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ABSTRACT In this work, we propose employing multi-laser powered unmanned aerial vehicle (UAV)
swarms to provide wireless communications coverage for distant offshore users. Towards this end, we
formulate the total spectral efficiency and worst-case spectral efficiency maximization problems while
considering UAVs’ 3D locations, lasers power allocation, and UAVs’ radiated power as the system degrees
of freedom. We solve these problems using the single-block successive convex approximation (SCA)
approach, for which we derive a novel SCA-compatible bound for the harvested power. Finally, we assess
the efficacy of the proposed solutions via numerical simulations, sweeping over different system parameters
as the number of laser sources, UAVs, the maximum laser output power, and the laser sources locations.
The numerical results show that our proposed solution provides 15-40% optimization gains over the
considered low-complexity benchmark. In addition, total and worst-case spectral efficiency performance
gains, up to 33% and 60%, respectively, are observed compared with tethered swarm architecture under low
atmospheric turbulence assumptions. Moreover, numerical results reveal that there is an optimal number
of swarm UAVs that is coupled with the available system energy budget.

INDEX TERMS Maritime communications, laser-powered UAVs, multi-laser, UAV swarm optimization,
resource allocation, offshore coverage, single-block successive convex approximation (SCA), wireless
networks.

I. Introduction

OVER recent decades, the interest in maritime activities
such as ocean exploration, shipping, cruises, fishing,

and environmental monitoring has witnessed a significant
rise. Seaborne trade volume, a key indicator, grew by 21.5%
since 2010 to reach 11.08 billion tons in 2019, and the global
container fleet expanded by over 32% in the same decade,
according to the United Nations Conference on Trade and
Development (2019) [1]. Accordingly, the need for different
types of communications coverage over seas and oceans has
surged and highlighted the critical challenges of maritime
connectivity [2]–[5]. According to the Global Maritime
Trends 2050 report [6], 11-17% of the global shipping fleet
is projected to be autonomous by 2040, transforming the
global maritime industry and necessitating robust, reliable,
and high-capacity communication networks to support re-
mote operations, real-time monitoring, and data exchange.
Currently, research efforts are focusing on addressing these
challenges through various approaches, extended from purely
terrestrial solutions to integrated non-terrestrial networks and
specialized unmanned aerial vehicle (UAV) systems.

Initial research efforts focused on terrestrially supported
maritime communication network solutions to provide ser-
vice to offshore areas [7]–[10]. These approaches primarily
employed advanced beamforming techniques with various
optimization objectives: maximizing minimum data rates via
multi-timescale beamforming [7], minimizing power con-
sumption through cooperative terrestrial-maritime schemes
[8], [9], and ensuring robust communications under imper-
fect channel conditions caused by sea wave fluctuations [10].
Notably, studies like [9] explored enhancing performance
by equipping maritime relays with both active relays and
passive Reconfigurable Intelligent Surface (RIS) setups. De-
spite these advancements, purely terrestrial solutions face
fundamental limitations in providing coverage to distant
offshore areas due to base station location constraints, signal
propagation challenges, and the curvature of the Earth.

To overcome the limitations of terrestrial-only networks,
integrated terrestrial and non-terrestrial maritime networks
have emerged as a promising approach for comprehensive
maritime coverage [2], [11], [12]. Maritime environments
present unique challenges, including heterogeneous commu-
nication demands, sparse user spatial density, and inher-

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME , 1



A. M. Abdelhady et al.: Multi-Laser Powered UAV Swarm for Extended Offshore Coverage

ently dynamic wireless channels. Heterogeneous demands
stem from diverse user types with varying throughput and
reliability requirements, complicating resource allocation.
Sparse spatial density renders fixed infrastructure economi-
cally impractical, necessitating flexible and adaptive network
architectures capable of dynamically adjusting deployment
configurations and resource management to the spatially
and temporally varying demand patterns encountered in
maritime environments. Such characteristics make the mar-
itime network architecture design, deployment configuration
and resources management critical. Subsequently, research
in this domain has explored various approaches: stochastic
geometry modeling for satellite-based communications [13],
synergistic deployment of terrestrial base stations with LEO
satellites [14], and hybrid architectures combining satellites
with tethered UAVs [15], [16]. In particular, in [13] the
authors assess the system-level, coverage probability, per-
formance of satellite-based maritime networking while cap-
turing the sparse spatial density characteristics for users and
satellites, modeling them as point processes and evaluating.
In [14], the authors proposed a network architecture where
a multi-antenna terrestrial base station and LEO satellite
collaborate to provide coverage for both near-shore and
off-shore users. In this work, they addressed the dynam-
icity of the maritime channels by proper modeling of the
sea-wave-induced channel variations, and employing robust
beamforming. In [15], the authors studied the power alloca-
tion problem for a hybrid satellite-UAVs-terrestrial network
setup, and addressed the channel dynamicity problem by
adopting large-scale CSI. Along similar lines, in [16], the
authors address the service demands heterogeneity challenge
by employing a hybrid non-terrestrial -terrestrial setup and
maximizing the minimum ergodic rate for high-priority users
whilst maintaining interference below a certain threshold for
standard users.

These studies address critical maritime communication
challenges, including robust beamforming under dynamic
maritime channels, non-orthogonal multiple access for near-
shore coverage, and prioritized resource allocation for differ-
ent user classes. While these integrated approaches extend
coverage significantly, they often face challenges in provid-
ing cost-effective, flexible solutions with high data rates.

UAV-based solutions have emerged as a particularly
promising component for maritime communications due to
their flexibility and ability to provide on-demand coverage.
These approaches have gained significant attention in nu-
merous research studies [17], establishing themselves as a
key non-terrestrial connectivity option. In [18], the authors
propose three different architectures for the deployment of a
single UAV-aided relaying solution for maritime - terrestrial
connectivity to address large container vessels blockages.
Many recent contributions have been devoted to investigating
the incorporation of RISs with UAV supported maritime
networks [19]–[21]. In [19], the authors adopt reinforcement
learning to maximize the overall system’s long-term uplink

energy efficiency of a terrestrial maritime communication
system supported by a RIS-equipped-UAV, under malicious
jamming. Towards this aim, the power allocation at the
terrestrial base station, both active and passive RIS elements
phase and the active/passive elements splitting ratio are tuned
while maintaining a pre-determined minimum signal-to-
interference-plus-noise (SINR) ratio for the maritime users.
In [20], the authors consider aerial-RIS-supported martime
communications to counteract the terrestrial link blockage.
Towards this end, RIS elements are tuned, to maximize the
overall system achievable rate based on the channel state
information (CSI) values estimated through the proposed
two-phase channel estimation protocol therein. Along similar
lines, in [21], the authors exploit deep reinforcement learning
to maximize the long-term energy efficiency of a multi-user
maritime communications system comprised of a terrestrial
base station and a RIS-equipped UAV. The UAV placement,
energy harvesting phase time portion, RIS reflection coeffi-
cients, and transmitter beamforming are optimized. While
RIS integration enhances signal quality, optimizing UAV
movement patterns presents another critical dimension for
maritime communications.

