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ABSTRACT Fiber-coupled free-space optics (FSO) communications have emerged as a promising wireless
technology due to their flexibility, speed, security, and seamless integration with fiber optic systems.
However, these systems are very sensitive to atmospheric conditions, particularly turbulence, necessitating
robust and tailored solutions according to the application scenarios. However, the intrinsic random nature
of atmospheric turbulence, together with the strong dependence on multiple external factors (e.g. varying
weather conditions), makes it extremely challenging to adequately compare the merit of different turbulence
mitigation techniques. In this work, resorting to the use of a custom-made atmospheric chamber, we tackle
the issue of turbulence-induced power fading employing two complementary optical mitigation techniques:
i) through enhanced fiber coupling efficiency using either standard single-mode fiber (SSMF) or multi-mode
fiber (MMF) and ii) through tailored optical pre-amplification using either Erbium-doped fiber amplifiers
(EDFAs) or semiconductor fiber amplifiers (SOAs). By carrying out a comprehensive set of repeatable
and inter-comparable turbulence emulation tests, we demonstrate that MMF-based fiber coupling can be
highly advantageous for less demanding FSO links, achieving 100% reliability after a real-time BER
assessment at 4.5Gbps over weak-to-moderate turbulence, which represents a major improvement over the
∼10-50% reliability obtained under the same circumstances for the SSMF-coupled system. In turn, for FSO
links requiring high-capacity SSMF-coupled receivers, we demonstrate that EDFA-based pre-amplification
operating either in saturation or automatic power control (APC) enabling 10 Gbps connectivity with
99% reliability in weak turbulence and ∼96-98% in moderate turbulence regimes, in contrast with the
baseline reliability of unamplified systems in the same turbulence conditions, which have shown <50%
and <10% reliability with weak and moderate turbulence, respectively. Although also highly effective in
mitigating turbulence-induced power fades, SOA-based pre-amplification was found to fall short of its
EDFA counterpart, mainly owing to its degraded noise figure and nonlinear response, leading to reliability
performance in the range of ∼70-90%, over the same turbulent conditions.

INDEX TERMS Optical wireless communications, free-space optics, fiber coupling, atmospheric turbulence
mitigation, optical pre-amplification.

I. INTRODUCTION
Free-space optics (FSO) communications have recently
emerged as a promising solution for the future of wireless
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transmission communications. FSO refers to the transmission
of modulated Infrared (IR) beams through the atmosphere,
or vacuum [1]. The main advantages of FSO are associated
with its resistance to electromagnetic interference, wide
unregulated spectrum, and virtually unlimited bandwidth.
In addition, by employing free-space-to-fiber coupling, this
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technology can be easily integrated with current fiber optic
networks, enabling the delivery of Tbps capacities [2] in
a cost-efficient way, exploring mature, low-cost, and high-
energy-efficient fiber-based optical components.

Despite its prominent advantages, FSO communications
also face some technical challenges, including beam diver-
gence over long distances, pointing errors, significant
atmospheric attenuation in adverse weather conditions (fog,
snow, and rain), and turbulence in the atmosphere. While
there are effective practical solutions to the challenges of
divergence, steering, and attenuation, the issue of power
fading induced by atmospheric turbulence remains largely
unresolved and has been the subject of much research [10].
Thereby, the experimental mimicry of atmospheric turbu-
lence in a controllable way can help understand their impact
on optical communications as well as in the development
of mitigation techniques. Turbulence emulation approaches
based on wavefront distortion have been employed to analyze
the coupling efficiency, but these systems, usually based on
spatial light modulators (SLM), tend to operate at a few
Hz [11]. On the other hand, atmospheric chambers enable
the emulation of the dynamic time response of atmospheric
turbulence by creating strong temperature gradients inside
the chamber [12]. In that way, atmospheric chambers enable
the experimental modeling of atmospheric turbulence taking
into account its characteristic time response, thereby enabling
an accurate real-time performance assessment of the FSO
communication system.

Resorting to atmospheric chambers, the performance of
FSO communications systems had been characterized under
several turbulent regimes, as well as the performance of
different mitigation techniques [13]. At the digital sig-
nal processing (DSP) level, adaptive data rate techniques
or enhanced forward error correction (FEC) approaches
have been recently proposed to mitigate the impact of
turbulence [14]. Despite their effectiveness, these solutions
typically lead to an overall constraining of the system
capacity [15]. In turn, while optical subsystems tend to keep
the system capacity constant, they also tend to be more costly,
such as wavefront correction based on adaptive optics [16],
pointing, acquisition, and tracking (PAT) mechanisms [17]
or multiple-input multiple-output (MIMO) systems that
require multiple optical heads at the transmitter and receiver
sides [18]. Another approach involves the exploitation of
enhanced fiber coupling approaches, which can comprise
few-mode fibers (FMF) or multi-mode fibers (MMF) [4].
These fibers tend to enhance the fiber coupling because the
distorted wavefront can be coupled on other modes, with
different spatial distributions, than the fundamental mode.
Furthermore, fibers with larger core sizes and numerical
apertures are more resistant to beam wandering and can
couple more light. It has been studied that larger core
fibers tend to be more resilient, increasing the coupling effi-
ciency [5], [19]. When compared with standard single-mode
fiber (SSMF) coupling, in [4] a gain of 49% and 39%

