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Abstract. Free space optical (FSO) transmission is a technology which
uses a narrow laser beam to transmit the signal from the source to the
destination through the free space. Although it has various advantages, a
laser beam propagating through the atmosphere is subjected to different
kind of disturbances causing the attenuation of the signal and, in some
extreme conditions, leading to the link outage. In fact, the atmospheric
turbulences and the chemical nature of the medium is the main source
of link attenuation. In this paper, we present the different challenges of
FSO communications: absorption, pointing errors, atmospheric turbu-
lence and scattering phenomenon. Moreover, based on the strength of
turbulences, we will detail the FSO channel modeling. Then, we intro-
duce some techniques to overcome the weakness presented by FSO link
under different strength of atmospheric turbulences.
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1 Introduction

Free space optical communications (FSO) have witnessed a growing interest in
the last few decades due to its various advantages. In fact, FSO communications
ensure secure communications using straight line to transmit data. Thus, the
whole communication channel is in the visible area and any tapping activity will
be detected [1]. In addition, the cost of FSO installation is low compared to
the optical fiber and RF systems [2]. The FSO systems use a laser beam with
a frequency in the range of Terahertz (THz). This frequency makes it able to
support a large bandwidth which in turn ensures a high data rate compared to
the conventional RF systems (10 to 100 Mbps) [3]. The FSO technology can be
used for indoor or outdoor transmissions. Despite its various advantages, FSO
communications have several limitations. FSO systems suffer from being highly
sensitive to atmospheric and weather conditions. In the nature, fog is the biggest
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challenge for FSO communications [4,5,8]. In addition, fog affects the transmis-
sion where the waves are in the visible and the infrared ranges. This is due to the
fact that, in these ranges, the fog’s particles and the wavelength of laser beam
have the same order of magnitude. Several experimental tests were made to
study the influence of fog on FSO. These studies serve to characterize and mea-
sure the attenuation of the laser beam. In [6], the authors have presented several
empirical models to predict the fog attenuation, then they identify the most rig-
orous model. They have found that the attenuation depends on the wavelength
of FSO transceiver and on the visibility. On the other hand, link performances
depend also on the nature and on the chemical composition of the propaga-
tion medium. The transmitted light can react with the particles presented in the
atmosphere causing beam spreading, known as aerosols [7]. Hence, an interaction
with the particles leads to several phenomenon that affect the link, e.g., absorp-
tion, scattering and atmospheric turbulences. Atmospheric turbulence is due to
the unequal distribution of humidity and temperature in different parts of the
atmosphere [8]. Several research works were conducted to investigate the effect
of atmospheric turbulences on communications performances. Their studies sup-
ported by experimental tests show the effects of weather conditions and factors
on the refractive index known also as the strength of atmospheric turbulences. In
[9], Augustine et al. have used an experimental indoor test in order to evaluate
the effects of thermal turbulence on the laser beam in term of refractive index.
They have studied the fluctuation of the refractive index using the experimental
data and Andrews and Phillips model. They have found that the refractive index
is depending on the temperature. In [10], an experimental test of beam wander
variance induced by the atmospheric turbulence has been studied. The test was
made using an optical turbulence generator chamber. They confirmed that the
increase of temperature gradient can cause serious impairment of FSO link. In
[11], the authors made an experimental test to show the effects of harsh climate
on FSO communications. They found that the temperature has the strongest
effect on the link performance.

The remainder of this paper is organized as follows: In Sect. 2, we present
an overview of the different source of impairments affecting the FSO commu-
nications. Then, we present the FSO channel model in Sect. 3. In Sect. 4, we
introduce the different techniques used to overcome the weakness of FSO link
under different strength of atmospheric conditions. Finally, Sect. 5 concludes this
paper.

2 FSO Challenges

In FSO communications, laser beam is spread through the atmosphere from the
transmitter to the receiver. This beam is subject of many sources of attenuation.
In fact, the laser reacts with the atmosphere particles causing the attenuation of
the signal. The total atmospheric attenuation is due to the scattering and to the
absorption phenomena. In fact these phenomenon result from the interactions
between the laser beam and the molecules of the gas and the aerosols present in



42 A. Touati et al.

the atmosphere. As given by [4,12], the aerosol is a set of particles of different
forms: such as spherical or irregular. In the following, we will present the different
challenges for the FSO transmissions.