Beyond basic UAV deployment, trajectory optimization
is critical for maximizing the effectiveness of UAV-aided
maritime networks [22]–[27]. Recent studies have addressed
diverse maritime communication scenarios including: maxi-
mizing ships’ secrecy rates in the presence of eavesdroppers
[25], optimizing multiple relaying UAVs to extend terres-
trial coverage for mobile vessels [28], coordinating multiple
UAVs serving as relays between terrestrial and satellite
networks [26], and enhancing emergency maritime com-
munications [29]. An innovative approach involves tethered
UAVs positioned both onshore and onboard ships to provide
sustainable extended offshore coverage [30]. Despite these
advances, UAV-based maritime solutions face significant lim-
itations: conventional UAVs suffer from limited endurance
due to battery constraints, while tethered UAVs, though
offering extended operation time, are severely restricted in
their mobility and deployment locations. These constraints
create a challenge in maritime communications where both
endurance and positioning flexibility are simultaneously re-
quired.

A promising approach to overcome these limitations is
through laser-powered UAV technology, which combines the
endurance advantages of tethered UAVs with the position-
ing flexibility of conventional UAVs. This technology has
attracted significant attention [31]–[35] due to its extended
flight range and unlimited duration capabilities while main-
taining freedom of movement. Research has explored several
key directions: optimizing outage and error probabilities for
large-scale laser-powered UAV systems [31]; maximizing
wireless charging efficiency through 3D placement opti-
mization [32]; enhancing data collection through cluster
formation and trajectory planning [33]; joint optimization
of UAV placement/trajectory with resource allocation [34],
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[35]; and advanced power management strategies including
energy allocation, task offloading, and opportunistic rooftop
resting [36], [37]. Recent work has also investigated simul-
taneous wireless information and power transfer [38], [39]
and explored laser-powered UAVs as relays [40] or enablers
for internet of things (IoT) backscattering networks [41],
[42]. However, despite this growing body of research, the
application of multi-laser powered UAV swarms specifically
for extended offshore coverage remains unexplored. Unlike
single laser powered UAV setups, employing multiple lasers
to power a swarm entails significant challenges represented
in power distribution of laser sources between different
swarm elements, which in turn controls their reachable space.
In addition, it makes the power reception device design more
challenging compared with the single power source case, as
multi-directional reception is needed.

To address this gap, we propose the first systematic study
of multi-laser powered UAV swarms for extended offshore
coverage, combining the flexibility of swarm coordination
with laser-sustained operation to enable persistent broadband
connectivity in maritime environments. The main contri-
butions of this work towards this aim are summarized as
follows:

• Proposing a novel maritime wireless communication
architecture where multi-laser powered UAV swarms
equipped with hemispherical photoelectric converters
provide robust broadband coverage to offshore nodes,
eliminating the need for complex tracking systems
while ensuring efficient power reception at extended
ranges and high angles of incidence.

• Proposing the use of antennas featuring hemispherical
radiation pattern onboard offshore ships mounted on
gyroscopic mechanical stabilizers to eliminate the spec-
ular reflection contribution to the received signal.

• Deriving a comprehensive analytical model for power
harvesting efficiency in hemispherical photoelectric
converters, enabling accurate prediction of captured
optical power from multiple laser sources at varying
incident angles and distances for maritime UAV appli-
cations.

• Developing a single-block successive convex approx-
imation (SCA) approach to solve the non-convex op-
timization problem of UAV placement, laser power
allocation, and transmission power control. Our solution
targets overall and worst-case user spectral efficiency
(SE) maximization through novel SCA-compatible
bounds for the hemispherical receiver setup and UAV-
mounted uniform planar antenna arrays.

• Validating our approach through rigorous simulations
with real maritime vessel data, we demonstrate signifi-
cant improvements in both total spectral efficiency and
worst-case user performance compared to benchmark
low-complexity solutions and a corresponding tethered
UAVs setup.

Notations: In this paper, we represent vectors by small
bold letters as a, where a = [ax ay az]

T, with ax, ay, and
az representing its x, y, and z coordinates, respectively, and
(.)T representing the transpose operator. Furthermore, we use
||.||2 to denote the ℓ2-norm, while we use |.| to represent the
absolute value of a scalar, or the Lebesgue measure of a set.
I(C) represents an indicator function where I(C) = 1 if the
condition C is satisfied and I(C) = 0, otherwise. We use
calligraphic fonts to represent symbols for sets. Moreover,
we use F.O.T[.] as an operator that finds the first-order
Taylor series expansion of the argument function.

The rest of this paper is organized as follows: first, we
detail the considered system and channel models in Section
II. Next in Section III, we formulate and solve the system
overall spectral efficiency maximization using single-block
SCA. We then propose a single-block SCA-based solution of
minimum spectral efficiency maximization problem in Sec-
tion IV. Subsequently, we present extensive set of simulations
in Section V. Finally, the paper is concluded in Section VI.

II. System and Channel Models
In this work, we consider a non-terrestrial-aided maritime
network consisting of K quasi-stationary maritime users,
served by a swarm of rotary wing UAVs consisting of U
identical elements. In order to provide uninterrupted and
extended offshore coverage, the UAV swarm is remotely
charged by L powerful laser sources deployed onshore at
fixed locations. The UAVs’ locations are denoted by Qu,
where the position of the i-th UAV is given by qU

i ≜[
qUi,x qUi,y qUi,z

]T
. Likewise, the laser sources locations are

denoted by QL, where the location of the i-th laser source is
given by the vector qL

i ≜
[
qLi,x qLi,y qLi,z

]T
. We assume that

the optical radiated power from each Laser source is split into
U directive beams each of which is directed towards one of
the UAVs. We further assume that the angular pointing error
for all laser beams is limited to θerr.

At the UAVs’ side, a photoelectric converter with hemi-
spherical aperture of radius rpd is used to alleviate the need
for laser beam tracking at the UAV, with RPD photodetector
responsivity. The radiated laser power portion by the ℓ-
th laser source dedicated to the i-th UAV is denoted by
PL
i,ℓ, while PL represents the set of all radiated laser power

variables. Furthermore, all the laser sources are assumed
identical, featuring a beam-divergence angle of ∆θ and
initial beam diameter of Do. The maximum optical output
power of the considered lasers is denoted by PL

M and is set
according to radiation exposure limits and the laser source
output rating. In Fig. 1, we present an example for the
considered setup with L = 2, U = 3, and K = 5.

