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Abstract— This paper investigates the feasibility of using
free space optics (FSO) for communication between multiple
hovering unmanned aerial vehicles (UAVs) and a detection unit
(DU) in the Arctic. The uniqueness that sets apart UAV-based
FSO systems from conventional FSO systems is the dynamics
of the system since location and inclination of the UAV changes
over time due to wind load and UAYV oscillations. The envisioned
scenario consists of UAVs equipped with laser diodes and a DU
mounted on top of a ship. We propose an application scenario
of search and rescue (SAR) operations in the High North. In
the system design, the SAR team establishes communication
with UAVs using radio frequency multiple-access links while DU
demodulates the information from the incoming FSO fronthaul
signals. Furthermore, statistical models for the FSO channel,
random position and orientation fluctuations, snow, and fog
have been derived. This work amplifies the need and possibility
of enabling enhanced accessibility and connectivity in the Arctic
utilizing UAVs and FSO.

Keywords: Free space optical communications, unmanned
aerial vehicles, channel modelling, Arctic weather.

I. INTRODUCTION

Recently, unmanned aerial vehicles (UAVs), commonly
known as drones have proven to be key elements in system
integration. They are considered to be important in solving
industrial or social challenges. UAVs offer a way to scan
large maritime area in adverse weather conditions without
risking human life, making them an important asset in search
and rescue (SAR) operations in the Arctic [1], [2]. Together
with the latest growth of autonomous systems, this has led
to increased demand for developing new communication
architectures for robust device-to-device connections.

As a consequence of climate change, the Arctic sea ice
is melting. This melting has led to significant increase in
ship traffic in recent years, increasing the need for SAR
capabilities. It is anticipated that 80 million tonnes of freight
will be shipped between Europe and Asia through the
Northeast passage by 2025 and it would jump to 110 million
tonnes by 2030 [3]. Today 80% of all Arctic shipping crosses
Norwegian waters [4] and thereby through the Norwegian
SAR area. The Arctic SAR agreement coordinates interna-
tional SAR coverage and response in the Arctic. Norway’s
response area extends through the Barents Sea and Arctic
Ocean up to the North Pole, covering an area many times
larger than the total land area in Norway. Therefore, Norway
has an important responsibility in increasing the emergency
preparedness level and plan for future directions.
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The weather in the Barents Sea and Arctic Ocean can
be very challenging for SAR operations. Moreover, the
distances are vast, making SAR operations a gruelling task.
Using UAVs as a part of the Norwegian SAR capacity mean
that operations could be conducted more safely, quickly, and
at a reduced cost. This requires high-speed uninterrupted
connectivity between UAV-UAV, UAV-ground, and ground-
UAV in order to transmit high resolution (multispectral)
video data. Free space optics (FSO) appears a perfect
candidate to establish data communication and networking
between movable platforms.

Compared to radio frequency (RF) communications, FSO
provides a large unlicensed THz spectrum, immunity to
electromagnetic interference, high-level security, directional
data fronthauling/backhauling, and ease of deployment at a
relatively low cost [5], [6]. UAV-FSO integrated systems can
be useful for civil applications, such as delivering wireless
services across arctic regions or areas with a temporary large
gathering like in sports matches or other live concerts, where
permanent infrastructure is not available or is expensive
to deploy [7], [8]. UAVs can hover above the designated
region and operate as aerial base stations to employ FSO
communication between the users and devices around [9].
UAVs monitor and collect useful data faster and at minimal
cost than manned planes or helicopters [10]. UAV-FSO
system can be implemented to carry out SAR operations by
assisting in the execution where UAVs do 3D mapping of
ocean floor/surface or land, and manned aircraft or ships do
the rescuing. There remain significant technical challenges
when flying and navigating UAVs in arctic conditions, but the
technology is developing quickly, especially about improving
the capacity to sustain extreme weather conditions, icing, and
improve flight time [11].