in terms of coupled power was reported for 2-mode and
4-mode fibers, respectively, in channels affected by moderate
and strong turbulence regimes. Although the FMF approach
using mode division multiplexing (MDM) can boost the
system performance and capacity, this tends to require several
coherent receivers assisted by MIMO DSP [20]. On the other
hand, the use of MMF at the receiver side emerges as a very
appealing solution to improve the resilience of FSO systems
in a cost-efficient way [5].

However, due to the impact of multi-modal dispersion,
their performance can deteriorate the signal quality. In [21]
and [22], the reported results show a decrease in bit error rate
(BER) performance and tolerance to FSO link misalignment
as the MMF length is increased, and therefore this solution is
not suitable when the receiver is far away from the optical
head. In addition, MMF coupling is not compatible with
current fiber optic networks based on SSMF.

An alternative approach to compensate for the deleterious
effect of turbulence-induced power fading involves the
dynamic compensation of optical losses by an optical
amplifier. Usually, this compensation happens on the receiver
side, i.e., pre-amplification [23], [24], but it can also be
complemented by dynamic power compensation on the
transmitter side to mitigate slow fading effects [25]. When
discussing optical amplification systems, it is crucial to
compare the performance provided by Erbium-doped fiber
amplifiers (EDFAs) and semiconductor optical amplifiers
(SOAs). In [9], the authors evaluated the BER performance,
of a signal transmitted at approximately 1 Gbps, considering
different optical pre-amplification approaches, including
EDFA and SOA in saturation, under different turbulence
conditions generated by an atmospheric chamber. Despite the
merits of optical pre-amplification schemes, they contribute
with added noise and also increase the cost and power
consumption of communication systems. Therefore, the
design of efficient optical mitigation strategies to reduce the
impact of turbulence is a non-trivial challenge that deserves
further research. To that end, the realization of experiments
in controlled but realistic laboratory environments is a key
requisite to enable a consistent and repeatable comparison of
available turbulence mitigation options.

In this paper, the performance of two optical mitiga-
tion techniques for turbulence-induced power fading in
fiber-coupled FSO communication systems is comprehen-
sively characterized. This characterization considers the
evaluation of power fading and the real-time performance
assessment of BER under different atmospheric conditions
recreated by an atmospheric chamber, allowing a more com-
plete and detailed study in relation to existing works in the
literature, as shown in Table 1. In the first mitigation scheme,
MMF is used at the receiver side of the FSO link, providing
100% reliability in moderate turbulence. This results in a
reliability gain of around ∼40% in weak turbulence regimes,
and a gain of ∼90% in moderate turbulence regimes over
the traditional approach with SMF-based coupling. The
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TABLE 1. Main works on fiber coupling and pre-amplification for atmospheric turbulence mitigation in the literature.

second approach involves pre-amplification schemes (using
EDFA and SOA) in different operation modes, saturation,
and automatic power control (APC), which provides the
best solution, achieving a reliability of ∼98-99% over
weak-to-moderate turbulence: compared to the unamplified
solution, leading to gains of ∼60% in weak turbulence
regimes, increasing up to ∼90% in moderate turbulence
regimes. By using an EDFA in APC mode and comparing its
performance against saturated EDFAs and SOAs, in this work
we take an innovative approach for the mitigation of strong
turbulence effects, backed up by a comprehensive real-time
assessment of their respective BER performances.

The remainder of this paper is organized as follows.
In section II, the utilized atmospheric chamber is pre-
sented and characterized over different turbulence levels.
In section III, the gains provided by MMF coupling are
evaluated in terms of power and system reliability in different
turbulence conditions. In section IV, the performance of
different mitigation techniques based on pre-amplification is
characterized. Finally, in section V, the main conclusions are
presented.

II. TURBULENCE EMULATION USING AN ATMOSPHERIC
CHAMBER
Atmospheric chambers have been extensively employed
in scientific literature to mimic the natural conditions of
the Earth’s atmosphere for optical transmission. These
chambers allow for the recreation and control of environ-
mental variables that impact the optical transmission, such
as temperature, humidity, and pressure. Doing so makes

FIGURE 1. Custom-made atmospheric chamber used to generate
weak-to-strong atmospheric turbulence.

it possible to conduct experiments under controlled and
repeatable conditions to better understand the behaviour of
optical wireless transmission in outdoor scenarios. Typically
made of acrylic or glass walls, an atmospheric chamber
usually contains a set of heaters, fans, humidity generators,
smoke emulators, and monitoring sensors. Overall, the length
of these chambers ranges from 1 to 5 meters [26], and they
can reach temperatures up to 60◦C [27], inducing strong
thermal gradients that can lead to the generation of moderate
turbulence regimes [12]. Its main purpose is to carry out
experiments in a controlled environment, producing different
turbulence conditions [12], including fog [13], [26], [27], and
emulating the propagation of a laser beam through kilometers
of atmosphere in a compact laboratory space.
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FIGURE 2. Experimental setup used to evaluate the performance of an FSO link under different atmospheric conditions generated in
the atmospheric chamber.