Each UAV is equipped with a uniform planar array of NT-
antenna elements, with a carrier frequency fc. In addition,
the proposed framework assumes a symmetric orthogonal
multiple access scheme, such as time division multiple
access (TDMA) with equal time slots, frequency division
multiple access (FDMA) with equal bandwidth shares, or
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FIGURE 1: Illustration of the multi-laser powered UAV swarm maritime communication system with L = 2 laser sources, U = 3 UAVs, and K = 5

maritime users.

code division multiple access (CDMA) with equal code
allocation, all of which yield identical rate expressions under
the considered formulation. Accordingly, each UAV employs
coherent beamforming to focus the radiated power towards
the user determined by the round-robin scheduler. We define
the radiated power by the i-th UAV as pi, while the set of all
radiated power variables is denoted by p. The radiated power
from UAVs at any instant are restricted to exceed a maximum
value of PU

M to comply with radiation exposure limits.
Moreover, we assume that each ship is equipped with a
receiving antenna featuring a hemispherical radiation pattern.
Furthermore, it is assumed that the receiving antenna is
mounted on a stabilizing platform with automatic controllers
that compensate for the sea waves motion and maintain
a horizontal orientation for the receiver with a maximum
residual error of θerrStab. In order to harmonize the operation of
the UAV swarm, we assume a central controller provides the
swarm with synchronization signals to allow for harnessing
the gains of the collaborative beamforming [43]. In addition,
we assume that the control signaling between the central
controller and the swarm elements operates on a separate
frequency band to avoid interference with both the access
and the backhaul links. We further assume that the backhaul
links between the swarm and the central controller are pro-
visioned with sufficient bandwidth to support the maximum
aggregate rate that the swarm can deliver to the served users;
such bandwidth can be realized through free-space optical
communications. The UAV swarm adopts a fly-then-hover
strategy, where the hovering locations and the associated
laser and UAV power allocations are optimized at every

coherence interval. Since only quasi-stationary users are
considered, the required propulsion power during the flying
phase can be approximated by the UAV hovering power. The
practical deployment of the proposed algorithms necessitates
optimized software and hardware implementation to ensure
that each problem instance is solved within the channel
coherence time.

A. CHANNEL MODEL
As for the channel model, we focus in this work on offshore
communications with limited communication range, where
users are located within a rectangular region with extending
LR m over the coastline and WR m normal to the coastline.
Accordingly, we assume calm sea conditions, for which
the number of multipath reflections between the UAVs and
the maritime users is significantly reduced. It is reported
in [44] that for low altitude communications, the two-ray
channel model best describes path loss for air-to-sea links in
86% of the cases in the conducted measurement campaign,
while 95% of the cases are best described by the three-
ray model. It is worth mentioning, that Rician and Rayleigh
small fading models are suitable for high-state sea level [45].
The adoption of two-ray/ three-ray model depends on the
communications range and a threshold distance called dbreak,
expressed as [46]

dbreak =
4hRhT

λ
, (1)

where hR and hT, represent the receiver, and the transmitter
heights, respectively, while λ represents the transmission
wavelength. Assuming a minimum UAV height of 40 m
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above the sea surface and receiver antenna height of 5 m
on the ship, the break distance varies between 16 and 21
Kms for radio transmission over frequencies between 6− 8
GHz. In this study, the region of interest is a 10 Km ×
10 Km, hence, the maximum UAV-user separation distance
does not exceed dbreak. Accordingly, the third ray reflected
from the ducting layer can be neglected. In addition, the
ships’ receiver position above sea level, along with horizontal
orientation maintenance via stabilizer, and the hemispherical
receiving antenna gain ensures that the specular reflection
from the sea will not contribute to the received signal under
the condition that tan−1(zUmin/

√
L2
R +W 2

R) ≥ θerrStab, where
zUmin represents the UAV minimum permissible altitude. The
coherence time of a link between a UAV and a ship can be
approximated by the inverse of the Doppler spread, and is
expressed as

Tc =
1

2v| cos(θ)|
c

fc
, (2)

where v denotes the ship speed, θ is the angle the ship’s
velocity vector and the line connecting the UAV to the ship,
and c is the speed of light. For fishing trips and scenic
cruising, v ranges from 1 to 5 knots; hence, the worst-case
coherence time for the maritime carrier frequencies of 6 to
8 GHz is approximately 7 to 48 ms.

Consequently, the channel model adopted in this work is
a deterministic pathloss power-law model.

In such a setup, the received signal by the i-th user at its
dedicated time slot is given by

yi =

U∑
ℓ=1

hi,ℓ
√
pℓsi + ni, (3)

where hi,ℓ represents the channel gain coefficient between
the ℓ-th UAV and the i-th user, si is the transmitted symbol
to the i-th user, and ni denotes the additive white Gaussian
noise arising at the receiver circuitry. It is worth mentioning
that ni follows a complex circularly symmetric Gaussian
distribution with zero mean and σ2

n variance. Based on
the previously mentioned channel model assumptions, the
channel gain coefficient can be expressed as

hi,ℓ =

√(
c

4πfc

)2
1

dγi,ℓ
GT,i,ℓGRe

−j
2πdi,ℓ

λ , (4)

where c represents the speed of light in free space, di,ℓ is
the distance between the ℓ-th UAV and the i-th user, γ is the
path loss exponent, and GR represents the antenna gain at
all users measured along the direction of all the transmitters.
GT,i,ℓ represents the antenna gain of the ℓ-th UAV antenna
measured along the direction pointing to the i-th user and is
expressed as

GT,i,ℓ = N2
T

(
quℓ,z
di,ℓ

)ζ

, (5)

[47] where ζ determines the transmitting antenna directivity.
It is worth mentioning that the fraction

quℓ,z
di,ℓ

represents cosine
the angle between the normal to the antenna array of the ℓ-th

UAV and the line joining the center of the array and the i-th
user.

B. HARVESTED POWER USING A HEMISPHERICAL
PHOTOELECTRIC CONVERTER APERTURE
Before defining the operation optimization problem, we first
establish key performance metrics. Accordingly, we start
with the total power harvested at the i-th UAV from all laser
sources, expressed as [48, Eq. 2.21]

PH
i = 0.75vtxi ln

(
1 +

xi

Io

)
, (6)

where xi represents the photoelectric current generated at
the i-th UAV photoelectric converter, and Io represents the
dark saturation current. Since each UAV is being charged
from all the laser sources, xi is the generated current due to
the superposition of all incident laser beams. Consequently,
xi can be expressed as

xi = RPD

L∑
ℓ=1

P opt
i,ℓ , (7)

where P opt
i,ℓ represents the captured optical power at the i-

th UAV from the ℓ-th laser source. Given that the distances
between the UAVs and the laser sources are much larger than
the photoelectric converter dimensions, the power density
variations over the converter area become negligible and all
incident rays on the aperture can be treated as parallel [49].
Notably, the resulting harvested energy approximation error
does not exceed 0.5% for all separation distances considered
in this work. Consequently, P opt

i,ℓ can be expressed in terms
of the effective area of the photoelectric converter at the i-th
UAV as perceived from the ℓ-th laser location, Aeff

i,ℓ , and the
laser power density due to the ℓ-th laser source beam at the
i-th UAV as

P opt
i,ℓ ≈ Aeff

i,ℓP
d
i,ℓ. (8)

For a Gaussian laser beam in a far-field setting, P d
i,ℓ can

be expressed as [49]

P d
i,ℓ = PL

i,ℓe
−8( θerr

∆θ )
2 e−αdL

i,ℓ(
Do +∆θdLi,ℓ

)2 , (9)

where

α = αc + αs, (10)

and

αs = 0.2 ln(10)

√
23.17

(
2π

λL

) 7
6

C2
n, (11)

where α represents the overall laser beam attenuation coef-
ficient due to absorption, scattering and scintillation, while
dLi,ℓ denotes the distance between the i-th UAV and the ℓ-
th laser source. In addition, αc is the extinction coefficient,
αs denotes the scintillation exponent, λL represents the
laser beam wavelength and C2

n resembles the atmospheric
turbulence coefficient. It is worth mentioning that angular
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pointing errors of microradians and sub-microradians are at-
tainable using gimbals, moving mirrors and hybrid structures
constituting of both [50].