This article will focus on the challenges of integrating
UAVs into a communication system for arctic SAR or ship
inspection setting. It will specifically look at the case of
UAV-to-ground and ground-to-UAV communications. Au-
tonomous UAVs in a rescue or inspections setting will be
required to downlink a significant amount of data to the ship
or ground based controller. We will investigate how the bit
error rate and throughput of this downlink will be affected by
the weather conditions expected in the Arctic with specific
focus on the Barents sea.

II. SYSTEM ARCHITECTURE

The proposed system is a UAV-based uplink/downlink
transmission system in which mobile users connect with
UAVs by RF multiple-access links (e.g. sub-6 GHz band)



and the detector unit (DU) receives FSO fronthaul signals
as illustrated in Fig. 1. The focus of this paper is on SAR
services in the Arctic. UAVs A and B are carrying laser
diodes (LD) which direct laser beam to the DU mounted on
the top of ship. An array of photodetectors (PDs) convert
the received optical intensities in to baseband data. To avoid
complicated link design, we have not used mechanical beam
tracking at the DU. Instead, a lens has been placed in front of
PDs that separates distinct incident spatial signals and guides
them onto succeeding PDs [12], [13]. This structure also
increases the overall detector surface area which enhances
the probability of detection when UAVs A and B frequently
change their positions [14]. In this case, the PDs are assumed
to be ideal which means each PD is able to collect full optical
power flux.
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Fig. 1. The proposed architecture of a UAV-to-ship FSO system for SAR
applications in the Arctic.

III. STATISTICAL MODELLING

To calculate the FSO channel characteristics under the
Arctic weather conditions, several statistical models repre-
senting the degradation from turbulence, snow, and fog on
FSO channel quality will be addressed. The effect of the
changing position and orientation of a hovering UAV will
also be investigated.

A. FSO channel model

An intensity modulation/direct detection (IM/DD) FSO
system has been used where PD detects the received laser
beam energy at logic 1 only [15]. Also, internal noise sources
have been neglected and only the noise caused by solar
energy is considered [16]. The received signal at the DU
can then be expressed as [17]

Ys = hms +n, (1)

where z, € R is irradiance, n € R is real-valued additive
white Gaussian noise having variance o2 and h € RT
signifies the channel coefficient.

The bit error rate (BER) of the received signal can be

expressed as [18]
T E
BER — % < b) 2)

where E, = a} = 1 is the normalized bit energy.
Considering e-outage capacity is the largest transmission rate
so that the outage probability is less than ¢ and is written
as [19]

Ce =max{R: P,(R) < ¢}, 3)

where R : P,(R) is the outage probability, then the through-
put which represents maximum successful transmission to
the DU is given by

T. = (1-¢)C.. 4)

An average power constraint E{xz,} < P (transmitted
power) also applies. The h is affected by many states which
can be expressed as [14]

h = vhyhahy, (5)

where v is the responsivity and hy,hg, and hg, denote
atmospheric loss, atmospheric fading, and geometric and
misalignment losses (GML), respectively. In particular, at-
mospheric loss, k), is deterministic and gives the power loss
on a transmission path due to absorption and scattering. It is
modelled as [20]

hy = 107~L/10, (6)

where L in meter is separation between UAV and DU and
Kk [m™1] represents the attenuation constant for the FSO
system. The atmospheric turbulence, h,, is a random variable
(RV) and induced by inhomogeneity of the air temperature
and pressure. It is modelled as log-normal (LN) and Gamma-
Gamma (GG) distributed RV for weak and moderate turbu-
lence channels [13]. We assume that turbulence is moderate
at the taken altitude, and its consequences are negligible
in comparison to GML. To prove this assertion, a negative
GG model, i.e., h, ~ GG(a, (), with fading parameters «
and 8 can be used. For GG fading, h, is modelled as the
product of two separate Gamma RVs hgl) ~ G(a,a) and
R ~ G(, 8), which represent fluctuations due to large-
and small-scale fading, respectively [21]. Parameters o and
[ are the inverse of the variances of hél) and h((f), and are
given by [22]
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ground [23]. Therefore, we estimate h, by its mean value,
ie.
1 2 a B

he = E{h.} = E{h_ }E{h;} = PoRe 5= 1.
GML, hg, is generated due to laser beam divergence between
the transmitting and the receiving lenses, and the misalign-
ment between the beam and the center of the lens [24].
Inconsistencies in the placement and orientation of the UAV
yield to a random h, given by [17]

hy (v, w) = / / I(y, =)dydz,
(

y,z)EA

(10)

(1)

where I(y,z) is power density at point (y,z) on the PD
plane and A is the set of (y, z) within the lens area.

