 1 are presented. Unless otherwise stated,
the values of the system parameters used for the numerical
simulations are listed in Table 2. The WOA parameters are
population size N =150 and total iterations Imax =500. The
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FIGURE 3. Average FSO backhaul capacity (normalized) for the proposed scheme,
and under conditions of weak, moderate, and strong atmospheric turbulence using
�max = 120◦ and rm =100 m.

FSO gateway G is located dG = 800 meters away from the
origin of the coverage area. Note that the wavelength of 1550
nm is preferred for FSO transmissions over alternatives like
850 nm, 1300 nm, and 1064 nm due to its advantages in
eye safety, compatibility with current and future all-optical
networks, and its ability to transmit significantly higher
laser power with safe operation [75]. Also, the operational
range of beamwidth �m ∈ [�min,�max] is adopted as given
in [76]. The minimum UAV coverage radius is rmin =
50 m, and by design, rmax = R/2. Also, a unity receiver
antenna gain (Gr =1) is considered in this paper. The fifth-
percentile throughput, which 5G explicitly identifies as a
key performance metric [77], is a performance indicator and
represents the throughput attained by a specimen of worst-
case users [78]. The fifth-percentile throughput increases
with an increase in JFI, i.e., a higher fairness index suggests
a more even distribution of resources, so even the network’s
lowest-performing users are likely to receive a higher
minimum level of service.
Firstly, we incorporate the influence of atmospheric

turbulence into the average backhaul channel capacity in
Fig. 3. This is achieved through 5 × 103 Monte Carlo
trials, considering weak, moderate, and strong turbulence
scenarios with corresponding refraction structure parameter
C2
n of 1 × 10−15 m−2/3, 1 × 10−14 m−2/3, and 1 ×

10−13 m−2/3 [42], respectively. It can be observed that
the results for the proposed average backhaul capacity
CT presented in (13), which is derived under turbulence-
free conditions, are comparable to the average channel
capacity under weak and moderate turbulence conditions,
denoted as CWT and CMT, respectively. This is due to the
circular trajectory’s averaging effect; that is, as the UAV
moves along the circular trajectory, rapid fluctuations due
to turbulence-induced intensity fluctuations occur; however,
due to the average capacity over the entire trajectory, these
rapid fluctuations are effectively mitigated under weak and
moderate turbulence, rendering the overall turbulence effects

FIGURE 4. The FSO channel capacity (normalized) variations at different UAV
positions (N = 360) during its circular trajectory under two different visibility V
conditions using �max = 120◦ and rm =100 m.

negligible. Moreover, due to the higher altitude of the UAV
link and the foggy conditions, turbulence tends to be weak
or moderate, for which a very close match exists. However,
under strong turbulence conditions, a substantial channel
capacity attenuation is encountered, which degrades the
average backhaul capacity CST. Thus, one could conclude
that the proposed trajectory-based design is well suited for
low and moderate turbulence regimes. Note that since this
work focuses on system performance during fog events,
it is reasonable to assume weak to moderate turbulence
conditions, owing to the inverse relationship between the
foggy condition and the strength of atmospheric turbulence.
In Fig. 4, we illustrate the FSO channel capacity (nor-

malized) along a UAV’s circular trajectory comprising N =
360 equidistant points, considering low and high visibility
conditions. It is evident that significant capacity variations
arise due to the UAV’s changing position relative to the
FSO gateway, persisting across both low and high visibility
conditions. Notably, under low visibility (V = 0.7 km),
heightened variations occur due to increased attenuation.
These findings underscore challenges in managing backhaul
and access capacities simultaneously and suggest user
fairness concerns across positions. Hence, all subsequent
results are based on the average FSO backhaul channel
capacity given in (13) for the entire trajectory. Note that
it is important to realize the impact of weather attenuation
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FIGURE 5. An illustrative snapshot of the UAV’s circular trajectory and coverage
radius for backhaul capacity maximization design under four visibility conditions.

on the trajectory of the UAV aerial BS when only the FSO
backhaul link is taken into account.
The results in Fig. 5 plot one illustrative snapshot of the