Recalling that the effective area of an aperture is the equiv-
alent orthogonal area to the impinging radiation direction,
that captures the same amount of power, as depicted in Fig. 2.
By projecting the hemisphere area onto the plane orthogonal
to the line joining the centers of the i-th UAV and the ℓ-th
laser source, Aeff

i,ℓ can be expressed as

Aeff
i,ℓ =

πr2PD

2

(
1 +

qUi,z − qLℓ,z
dLi,ℓ

)
. (12)

C. HEMISPHERICAL VS FLAT PHOTOELECTRIC
CONVERTERS FOR LASER POWERED UAVs
In this section, we highlight the advantages of employing
hemispherical apertured photoelectric converters in laser
powered UAVs. Firstly, we classify the employed energy
receivers that could serve this purpose into two categories,
static and dynamic receivers. In dynamic systems, energy
transmission performance is optimized when the normal
to the aperture aligns with the line joining the transmitter
and the receiver, in such case the effective aperture area
matches the physical aperture. To achieve this gain, this
alignment comes at the cost of adding pointing and tracking
system onboard the UAV which adds significant system
complexity and questions the overall charging efficiency as
the UAV weight increases, and the needed propulsion power
in turn. Consequently, it is favorable to install a static energy
receiver onboard UAV to alleviate the alignment burden,
which reduces to that on the transmitter side.

The geometric configuration of the receiver aperture is
crucial as it directly determines the effective collection
area across various incidence angles, thereby significantly
impacting the overall charging efficiency of the system. We
consider two cases, namely, a fixed flat horizontal aperture
patched to the UAV’s bottom, and a hemispherical aperture.
To compare these cases, we plot the effective aperture area
of both geometries given identical physical aperture area of 1
cm2. As shown in Fig. 3, for angles of incidence below 70◦

approximately, the flat surface receiver dominates; however,
it fails severely when the angle of incidence approaches 90◦.
On the other hand, the hemispherical receiver maintains a
minimum effective area equivalent to a quarter of the physi-
cal area, ensuring reasonable efficiency at high angles of inci-
dence. Therefore, understanding the typical operating angles
of incidence is critical when designing laser-powered UAV
systems. A key advantage of laser-powered UAVs is their
capability to operate at extended distances from the charging
source while maintaining continuous flight. However, these
systems typically operate within a limited range of permis-
sible altitudes due to safety and operational constraints. In
Fig. 4, we plot the effective areas of both receiving apertures
as the horizontal distance increases between the UAV and
the laser source while it maintains a constant height. The

three plotted curves per receiving architecture represent the
set of heights 100, 300, 500 m. It is clearly observed that
even for 500 m height, the hemispherical receiver provides
significant gains at 2 km horizontal distance and beyond.
Hence, for the operational regions of interest in maritime
laser-powered UAV applications – particularly at extended
horizontal distances beyond 2 km – hemispherical receivers
are highly recommended due to their superior performance
at the inevitable high angles of incidence.

FIGURE 2: Geometry of the effective area of the photoelectric
converter

FIGURE 3: Effective area of the photoelectric converter vs angle of
incidence.

III. Overall System Spectral Efficiency Maximization
The lack of broadband terrestrial coverage, coupled with the
large link latency and limited bandwidth offered by satellite
constellations, highlights the need for aerial platform-based
wireless coverage. This work adopts spectral efficiency as
the primary performance metric, which directly captures
the physical layer capacity under the proposed optimiza-
tion framework. Coverage fairness is addressed through the
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FIGURE 4: Effective area of the photoelectric converter vs horizontal
distance between UAV and laser source at different fixed heights.

worst-case SE formulation presented in the next section.
Cross-layer metrics such as latency and reliability, which
depend on traffic characteristics and protocol design, are
identified as directions for future work. In this section, we
study the network overall spectral efficiency maximization
problem for the considered laser-powered UAV swarm setup
while maintaining a minimum quality-of-service for users
experiencing inferior channels. We focus on optimizing
UAVs locations, power allocation, and power distribution
among the UAV swarm.

It is well-known that the capacity achieving distribution
for si is the proper complex Gaussian distribution [51].
Consequently, the overall average spectral efficiency for the
considered setup when Gaussian codebook is adopted is
expressed as:

R =

K∑
i=1

Ri, (13)

with Ri is defined as:

Ri =
1

K
log2

(
1 +

βo

σ2
n

U∑
ℓ=1

pℓ
dγi,ℓ

(
quℓ,z
di,ℓ

)ζ
)
, (14)

where βo =
(

c
4πfc

)2
N2

TGR. The overall spectral efficiency
maximization can then be formally defined as:

(P1) max
Qu,PL,p

R

Subject to

C1 : ||qu
i − qu

j ||2 ≥ dcmin, ∀(i, j) ∈ {1, .., U}2, i ̸= j

C2 :

U∑
i=1

PL
i,ℓ ≤ PL

M, ∀ℓ ∈ {1, . . . , L}

C3 : PHov + pi ≤ PH
i , ∀i ∈ {1, . . . , U}

C4a : zUmin ≤ qUi,z ≤ zUmax, ∀i ∈ {1, . . . , U}
C4b : −LR/2 ≤ qUi,x ≤ LR/2, ∀i ∈ {1, . . . , U}
C4c : 0 ≤ qUi,y ≤WR, ∀i ∈ {1, . . . , U}
C5 : Ri ≥ Rmin,i ∀i ∈ {1, . . . ,K}
C6 : pi ≤ PU

M ∀i ∈ {1, . . . , U},

where dcmin represents the minimum acceptable inter-
separation distance between any two UAVs, PHov is the
needed propulsion power to keep the UAV hovering, zUmax

denote the maximum permissible UAV altitude, respectively.
The semantics of the constraints are as follows. C1 enforces
a minimum separation distance between any pair of UAVs
for collision avoidance purpose. C2 guarantees that the total
radiated power from any laser source does not exceed the
maximum permissible value. C3 ensures that the harvested
power by each UAV caters for its hovering and transmission
power needs. Note that the needed propulsion power does
not depend due to static positioning of the UAVs, for non-
stationary UAVs the propulsion power should account for
the UAVs velocity as indicated in [52]. C4 defines the feasi-
bility region for UAVs deployment locations. C5 provides a
customized minimum quality-of-service guarantee for each
user. Finally, C6 imposes a maximum radiated power over
all the UAVs to avoid radiation over-exposure.

The non-convexity of the previous problem is obvious due
to the objective function, C1, C3, and C5. By introducing
the set of slack variables Γi,ℓ, ∀(i, ℓ) ∈ U ≜ {1, . . . ,K} ×
{1, . . . , U}, we get the following equivalent problem,

(P2) max
Qu,PL,p,Γ

1

K ln(2)

K∑
i=1

ln

(
1 +

βo

σ2
n

U∑
ℓ=1

Γi,ℓ

)
Subject to
C1− C4,C6,

C̃5 : 1 +
βo

σ2
n

U∑
ℓ=1

Γi,ℓ ≥ eK ln(2)Rmin,i ∀i ∈ {1, . . . ,K},

C7 :
pℓ
dγi,ℓ

(
quℓ,z
di,ℓ

)ζ

≥ Γi,ℓ, ∀(i, ℓ) ∈ U .