B. Models for position and orientation changes of hovering
UAVs

It becomes difficult to maintain line-of-sight for an ef-
fective FSO transmission between the UAVs and the DU
because the UAVs were hovering in the air and the motion
of the ship on sea. Therefore, a proper dynamic control
mechanism is required to maintain orientation of the laser
beam precisely so that center of the laser beam should
coincide with the center of the receiver lens [25]. Also, in
UAVs, there is an error linked with wind estimation [26], and
the wind effect is therefore not fully compensated [25]. For
UAV-FSO system, tracking errors are expected to be more
critical due to high mobility and instability of the UAVs.
We define p, = (fg, fy, =) and po, = (ug, ptg) as the
means of random vectors 7 and &, and €, = (€5, €y, €,) and
€. = (€o,€4) as the zero-mean random vectors which model
the variations in the position and orientation of the UAV. On
this account the location and orientation of the UAV can be
expressed as follows [17]

7=y + €,0 = iy, + €w. (12)

Because GML is dependent on €, and €, the distribution of
€, and €, decides the distribution of GML. Hence, embracing
correct distributions for variations €, and €, is necessary
for developing a practical mathematical model for the GML.
Beacause UAVs hover above the users, j, depends on the
location of the users as well as the UAV height. Given pu,.,
the tracking mechanism aims to calculate p,, in a way that
the laser beam cuts across the center of the DU lens, so that
the lens collects greater power. This gives the first moment

RVs [17]
7+ tan—! Bx ;>0
pg=4 0w M m T (13)
tan™" =2 otherwise
=7 —cos Hz (14)
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We can now say, E{b} = (0,0,0). The second moments
of 7 and & determine stability of the UAV over the mean
values u,- and p,,. Specifically, the less the variances of the
vectors 7 and & are, further stable the UAV becomes.

C. Modeling effects of snow on a FSO link

One of the weather conditions which will effect the FSO
link in the Arctic is snow. The attenuation caused by snow
is highly variational and depends on the density and size
of snow crystals. FSO links through snow are affected and
degraded in a major way due to the signal attenuation [27].
The attenuation coefficient is given by [28]

v =as’, (15)

where 7 represents the attenuation in dB/km due to snow,
s is the rate of snowfall in mm/hour and a, b are constants
dependent upon the physical characteristics of snow.

D. Modeling effects of fog on a FSO link

Fog is a common occurrence in the High North which also
reduces visibility considerably. The attenuation caused by
fog on a FSO link is significant. It may cause attenuation of
up to hundreds of dB/km. Hence, accurate modelling of fog
attenuation and visibility will help SAR providers to engineer
and appropriately manage rescue operations. Based on the
model in [29], a mathematical model for fog is expressed as
follows

1.6 V > 50km

1.3 6km <V < 50km
q=10.16V+0.34 1kmV < 6km (16)

V—-05 0.5kmV < 50km

0 V < 0.5km

where V' is the visibility in km and ¢ is measure of particle
size distribution in free-space. This model suggests that
550nm and 1550 nm optical windows will undergo same
attenuation for visibility less than 500 m.

IV. SIMULATIONS AND CASE STUDY OF UAV-SHIP
ENABLED FSO SYSTEM IN BARENTS SEA

In order to model exact link performance, it is appropriate
to work out what weather conditions one would expect to
encounter in the Barents Sea. The Norwegian Meteorological
Institute (MET Norway) has two operational weather stations
on islands in the Barents Sea. One is located on Hopen,
southeast of Svalbard at 76.5097°N and 25.0133°E, and the
other on Bjgrngya, located roughly midway between Norway
and Svalbard at 74.5025°N and 18.988°E.