2.1 Absorption

Absorption of the laser beam is caused by the interaction of the emitted pho-
tons and the molecules/atoms existing in the atmosphere (i.e., N2, CO2, H2O,
O2, etc.). This interaction leads to the disappearance of some photons and their
energies will be converted to heat causing an elevation of the temperature. The
absorption is considered as “selective wavelength” phenomenon due to its depen-
dence on the type of gas and its concentration in the atmosphere. The wavelength
range is divided into two principal zones: Transparent and opaque zones. For,
the wavelengths at the first zone, the absorption is considered minimal and it
can be neglected. However, in the blocking zone, the absorption is maximal [12].
In order to overcome the effects of atmospheric absorption on laser beam prop-
agation and taken into account that it is too difficult to control the chemical
composition of the atmosphere, the FSO systems are made with wavelengths
falling in the transparent zone. Thus, in the experimental work, the absorption
phenomenon is neglected and the atmospheric attenuation is depending only on
the scattering coefficient.

2.2 Scattering Phenomenon

Scattering phenomenon is depending on the size of aerosols and molecules present
in the atmosphere. Based on the size of these particles, the scattering can be
classified into Rayleigh and Mie scattering. The Rayleigh scattering appears
when the particle size (r) is relatively small compared to the wavelength λ of
incident beam (i.e., r < λ/10). However, the Mie scattering appears when the
aerosols size are comparable to the wavelength of the transmitted light (i.e.,
λ/10 < r < 10λ). In the nature, the most known phenomenon causing scattering
are fog and haze. In fact, the fog’s particles and wavelength of the incident light
have the same order of magnitude, reacting together leads to the apparition of
Mie scattering phenomenon. In the nature, the fog appears as clouds touching
the ground formed from the water vapor. In fact, when the water vapor present in
the atmosphere becomes in excess, the surplus of vapor condenses. Hence, when
warm and moist air flows over a colder surface the fog appears. As a result, the
fog particles reduce the atmospheric visibility. The visibility is defined as the
greatest distance at which an object can be clearly seen by a human observer. It
is measured by the Runway Visual Range (RVP) which refers to the path length
crossed by a luminous flow until its intensity is reduced to 5% of its original
value.

2.3 Pointing Errors

The laser beam, transmitted by the source to the destination, is travelling in a
straight line. Thus, any misalignment between the transmitter and the receiver
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causes pointing errors that affect the link performances. These pointing errors
are mainly caused by building sways, mechanical vibrations, dynamic wind loads
and thermal expansion. The effects of pointing errors on FSO transmission are
considered as critical issues because these errors would increase the outage prob-
ability and bit-error rate and consequently decrease the channel capacity [13,14].
In order to mitigate the misalignment fading many techniques can be used. In
fact, complex tracking mechanism can be employed to align the laser beam
between the transmitter and the receiver by using a feedback channel. However,
the FSO systems based on this mechanism are expensive [15]. On the other
hand, for short distance, a laser beam with an increase in the power budget is
considered as a suitable solution [16].

2.4 Atmospheric Turbulence

The large amount of solar irradiance absorbed by the earth surface causes an
important increase of the ambient temperature and leads to the formation of
warm air around the ground. This warm air passes over the surrounding air and
leads to the inhomogeneity of the ambient atmosphere. This inhomogeneity is
manifested by the formation of cells and eddies with different sizes and tem-
peratures and with different refractive index [8,17,18]. The refractive index is
the key factor of scintillation phenomenon caused by the atmospheric turbulence
and characterizes the strength of atmospheric turbulence. In general, refractive
index depends on altitude and weather factors such as temperature, solar irra-
diance and humidity [17,19]. The eddies react with the transmitted laser beam
and cause random phase and amplitude variations of the received signal inducing
distortion in the optical wave front. This phenomenon is called “scintillation”
and it is responsible of the signal degradation and of the fading of the received
power [20,21].

3 Channel Model

The atmospheric turbulences are random fluctuations of the intensity and the
phase of the received signal. In the literature, several models are employed to
explore the intensity of these fluctuations. The most used models are Log-Normal
and Gamma- Gamma. In fact, for low to moderate turbulences, the fading can be
modeled by Log-Normal distribution, while for moderate to strong turbulence;
the fading is modeled by Gamma-Gamma distribution [13,14].

3.1 Log Normal Model

The density probability function (PDF) of Log-Normal distribution is given as
follow

fh (h) =
1√

8πhσ
exp

{
−

(
ln(h) + 2σ2

)2
8σ2

}
(1)

where h is the normalized channel fading, σ is the scintillation index character-
izing the strength of atmospheric turbulence.
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3.2 Gamma-Gamma Model

The density probability function (PDF) of Gamma-Gamma distribution is given
as follow

fh (h) =
2(αβ)(α+β)/2

Γ(α)Γ(β)
h

(α+β)
2 −1Kα−β

(
2
√

(αβh)
)

, (2)

where the parameters α and β are related to the atmospheric conditions and
represent, respectively, the effective number of large and small scale eddies of
the scattering process. Kn(.) is the modified Bessel function of the second kind
of order n and Γ(.) denotes the Gamma function. The parameters α and β are
given by [22] and denote the effective number of large and small scale eddies.