It is observed that adding the slack variables resolved the
non-convexity of the objective function and C5, which is
replaced by its equivalent C̃5, leaving only the non-convexity
in C3 and the added constraint C7. Taking the logarithm of
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both sides of C7, re-arranging terms, and approximating C1
with a smooth minimum function to simplify the feasibility
region, we get

(P3) max
Qu,PL,p,Γ

1

K ln(2)

K∑
i=1

ln

(
1 +

βo

σ2
n

U∑
ℓ=1

Γi,ℓ

)
Subject to

C2− C4, C̃5,C6,

C̃1 : − 1

ᾱ
LSE(−{ᾱdi,j}∀(i,j)∈K)−

1

ᾱ
ln

(
2

U2 − U

)
≥ dcmin,

C̃7 : ζ ln(quℓ,z) + ln(pℓ)− (γ+ζ) ln(di,ℓ) ≥ ln(Γi,ℓ), ∀(i, ℓ)∈ U ,

where ᾱ is a parameter that controls the accuracy of the
smooth minimum function approximation1, LSE(x) rep-
resents the log-sum-exponential function, i.e., defined as
LSE(x) = ln

∑
i e

xi . K denotes the set of distinct UAV
pairs defined as K = {(i, j) : (i, j) ∈ {1, . . . , U}2, i < j}.

In the previous formulation, the non-convex terms are now
limited to the harvested power in C3, the L.H.S of C̃1,
and the distance logarithm term in C̃7. This problem can
be solved iteratively using SCA with the following kernel
convex optimization problem to get a Karush-Kuhn-Tucker
(KKT) point as shown in C7

(P4) max
Qu,QLPL,p,Γ

1

K ln(2)

K∑
i=1

ln

(
1 +

βo

σ2
n

Γi

)
Subject to

C2,C4, C̃5,C6,

C1 : − 1

ᾱ
LSE(−{ᾱF.o.T [di,j ]}∀(i,j)∈K)

− 1

ᾱ
ln

(
2

U2 − U

)
≥ dcmin,

C̃3 : PHov + pi ≤ P̃H
i , ∀i ∈ {1, . . . , U}

C7 : ζ ln(qUi,z) + ln(pℓ) ≥ ln(Γi,ℓ) + (γ + ζ)

×
(
ln(di,ℓ,o) +

di,ℓ − di,ℓ,o
di,ℓ,o

)
, ∀(i, ℓ) ∈ U

The transition from (P3) to (P4) is realized by finding
an SCA-compatible bound for the L.H.S of C1 to get C1,
replacing PH

i in C3 with the SCA-compatible concave lower
bound P̃H

i to get C̃3, and upper bounding the distance
logarithm term in C̃7 with an SCA comptible convex upper
bound to get C7.

In the L.H.S of C̃1 the LSE function is convex and
increasing in all the input variables. By upper bounding
its arguments using their first-order Taylor approximations,
the L.H.S of C̃1 is lower bounded with the concave SCA-
compatible lower bound appearing in the L.H.S of C1. As for
C̃3, we provide the derivation in appendix A. Finally, C7 by
upper bounding the logarithm function with its first order

1as ᾱ increases, the L.H.S of C̃1 approaches the mininmum inter-
separation distance between all the UAVs.

Taylor approximation, hence an SCA-compatible convex
upper bound is reached for the R.H.S of C̃7.

Finally, the proposed solution of (P3) is summarized in
Algorithm I, where starting with a feasible initial point,
an iterative process starts where an instance of (P4) is
constructed based on the solution provided by the previous
iteration and solved using an interior point method. Then,
the process repeats until the algorithm converges.

Algorithm I: Overall Spectral Efficiency Maximization
1: Initialize Qo

u,P
o
L,p

o,Γo , Relative Error
2: while Relative Error ≥ ϵr do
3: Solve (P4) for Qu, QL, P L, p, Γ via interior point

method.
4: Relative Error ←

∣∣∣R−Ro

Ro

∣∣∣
5: Qo

u ← Qu, P o
L ← P L, p← po, Γ← Γo

6: end while

The overall iteration complexity of Algorithm I is
O(ISCA(U(4 + L+K))3.5), where ISCA represents the
number of SCA iterations required for convergence.

IV. Fair user rate maximization
An alternative objective to optimize is the worst-case user
communication rate. This metric is crucial to assess the
system performance limits from a user oriented perspective
and promotes fairness among users in an end-to-end ser-
vice terms. In addition, solving the system overall spectral
efficiency maximization problem through the proposed ap-
proach, an initial feasible point is needed. However, finding
such a point is neither trivial nor guaranteed due to the finite
power budget offered by the laser sources, the maximum
allowable radiated power levels, and the minimum quality-
of-service requirement for each user. Consequently, we solve
minimum spectral efficiency maximization problem to assess
the feasibility of (P1) and utilize its solution as an initial
feasible guess for (P1).

(P5) max
Qu,PL,p

min
i

Ri

Subject to
C1− C6.

We reformulate problem (P5) as an equivalent problem
(P̃5) by introducing an auxiliary variable t to represent the
minimum spectral efficiency across all users, thereby trans-
forming the min-max structure into a standard maximization
problem with additional constraints:

(P̃5) max
Qu,PL,p

t

Subject to
C1− C4,C6,

C8 : Ri ≥ t ∀i ∈ {1, . . . ,K}.
By using the same slack variables set Γ, and following

a similar minimum UAV inter distance approximation, as in
(P3), (P̃5) can be approximated as
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(P5) max
Qu,PL,p,Γ

t

Subject to

C̃1,C2− C4,C6, C̃7,

C̃8 : 1 +
βo

σ2
n

U∑
ℓ=1

Γi,ℓ ≥ etK ln(2) ∀i ∈ {1, . . . ,K}.

The similarity between, (P5) and (P3) in terms of non-
convex terms is evident. Hence, solving (P5) for a KKT
point can be achieved through SCA. Towards this aim,
(P6) is used as the kernel convex optimization problem that
utilizes the same previously derived SCA compatible bounds
as detailed in Algorithm II

(P6) max
Qu,PL,p,Γ

t

Subject to

C1,C2, C̃3,C4,C6,C7, C̃8.

Algorithm II: Minimum Spectral Efficiency Maximiza-
tion

1: Initialize Qo
u,Q

o
LP

o
L,p

o,Γo , Relative Error
2: while Relative Error ≥ ϵr do
3: Solve (P6) for Qu, QL, P L, p, Γ via interior point

method.
4: Relative Error ←

∣∣∣ t−to
to

∣∣∣
5: Qo

u ← Qu, Qo
L ← QL, P o

L ← P L, po ← p, Γ← Γo

6: end while

In Algorithm II, (P5) is solved iteratively by solving in-
stances of (P6) formulated using the previous SCA iteration
solution of (P6) and this process is repeated until the relative
error of the minimum spectral efficiency becomes smaller
than a given threshold. It is noted that Algorithm II incurs
iteration complexity of O(ISCA,2(U(4 + L+K) + 1)3.5).
It is worth mentioning that the convergence of Algorithm
I and Algorithm II to a KKT point is guaranteed [53,
2.1.2], featuring a non-decreasing sequence of the objective
functions values.