UAV’s positioning during its trajectory to show the impact of
visibility conditions on the positioning of the UAV when the
mmWave access link is disregarded, i.e., a UAV trajectory
with an optimal FSO backhaul capacity is selected. One can
clearly see that during good weather conditions (e.g., V =
10 km), the UAV tends to fly at the cell edge. However, as
the visibility decreases (weather attenuation increases), the
UAV changes its trajectory and flies closer to the origin of
the GBS’s coverage area. Note that this plot only deals with
the change in the UAV’s position for an optimal backhaul
capacity under different visibility conditions; however, the
UAV’s footprint on the ground is depicted to reveal the
reflection of its changing position on its coverage area under
the employed model. Since the backhaul capacity could be
a driving force for the UAV’s positioning, it is important to
discern this shift in the UAV’s positioning before moving on
to the results that include the access link of the UAV aerial
BS for end-to-end system throughput.
Fig. 6 plots the average FSO backhaul capacity (nor-

malized) and average distance (normalized) between FSO
gateway G and UAV for different UAV coverage radii. Note
that the average backhaul capacities in this plot have been
normalized using the maximum value within each visibility
condition to clearly depict how the average channel capacity
changes with the UAV position. Otherwise, as expected,
high-visibility scenarios have a substantially greater average
backhaul capacity.
One can note that the average distance gradually decreases

as the UAV moves closer to the origin. However, despite
a slightly higher average distance, the UAV prefers to fly
close to the cell edge during high visibility conditions (V =
10 km), i.e., the UAV’s average backhaul capacity is highest
when it flies closer to the edge. It is critical to highlight that
the change in FSO backhaul capacity along the trajectory
of the UAV is non-linear due to the non-linearly varying

FIGURE 6. Average FSO backhaul capacity (normalized) under both high and low
visibility conditions, and the normalized average distance between the FSO gateway
and UAV for varying UAV coverage radii, rm.

distance. This non-linearity introduces backhaul capacity
variations at different positions. For instance, the UAV’s
backhaul capacity is expected to be highest for the UAV’s
trajectory arc, which is close to the FSO gateway in Fig. 1,
with the lowest UAV coverage radius. Whereas the backhaul
capacity is expected to be lowest for the arc of the trajectory,
which is located on the other side of the coverage area,
opposite to the FSO gateway. However, as shown in Fig. 6,
the average backhaul capacity sees a minimal change as
the UAV coverage radius is changed from a low to a high
value in good visibility conditions. Conversely, under low
visibility (V = 0.7 km), the opposite happens: the UAV
shifts its trajectory closer to the origin of the cell. That is,
the average backhaul capacity witnesses an increase as the
UAV coverage radius rm increases in low visibility. This is
due to the fact that during an adverse weather situation, a
slight increase in distance can cause significant attenuation;
hence, the UAV aerial BS tends to fly closer to the origin to
minimize the impact of distance-based attenuation. Also, in
adverse weather, the trajectory arc on the opposite side of
the FSO gateway could produce substantially lower channel
capacity (due to an increased distance). This in turn, in
adverse weather, dictates the UAV to fly closer to the origin,
where the average backhaul capacity is better than in the
cell-edge scenario. Whereas during more frequent normal
weather conditions, the UAV takes advantage of flying at
the cell edge.
Henceforth, the results are presented by solving the

problem P0, i.e., the impact of both access and backhaul links
is incorporated using the UAV’s parameters (coverage radius
rm and antenna beamwidth �m), which are optimized for an
optimal UAV 3D circular trajectory. According to (17), to
achieve a high directional antenna gain, a minimal practical
value of beamwidth �m should be employed. It follows that
the UAV is expected to operate with a narrow beamwidth
from the viewpoint of the ground users of the UAV aerial
BS to harvest more gain. Fig. 7 gives a pictorial account
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FIGURE 7. The 3D coverage footprint of the UAV using the FRMT approach under three different thresholds �th, based on three different weather attenuation conditions.

FIGURE 8. Optimal UAV coverage radius and antenna beamwidth versus weather attenuation under three cases of fairness threshold.

of the UAV changing its optimal coverage radius roptm (and
beamwidth �

opt
m ) for three fairness threshold �th values under

three low visibility conditions using the FRMT method. As
expected, UAV covers more area as the fairness threshold �th
is increased. It is also worth noting that the UAV’s coverage
radius increases as the visibility decreases; this is because

the UAV’s backhaul is compromised by the adverse weather
and it tends to fly closer to the origin, unlike during normal
weather conditions. Also note that, from the access link’s
viewpoint, the UAV increases its coverage radius due to the
nature of the disc-based model. That is, when the UAV flies
closer to its origin, it covers more area.
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FIGURE 9. Average user throughput and fifth-percentile throughput of the network under three cases of fairness threshold �th.