Fig. 2 illustrates average monthly observed variations in
weather conditions on Hopen and Bjgrngya from 2000 to
2021. In Fig. 3, the same data for october 2020-21 is shown
in order to highlight past 12 months weather statistics. The
weather parameters most relevant to the Arctic such as
temperature, cloud cover, wind, visibility, and snow cover
have been considered in the proposed design and analysis.
These statistics reveal the picture of expected climate in and
around the Barents Sea. On comparing data from Figures 2
and 3, it is noted that generally temperature remains between
0°C to —10°C, thick cloud cover is present that means low
visibility, average 10 m/s wind speed is recorded which can
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Fig. 2. The monthly variation in temperature, cloud coverage, wind,
visibility and snow from observations at the meteorological stations on
Bjgrngya (purple) and Hopen (blue) over the time frame from October 2000
to October 2021. Data and plots courtesy of The Norwegian Meteorological
Institute [30].

cause misalignment issues between the UAVs and DU, and
usually deep snow cover exists.

For the FSO channel performance evaluations, the sim-
ulations have applied all the parameters defined in Table I
and used weather statistics from Figures 2 and 3. The BER
and throughput have been calculated using equations (2) and
(4). The values out of numerical evaluations match with the
one’s obtained from simulation software. Fig. 4 depicts FSO
link throughput evaluation with increasing UAV altitude. The
throughput (in Gbps) at 0, 60, 120m UAV altitude in clear
(sunny) weather is 10, 9.6, and 8.8; in wind it is 9.1, 7.5,
and 6.5; in snow it is 6.1, 4.8, and 4.1; in fog it is 2.6, 1.7,
and in coexistent wind and snow it is 0.7, 0.4, and 0. This
result reveals that throughput is deteriorated with an increase
in UAV height and is lowest when both wind and snow are
present and in fog, moderate in snow and wind, and highest
in clear environments. Fig. 5 shows the BER performance
of the proposed FSO link with increasing coverage area for
most prevalent Arctic weather conditions. The highest BER
at maximum transmission range of 2000 m in clear weather
is -8.7; in wind it is -5.5; in snow it is -3; in fog it is -1, and in
both wind and snow it is 0 (i.e. no communication possible).
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Fig. 3. The monthly variation in temperature, cloud coverage, wind,
visibility and snow from observations at the meteorological stations on
Bjgrngya (purple) and Hopen (blue) over a year from October 2020 to
October 2021. Data and plots courtesy of The Norwegian Meteorological
Institute [30].

Therefore, simultaneous wind and snow has caused highest
BER. Other climate scenarios have shown low BER at less
range and acceptable BER at greater distances which proves
reliable FSO communication is possible.

V. CONCLUSIONS

We have investigated a UAV-enabled FSO communication
system that could enable a wideband data link with a
supporting vessel, for instance, in a SAR operation in the
Arctic. The statistical models for FSO channel performance
under different weather conditions, random position and
direction of UAVs were also presented. Based on the latest
year and two-decade-old weather data sets from Hopen and
Bjgrngya stations in Northern Norway, the most prevailing
weather conditions in the Arctic were visualized and applied
to the simulations. From the channel throughput and BER
evaluations, it is concluded that coexistent wind and snow
had the most severe effect on FSO link performance followed
by fog, snow, and wind, separately. The simulations also
included sunny or clear weather scenario to put forward
direct comparison with other climatic conditions in the Arctic
and demonstrate the extent of atmospheric effects on FSO
communication system.
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In future work, a prototype of the proposed system will be
developed and investigated in the laboratory with artificial

Snow

and icing conditions similar to the Arctic conditions

used here. On completion of this testing, a measurement
campaign in Narvik (68.438 499°N and 17.427 261°E) will
be conducted. In addition, a weather-based dynamic relaying
mechanism for the FSO through swarm of UAVs for miti-
gating atmospheric and geometrical effects will be proposed.
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