A. FEASIBILITY OF THE FAIR USER RATE
MAXIMIZATION PROBLEM
Looking into the constraints of (P5), it is observed that
feasibility is not guaranteed. In other words, (P5) can be
declared feasible or not based on the number of laser sources
used, their placement, their maximum output power, the
number of UAVs comprising the swarm and their hovering
power, and their minimum inter-separation distance and
minimum laser-UAVs separation distance, and their hovering
powers. Specifically, feasibility can be assessed by solving
the minimum harvested power maximization problem. The

problem is deemed feasible if and only if the optimal solution
to (P7) yields a minimum harvested power that meets or
exceeds the hovering power requirement (i.e., if optimal
minPH

i ≥ PHov). Otherwise, insufficient energy harvesting
capacity renders the original problem infeasible, regardless
of other parameter configurations. This may be expressed as:

(P7) max
Qu,PL

min
i

PH
i

Subject to
C1− C2,C4 C6,

C̄3 : PHov ≤ PH
i , ∀i ∈ {1, . . . , U}.

This problem is non-convex, hence, we solve it using single-
block SCA by exploiting the previously derived bound for
harvested power where the following kernel convex opti-
mization problem is used,

(P8) max
Qu,PL

t

Subject to

C1,C2,C4 C6,

C3 : t ≤ P̃H
i , ∀i ∈ {1, . . . , U}.

V. Simulation Results
In this section, we evaluate the performance of the proposed
algorithms for operation optimization of multi-laser powered
UAV swarm as it serves a multitude of offshore users.
Towards this end, we adopt a fixed users layout over all
the conducted simulations where user locations are adopted
from the average locations over the first 5 seconds of the
23rd hour of the recorded ships AIS data on January 1st,
2024 [54] within a square region where LR= 10 Km and
WR= 10 Km along the western coast of USA. The users
cartesian coordinates along with their associated longitudes
and latitudes are provided in Table 1, and their layout is
shown along with our placement solutions in Fig. 5. We
assume the lasers are uniformly deployed over 1 km distance
along the x-axis, 500 m away from the shore centered
about the location vector qc

L = [qcL 0 5]T. In the
considered simulations, we employ a unified minimum rate
requirement (Rmin) for all users, i.e., Rmin,i = Rmin and
the value for Rmin is set to 95% of the minimal value for
the maximized fair user spectral efficiency over the swept
simulation parameter values. Unless otherwise stated, we
use the default setup parameters values provided in Table
2, where the chosen values are based on [34], [35], [42],
[55]–[57].

In the sequel, we assess the performance of our pro-
posed total SE maximization (the SESCA), and worst-case
user SE maximization (the WSESCA) solutions. Towards
this aim, we compare their performance against the initial
provided solution to the SCA algorithms (SEI). In addition,
we consider another setup where a battery-powered swarm
is used, for which we denote the total SE maximization
solution by ”SEBSCA” and the worst-case SE maximization
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by ”WSEBSCA”. It is worth mentioning that the battery
powered solutions are obtained using Algorithm I and II
using limx→∞ PL

M = x. Moreover, we extend the per-
formance comparison to include tethered UAV swarm, for
which, we assume the same swarm size, all the tether are
hooked to the same point on land given by the location
vector qc

T = [qcL 0 0]T. All the tethered UAVs have
the same tether length LT which is set to 200 m. For the
tethered setup, we present the total SE maximization solution
denoted by ”SETSCA” and the worst-case SE maximization
solution denoted by ”WSETSCA”. It is worth mentioning
that both SETSCA and WSETSCA solutions are based on
the algorithms I and II, respectively, with an added constraint
on the distances between the UAVs and the tethers anchor
due to limited tether length, and by relaxing the power
budget constraints. For the SETSCA and the WSETSCA, the
optimization parameters are the UAVs locations only, since
the optimal transmit power is dictated by PU

M.
As for the initialization phase of Algorithm I and Al-

gorithm II, the SCA process aimed at solving (P7) is
run till the minimum harvested power exceeds PHov to set
the initial UAV locations and the lasers power distribution.
Next, the excess remaining power at each UAV over its
propulsion power hovering needs is used for transmission
with maximum power restriction. Now, this solution is fed
to Algorithm II to maximize the minimum rate, and the
resulting solution is used as the initial point for Algorithm
I.

In the first simulation we study the impact of swarm
size on the system performance, with L = 5 to give
room to multitude of UAVs reach relatively far offshore
distances. The total SE and worst-case user performances of
the SESCA, and the WSESCA solutions versus the number
of UAVs forming the swarm exhibit a unimodal trend with a
local maximum, as depicted in Fig. 6 and Fig. 7, respectively.
Basically, for small number of UAVs the total emitted power
from the laser sources is sufficient to allow them be placed
at positions that are closer to the served users and experience
favorable channel conditions. In such regime, adding more
UAVs will improve the performance as it allows for improv-
ing the overall SINR of each user and hence, the achievable
SE. Nevertheless, the added UAVs will add more energy
expenses to the system, i.e, each UAV need to be supplied
with at least the propulsion power needed for hovering.
Accordingly, adding more UAVs makes the reachable space
for the whole swarm shrinks towards the laser sources cen-
troid. For large number of UAVs the latter effect dominates
the gains from having more collaborating transmitters as
by then their majority will experience deteriorated channels
with users and the overall performance deteriorates. On the
other hand, adding UAVs always improves the SEBSCA,
WSEBSCA solutions performance as there are no ties for
the UAVs to the energy source and they can move freely and
occupy favorable positions with respect to the network users.
It is worth mentioning that the maximizing number of UAVs

heavily depends on the overall available power budget in
terms of number of laser sources and their maximum output
power as well as their relative positioning with respect to
each other and with respect to the served users.

In the second simulation, we vary the laser maximum
output power capability and monitor its impact on the
considered performance parameters. It is observed in Fig.
8 and Fig. 9 that as PL

M increases, both the SE and the
worst-case user SE increase till a saturation limit. This
observation is due to the fact that for the small regime,
the harvested power by all the swarm elements barely cater
for their hovering propulsion power needs at small distances
from the laser sources. As PL

M increases, the added power
budget allows the UAVs to get closer to the users whose
majority are located distant from the shore. For extremely
large PL

M values, the problem can be considered uncon-
strained from a power budget perspective and the solution
coincides with the battery powered swarm case. Accordingly,
adding more power capability to the laser sources will not
impact the preferred UAVs location of service and their
transmission powers which already reached its maximum
permissible levels. It is important to note that the extreme
permissible output optical power values presented in Fig.
8 and Fig. 9 are not meant to be realized in practice by
a single laser source but are meant to represent a cluster
of laser sources placed close to each other such that the
inter-separation distance is negligible compared with the
problem spatial scale. In addition, we study the impact of
atmospheric turbulence, where in addition to the conducted
low atmospheric turbulence simulations, αs = 1.59× 10−4,
we plot the total and worst-case SE performance of our
proposed approaches under moderate turbulence conditions,
corresponding to C2

n = 10−14 [58], namely, “SESCA Mod.
Turb.” and “WSESCA Mod. Turb.”, respectively. It is ob-
served that, as the atmospheric turbulence becomes more
severe, both the total SE and the worst-case SE performances
deteriorate, due to less laser energy transmission efficiency
which limits the UAVs placement space to a close vicinity
surrounding the laser sources, and the problem even becomes
infeasible at the lower end of PL

M values as depicted in Fig.
8 and Fig. 9.