FIGURE 10. Hourly visibility histogram for Edinburgh and London from January
2019 to June 2020.

V. APPLICATION USING PRACTICAL MEASUREMENTS
The results in Fig. 8 show the optimal UAV coverage
radius roptm and antenna beamwidth �

opt
m in Fig. 8(a) and

Fig. 8(b), respectively, for FRMT and RMT methods under
different weather attenuation conditions. One can note that
the FRMT offers more UAV coverage compared to its RMT
counterpart, and the UAV’s coverage radius increases as
the fairness threshold �th is increased. This is due to the
fact that higher fairness is achieved when UAV cover more
users. Also, an increase in weather attenuation hampers
its backhaul capacity; the UAV tends to fly closer to the
origin, hence increased UAV coverage, to reduce the impact
of weather attenuation. The directional antenna beamwidth
also increases because the UAV tends to fly as low as
possible to minimize the distance from the gateway G. It is
worth mentioning that for the antenna model given in (17),
UAV offers a higher gain at low beamwidth values, i.e.,
G0/(�m/2)2. For this reason, UAV tries to keep a low
beamwidth profile to harvest more gain in the access link
during low weather attenuation. However, one can note that
for a given coverage radius, the UAV needs to fly higher

at low beamwidth values, i.e., hm = rm cot(�m/2), which
indicates that from the access link’s viewpoint, cell-edge
(low UAV coverage radius) offers a combination of low
beamwidth and low height (lower PL), compared to when the
UAV is close to the origin. For this reason, when the UAV
has a reliable backhaul, it tends to have a lower coverage
radius and beamwidth. However, as the weather attenuation
increases, its backhaul is compromised, and the UAV shifts
closer to the origin as higher values of roptm and �

opt
m are

desirable to fly as low as possible to minimize the impact
on its backhaul. In essence, as the visibility diminishes, the
concern shifts from extracting the most from the mmWave
access link to the FSO backhaul, and the UAV moves closer
to the origin, in which, by design, the UAV has a larger
coverage footprint.
The optimal average user throughput �̄k and fifth-

percentile throughput �̄5 of the RMT, FRMT, and GBSO
systems are plotted in Fig. 9. It is evident that the RMT and
FRMT methods outperform the GBSO deployment for both
performance metrics during different weather attenuation
situations. One can also observe that there is a performance
tradeoff between �̄k and �̄5 metrics for RMT and FRMT
methods. That is, as the fairness threshold �th of the
FRMT method increases, �̄k diminishes, but �̄5 tends to
improve. It is also worth noticing that the performance
of both RMT and FRMT methods converges under higher
weather attenuation coefficient ϑ values. This is due to
the fact that for higher weather attenuation, the UAV shifts
its trajectory closer to the origin to reduce the adverse
impact of weather on its backhaul capacity and reaches
its maximum value of R

2 radius. The proposed systems
enable some capacity gain even at high weather attenuation
(e.g., 25 dB/km), which encourages the use of FSO-based
backhauling to keep functioning under certain adverse
conditions.
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FIGURE 11. The average achievable user data rate �̄k and fifth-percentile throughput �̄5 of the users (�th = 0.6) versus the fog hours in Edinburgh and London from January
2019 to June 2020.