4 Techniques to Mitigate the Effect of FSO’s Challenges

To bridge this gap and overcome the weakness of FSO link under strong atmo-
spheric turbulence, several techniques are used. In the following, we will present
some techniques already existed and have been tested.

4.1 Hybrid FSO/RF System

This technique consists of adding an RF link to the FSO link. This setup can
exist into two configurations.

(1) Hard switching configuration: For the hard switching configuration, at any
time only one link is active while the other link is idle. In fact, while the
atmospheric conditions are favorable, the FSO is active. Otherwise, the RF
will be activated and FSO goes into idle state, Fig. 1. However, the disadvan-
tage of this approach is that the RF link can be selected for a large period
and the channel capacity of FSO link is wasted.

(2) Soft switching configuration: In the soft switching, the two links are activated
simultaneously, Fig. 2. In this configuration, the use of channel coding (i.e.,
Raptor codes,...) is mandatory. In fact, the data is encoded then sent through
the two links. At the receiver side, the data is collected from the two links
and it is stored, then decoded and interpreted.

The performances of the soft and hard switching configurations, under foggy
weather, is presented in [23]. They have found that the encoded system (i.e. soft
switching approach) can provide significantly higher throughput particularly in
adverse weather condition than the hard switching configuration. On the other
hand, the performance of soft switching configuration under harsh climate has
been studied in [24]. The authors have found that the soft switching configuration
under harsh and desert climate with high temperature ensures a high level of
quality of service compared to the individual FSO link.
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Fig. 1. Hybrid FSO/RF hard switching configuration.

Fig. 2. Hybrid FSO/RF soft switching configuration.

4.2 Hybrid Automatic Repeat Request

In most of the recent related works, the HARQ (automatic repeat request) proto-
cols are used on FSO communications. These protocols are used to overcome the
loss of data presented under atmospheric turbulences. The main idea of HARQ is
based on the acknowledgment (ACK) received from the receiver [14]. If a positive
ACK is received that means that the transmitted packet was received without
error. Thus, the sender will move to the next packet. However, when a negative
ACK (NACK) is received, which means that an error affected the transmitted
packet, a re-transmission is then required. The re-transmission process continues
until a positive ACK is received or a maximum number of rounds M is achieved.
Note that, the process of re-transmission depends on the type of HARQ used.
In the following we will present two types of HARQ.

(1) HARQ with incremental redundancy (HARQ-IR): For the HARQ-IR, for
each packet generated by the transmitter, a number of parity bits are added.
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A positive ACK is sent in case of successful decoding. In contrary, in case
of decoding failure, the erroneous packet is stored in a buffer at the receiver
and a NACK is sent to the transmitter. In the second round, new parity bits
are generated then sent to the receiver. This process continues until an ACK
is received or M rounds are achieved. Thus, each round contains different
parity bits. After each rounds, at the receiver side, a combination of all the
stored parity bits is carried out which ensure a high successful decoding.

(2) HARQ with chase combining (HARQ-CC): In case of HARQ with Chase
Combining Protocol (HARQ-CC), when a decoding failure occurs, the erro-
neous packet is stored in a buffer at the received side and NACK is sent to
the transmitter [30]. The transmitter re-sends the same packet until an ACK
is received or M rounds are achieved. At the receiver side, for each round,
maximal ratio combining (MRC) is carried out to all the previous received
packets.

Note that for low to moderate atmospheric turbulences, the HARQ technique
can be an efficient solution to overcome the loss of data. However for strong
turbulences, the loss of data increases with the strength of turbulences and the
re-transmission technique becomes a useless solution. Thus, in this case using
the hard or soft switching configuration can be a great solution.

5 Conclusion

In this paper, we have presented an overview of FSO communications. We have
introduced the different challenges faced by a laser beam propagating through
the atmosphere. These sources of attenuation can highly affect the link perfor-
mances and in the worst case cause the link outage. Moreover, we have pre-
sented the FSO channel modeling for different strength of atmospheric turbu-
lence. Then, we have presented some techniques that can be used to overcome
the weakness of FSO link under different strength of atmospheric turbulence.
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