In the third simulation, the lasers centroid x-coordinate
is varied to assess the impact of relative placement of lasers
with respect to users on the considered performance metrics.
As could be seen in Fig. 10 and Fig. 11, both the total SE
and worst case SE exhibit a unimodal behavior with a local
maximum. This effect is attributed to the fact that lasers
locations define the feasible hovering regions for the UAVs.
Hence, as the centroid of lasers locations deviates from the
centroid of the users’ locations, the performance deteriorates
due to the UAVs inability to reach points closer to the served
users which negatively impacts the channel gains for the
communication links between them and the swarm.

In the fourth simulation, we study the potential gains of
increasing the UAVs maximum permissible flight altitude on
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FIGURE 5: User layout and placement solutions of the proposed algorithms.

the proposed network performance. It is evident in Fig.12
and Fig. 13 that as the maximum altitude increases the total
SE and worst-case SE increase towards a saturation point.
For low permissible altitudes, the angles of incidence of
laser beams on the UAVs photoelectric converters are large,
hence the power harvesting performance deteriorates and
limits the UAV range from the laser sources. Similarly, the
antenna arrays onboard the UAVs experience larger angles of
departure for the majority of radiated beams towards users as
the maximum permissible altitude becomes smaller. Conse-
quently, both the SESCA, and the WSESCA solutions push
the UAVs to hover at their maximum permissible altitude
to relieve the previously mentioned challenges. Nonetheless,
increasing the UAVs altitude causes communication links
pathloss increase and increased geometric loss for the laser
beam reception. Since the gains due to reduced angles of
departure and angles of incidence are finite at the high alti-
tude regime the adverse effects of pathloss deterioration and
geometric losses dominate. Consequently, the performance
saturates at large maximum altitude values as the altitude
constraint becomes satisfied with strict inequality.

As for the tethered UAVs optimization solutions, their
independence on laser sources parameters is clearly observed
in Fig. 10, Fig. 11, Fig. 8, and Fig. 11 as flat curves. As
for their dependency on swarm size, it is clearly seen that
both the total and minimum spectral efficiency performance
exhibit a monotonically increasing behavior that tends to
conclude with a saturation behavior as depicted in Fig. 6
and Fig.7, respectively. Such trend owes to the limited space
size for UAV placement enforced by the tether length. A
similar behavior is observed for the total SE and minimum
SE versus the maximum permissible UAV height. Initially,

the UAV placement is restricted by the maximum permissible
height till it exceeds the tether length. After that increasing
the permissible height becomes insignificant, as the UAV
motion becomes restricted by the tether length.

Finally, it is observed in Fig. 5, that the worst case SE
solutions appearing in the subfigure to the right, tend to
keep the UAVs deployed at the maximum height and more
attracted to the horizontal centroid to reduce the asymmetry
between user channels by increasing distance and angle of
departure symmetries. As for the total SE maximization
solutions, UAVs tend to get closer to the clustered users
and align horizontally with their centroid. Moreover, it is
observed that the limited power budget offered to laser
powered swarms pushes the UAVs to cluster close to the
laser sources while leaving a minority to approach users’
locations and experience more favorable channel conditions.

In Fig. 14 and Fig. 15, we plot the objective total spectral
efficiency and the worst-case spectral efficiency versus the
number of SCA iterations to show the convergence speed of
both Algorithm I and Algorithm II, respectively. As observed
in both figures the objective value exhibits a non-decreasing
trend that reaches saturation for all the considered values for
the number of UAVs.

VI. Conclusion
In this paper, we introduced the use of multi-laser powered
UAVs featuring hemispherical energy receivers and uniform
planar array antennas to provide extended communications
coverage for offshore users. We modeled the harvested
energy by the hemispherical photoelectric converter and for-
mulated two non-convex optimization problems aimed at the
total spectral efficiency maximization and the worst-case user
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TABLE 1: User Coordinates and Corresponding Latitudes and Longitudes

User 1 2 3 4 5 6 7 8 9 10 11 12 13

X 9625.67 5898.51 1569.17 4520.73 9847.72 4491.17 5047.52 7345.96 9733.35 9734.29 9281.11 9843.00 8344.10

Y 2840.30 1895.74 6160.02 1210.87 3682.31 1227.37 1099.49 9924.17 3299.46 2678.30 7142.16 2781.70 9219.89

Lat. 47.6285 47.5877 47.5232 47.5737 47.6285 47.5733 47.5802 47.5792 47.6284 47.6303 47.6108 47.6313 47.5932

Lon. -122.3838 -122.3587 -122.3985 -122.3451 -122.3954 -122.3452 -122.3455 -122.4671 -122.3901 -122.3821 -122.4380 -122.3838 -122.4615

TABLE 2: Default Simulation Parameters

Do 10 cm ∆θ 2× 10−5 pLM 5000 W αc 10−6 m−1 VT 0.025 V Io 10−14 A

RPD 1 A/W rPD 5 cm dcmin 500 m pUM 100 W αs 1.59× 10−4 θerr 2 µrad

γ 2.1 zUmin 40 m zUmax 500 m qcL 5 km σ2 −174 dB fc 8 GHz

ᾱ 100 NT 4 ϵr 10−7 L 2 U 4 ζ 2
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FIGURE 6: Overall SE vs number of UAVs.

spectral efficiency maximization. By solving these problems
using single-block SCA with novel SCA-compatible bounds
for the harvested energy, our simulations demonstrated sig-
nificant performance gains of 16-33% for total spectral
efficiency and 15-40% for worst-case user spectral efficiency,
under low turbulence conditions. In addition, it is observed
that our proposed multi-laser powered UAV swarm system
provides total and worst-case spectral efficiency performance
gains, up to 33% and 60%, respectively, compared with the
tethered swarm system. As for moderate atmospheric tur-
bulence conditions, the total spectral efficiency performance
gain varies between 6 − 13% while the worst-case spectral
efficiency performance gain varies between 9 − 15%. Our
analysis revealed that optimal UAV swarm size generally
does not coincide with the affordable maximum, and that
the relative positioning of laser sources with respect to the
served users critically impacts the system performance. Fu-
ture research should address mobile maritime users through
predictive trajectory optimization, develop distributed control
algorithms for larger swarms, and investigate energy-aware
scheduling to extend operational range-advancements that
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FIGURE 7: Worst-case SE vs number of UAVs.
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FIGURE 8: Overall SE vs maximum laser power.

would collectively enhance the practical deployment of laser-
powered UAV maritime communication systems.
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FIGURE 9: Worst-case SE vs maximum laser power.
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FIGURE 10: Overall SE vs Lasers location.

Appendix A
Derivation of the Harvested Power lower bound
By exploiting the convexity of the function
0.75Vtxi ln (1 + xi/Io), the harvested power can be lower
bounded using the first-order Taylor series approximation
of it as

PH
i ≥ 0.75Vt (b0,i + b1,ixi) , (15)

b1,i =
xi,o

Io + xi,o
+ ln

(
1 +

xi,o

Io

)
,

b0,i = xi,o ln

(
1 +

xi,o

Io

)
− b13xi,o.