According to the international definition, fog, mist, and
haze are defined as visibility of V < 1 km, 1 ≤ V < 2
km, and 2 ≤ V < 5 km, respectively. Fig. 10 plots the
histogram of hourly visibility for the cities of Edinburgh and
London as reported by the United Kingdom Meteorological
Office for January 2019 to June 2020, totaling Htot =
13,106 hours (Edinburgh), Htot = 13,128 hours (London).
As can be seen, the probability of fog events (visibility
< 1 km), which can severely deteriorate the FSO link’s
performance, is significantly small. This indicates that
adverse weather conditions, such as fog, are not frequent in
many geographical areas. The fact that FSO links operate
effectively the majority of the time in typical weather
conditions paves the way for the UAV aerial BS to simply
play its role in enhancing the capacity of the system. Despite
very rare low visibility conditions, however, it is interesting
to evaluate the performance of FSO-based systems in these
practical conditions.
The cities of Edinburgh and London experienced only 87

and 56 hours of fog events (visibility < 1 km), respectively,

from January 2019 to June 2020, which is only almost 0.66%
and 0.43% of the specified duration. To this end, FSO-based
backhauling is assumed to be very rarely compromised. The
performance of the FSO links is always expected to be better
in the two other weather attenuation conditions, mist and
haze, because fog delivers the worst weather attenuation
for the FSO links. To this end, we only investigate the
performance of the proposed system using the practical
weather data from the cities of Edinburgh and London for
the foggy channel conditions, i.e., visibility < 1 km.
Fig. 11 shows the average user data rate �̄k and fifth-

percentile throughput �̄5 in Edinburgh and London for low
visibility conditions under the fairness threshold �th = 0.6.
One can see that even in rare low visibility conditions, the
proposed trajectory-based methods RMT and FRMT show
significant performance improvements on most occasions
using both �̄k and �̄5 metrics. For example, during fog
hours 10 and 16 in Edinburgh and London, respectively,
substantial improvement could be witnessed in terms of both
average user throughput �̄k and fifth-percentile throughput
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�̄5 compared to the GBSO case. Moreover, as expected, the
RMT design performs better than FRMT in terms of �̄k

in Fig. 11(a) and Fig. 11(c), whereas FRMT outperforms
its counterpart RMT for the �̄5 metric in Fig. 11(b) and
Fig. 11(d). It is also worth pointing out that on some
occasions (e.g., dense fog) during low-visibility conditions,
the FSO backhaul is totally compromised, as seen during
fog hours 30 and 50 in Edinburgh and London, respectively.
One can also visualize that the proposed RMT and FRMT

trajectory schemes will offer similar performance with a
tradeoff between achievable data rate and fifth-percentile
throughput when the system is investigated using other
values of the JFI threshold �th (e.g., 0.4, 0.8) using real
data. Moreover, it could also be concluded that when the
practical data for mist and haze is applied, the proposed
RMT and FRMT methods are considered to display much
better performance than in low visibility conditions. Hence,
the proposed schemes offer substantial capacity enhancement
on several occasions, even in rare foggy channel conditions,
and the fairness threshold could be adjusted to meet a
desired system-level fairness. These findings indicate that
UAV-aided FSO backhauling can substantially enhance
system performance and capacity not only in more frequent
normal weather situations but also in rare adverse weather
conditions, e.g., thin, light, and moderately foggy channel
conditions.

VI. CONCLUSION
This paper proposes a UAV-aided network capacity enhance-
ment technique that takes into account the UAV backhaul
situation to optimize its circular trajectory for maximizing the
end-to-end capacity of the network with a degree of fairness.
The UAV aerial BS is considered to be backhauled using an
FSO link for the capacity enhancement of a network served
by a GBS. We have shown that the UAV adaptively changes
its trajectory using the relevant parameters (e.g., coverage
radius, antenna beamwidth) owing to the impact of existing
weather conditions on the FSO backhaul link. As expected,
the UAV’s coverage footprint increases with an increase in
the fairness requirement. Specifically, during more frequent
good weather conditions, the reliability of the backhaul is
not a concern as its FSO link offers high capacity and the
UAV’s coverage varies as the fairness threshold is changed.
However, as the weather attenuation increases, the UAV
adaptively changes its trajectory to minimize the adverse
impact of weather on its backhaul. In other words, as the
weather changes from good to bad, the concern shifts from
the UAV’s access link to its backhaul link, and the UAV alters
its trajectory adaptively. Results based on practical weather
measurements also reveal that the proposed methods can
enhance the capacity of the network in several low-visibility
situations. Practical applications of such UAV-aided capacity
enhancement could be witnessed during events or high-
demand places in future wireless networks. This work could
be extended to explore the effects of a circular trajectory
with multiple UAVs. Also, the impact of the UAV’s velocity

on highly directional backhaul links could be a promising
direction to pursue.
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