The lower bound in (15) does not represent a convex
set due to the non-convexity of x w.r.t the optimization
variables. Since b1,i ≥ 0, we lower bound xi by exploiting
the convexity of P d

i,ℓ in di,ℓ using its first-order Taylor series
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FIGURE 11: Worst-case SE vs Lasers location.
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FIGURE 12: Overall SE vs UAV maximum height.
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FIGURE 13: Worst-case SE vs UAV maximum height.
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FIGURE 14: Convergence behavior of Algorithm I for U ∈ {4, 5, 6}.

FIGURE 15: Convergence behavior of Algorithm II for U ∈ {4, 5, 6}.

approximation as

xi ≥ xLB
i = Rpde

− θerr
∆θ

πr2pd
2

L∑
ℓ=1

(
1 +

qui,z − qLℓ,z
dLi,ℓ

)
×PL

i,ℓ

(
b2,i,ℓ + b3,i,ℓd

L
i,ℓ

)
(16)

b3,i,ℓ = −
e−αdL

i,ℓ,o

(
αDo +∆θ(αdLi,ℓ,o + 2)

)
rLi,ℓ,o

3 ,

b2,i,ℓ =
e−αdL

i,ℓ,o

r2i,L,o
− b3,i,ℓd

L
i,ℓ,o, ri,L,o = Do +∆θdi,ℓ,o.

The previous bound is still not a concave bound, due to the
non-convexity of the effective area terms and the products
involving the laser output power and the distance terms.

Hence, we first re-arrange xLB
i as

xLB
i = Rpde

− θerr
∆θ

πr2pd
2

(
L∑

ℓ=1

PL
i,ℓ

(
b2,i,ℓ + b3,i,ℓd

L
i,ℓ

)
+b2,i,ℓ

qui,z − qLℓ,z
dLi,ℓ

PL
i,ℓ + b3,i,ℓ

(
qui,z − qLℓ,z

)
PL
i,ℓ

)
. (17)

By examining the previous equation, it is vivid that except
for the function 1

dL
i,ℓ

, the bound consists of additions and
subtractions of products of positive convex functions. In
order to exploit the bounds in Appendix B, we use the
following difference of convex (DC) decomposition for 1

dL
i,ℓ

,

1

dLi,ℓ
=

1

dLi,ℓ
+

dLi,ℓ
d2min,L

−
dLi,ℓ

d2min,L

, (18)

where dmin,L is a lower bound on the distance between any
UAV and any laser source guaranteed by permissible flight
ranges and restrictions on laser locations. By substituting
(18) in (17), and re-arranging terms, we get

xLB
i = Rpde

− θerr
∆θ

πr2pd
2

L∑
ℓ=1

b2,i,ℓP
L
i,ℓ + b3,i,ℓP

L
i,ℓd

L
i,ℓ︸ ︷︷ ︸

T1

+
b3,i,ℓ
4

(
qui,z − qLℓ,z + PL

i,ℓ

)2 − b3,i,ℓ
4

(
qui,z − qLℓ,z − PL

i,ℓ

)2︸ ︷︷ ︸
T2

+
b2,i,ℓ
4

((
qui,z − qLℓ,z + PL

i,ℓ

)2( 1

dLi,ℓ
+

dLi,ℓ
d2min,L

)
︸ ︷︷ ︸

T3

+
(
qui,z − qLℓ,z − PL

i,ℓ

)2 dLi,ℓ
d2min,L︸ ︷︷ ︸

T4

−
(
qui,z − qLℓ,z + PL

i,ℓ

)2 dLi,ℓ
d2min,L︸ ︷︷ ︸

T5

−
(
qui,z − qLℓ,z − PL

i,ℓ

)2( 1

dLi,ℓ
+

dLi,ℓ
d2min,L

)
︸ ︷︷ ︸

T6

)
. (19)

Now, the non-convex terms in (19) are T1 . . . T6, so we
derive an SCA-compatible concave lower bound to xLB

i by
leftmargin=10pt

• upper bounding T1 using theorem 1 in Appendix B,
(Note that b3,i,ℓ ≤ 0 ∀i, ℓ),

• upper bounding T2 using its first-order Taylor series
approximation due its concavity,

• lower bounding T3 and T4 using theorem 2 in Appendix
B

• upper bounding T5 and T6 using theorem 1 in Appendix
B.
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Consequently, we get x̃LB
i ≤ xLB

i , expressed as

x̃LB
i = Rpde

− θerr
∆θ

πr2pd
2

L∑
ℓ=1

b2,i,ℓP
L
i,ℓ + b3,i,ℓF

Cvx
UB

[
PL
i,ℓ, d

L
i,ℓ

]
+

b3,i,ℓ
4

((
qui,z − qLℓ,z + PL

i,ℓ

)2 − F.o.T
[(
qui,z − qLℓ,z − PL

i,ℓ

)2])
+

b2,i,ℓ
4

(
FCvx
LB

[(
qui,z − qLℓ,z + PL

i,ℓ

)2
,

1

dLi,ℓ
+

dLi,ℓ
d2min,L

]

+ FCvx
LB

[(
qui,z − qLℓ,z − PL

i,ℓ

)2
,

dLi,ℓ
d2min,L

]

− FCvx
UB

[(
qui,z − qLℓ,z + PL

i,ℓ

)2
,

dLi,ℓ
d2min,L

]

− FCvx
UB

[(
qui,z − qLℓ,z − PL

i,ℓ

)2
,

1

dLi,ℓ
+

dLi,ℓ
d2min,L

])
. (20)

Finally, the harvested power lower bound is reached by
replacing xi in (15) with x̃LB

i , and is expressed as

P̃H
i = 0.75Vt

(
b0,i + b1,ix̃

LB
i

)
. (21)

Appendix B
Theorems for SCA-compatible bounds
Theorem 1. If f(x) ≥ 0, ∀x ∈ D1, and g(y) ≥ 0, ∀y ∈
D2, f(.), g(.) are both convex over D1, D2, respectively,
then [42, Th. 1]

f(x)g(y) ≤ FConv
UB [f, g] =

1

4

(
f2
s + f2

d,o − 2fd,o

×
(
I1
(
f̃s − fs

)
+ f(x)− g̃(y)

))
,∀(x,y) ∈ D̂,

s.t. fs=f(x)+g(y), fd,o=f(xo)−g(yo), I1 = 1 if fd,0 ≥ 0,
I1 = 0 o.w., χ̃(z) = χ(zo)+∇χT(zo)(z−zo), D̂ = D1×D2.

Theorem 2. If f(x) ≥ 0, ∀x ∈ D1, and g(y) ≥ 0, ∀y ∈
D2, f(.), g(.) are both convex over D1, D2, respectively,
then [59, Th. 2]

f(x)g(y) ≥ FConv
LB (x,y) =

(f(xo) + g(yo))
2

2
+ (f(xo)

+ g(yo))
(
∇fT(xo) (x− xo) +∇gT(yo) (y − yo)

)
− f2(x)

2
− g2(y)

2
∀(x,y) ∈ D1 ×D2, (xo,yo) ∈ D1 ×D2.
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