The next subsections will present how we recreate outdoor
optical wireless transmission inside a controlled labora-
tory environment, including the custom-made atmospheric
chamber architecture, the characterization of the generated
turbulence effects, and the decisive role played by automatic
beam alignment in these systems.

A. CHAMBER DESIGN AND ARCHITECTURE
FIGURE 1 shows the atmospheric chamber employed in the
following experiments, characterized by a length of 120 cm,
70 cm width, and 60 cm height.

It is equipped with two-time cycled heaters, which allow
precise temperature control up to chamber temperatures of
70◦C. The chamber is also equipped with two controllable
fans that reach up to 9000 revolutions per minute (RPM). One
fan injects air into the chamber while the other draws air out,
resulting in rapid cooling when needed.

The conditions inside the chamber are monitored in
real-time by two humidity and temperature sensors. As a
whole, the chamber enables to create repeatable test environ-
ments, allowing precise temperature and cooling adjustments,
while monitoring internal conditions in detail.

B. EXPERIMENTAL SETUP: FSO TRANSMISSION OVER A
TURBULENT CHANNEL
The setup used for testing the impact of turbulence on the
FSO transmission performance is illustrated in FIGURE 2.
Two collimators, Thorlabs F810APC-1550, were used for
the transmission/reception of the optical signal in free space.
These collimators were positioned at a distance of 150 cm
from each other. A continuous wave (CW) laser was directly
connected to the Tx collimator, emitting at a wavelength
of 1550 nm, with an optical power of 11 dBm. After the
Rx collimator, a fast optical power meter (FOPM) is used
to measure the collected optical power at sampling-rate of
10 kSps.

To keep the FSO link continuously aligned, we utilized
a commercial PAT system, compensating for any pointing
errors occurring during the experiments. The automatic
alignment system employs two piezoelectric inertial actuators
(Thorlabs PIAK10), attached to the transmitter collimator,
an electronic driver (Thorlabs KIM101), a beam position
aligner (Thorlabs KPA101), a 92/8 beam splitter (BS), which
reflects part of the beam towards a quadrant detector (QD)

(Thorlabs PDQ30C), by a plano-convex lens. This system
allows for real-time monitoring and correction of the beam
position, enabling continuous alignment to a set position
through closed-loop control.

C. EXPERIMENTAL ASSESSMENT OF
TURBULENCE-INDUCED POWER FADING AND POINTING
ERRORS
To experimentally validate the capability of the chamber
to generate realistic turbulence regimes, in this section we
make use of the setup of FIGURE 2 in a progressive heating
configuration, analyzing the statistical distribution of optical
power over time. Furthermore, to assess the importance
of adaptive beam alignment on the practical impact of
turbulence, we consider two complementary experimental
analyses: i) without adaptive beam alignment (i.e. with
link alignment performed at room temperature, without any
further adjustments) and ii) with adaptive beam alignment
over time, attempting to correct any pointing error effects
generated by turbulence. We started the aforementioned
analysis by programming the atmospheric chamber to keep
the heaters on (100% duty-cycle) for 18 minutes, resulting
in temperatures exceeding 45◦C, which was adjusted to
provide high enough levels of turbulence. The evolution
of temperature inside the chamber, as recorded by the
installed temperature sensors, is depicted in FIGURE 3a,
considering the scenarios with and without automatic beam
alignment. The similarity of the obtained results evidences
the repeatability of the atmospheric chamber, crucial to
mimic practical outdoor conditions in a controlled laboratory
environment.

FIGURE 3b shows the recorded beam position measured
in the QD with and without beam alignment, on top of a
heatmap of coupled power as a function of the incident beam
position in the received collimator. As would be expected,
without automatic beam alignment we observe a cumulative
beam deviation from the optimal point that leads to the
increased fixed coupling losses shown in FIGURE 3c. Here,
we can observe that without beam alignment the losses due to
pointing errors can rise up to 20 dB. On the other hand, with
automatic alignment, the losses are contained below 5 dB.

Making use of the fast optical power meter sampling
at a rate of 10 kSps, in FIGURE 4, we can see the
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FIGURE 3. Recording of beam position and temperature during atmospheric chamber heating with and without automatic alignment.
(a): Evolution of the temperature inside the atmospheric chamber for both approaches. (b): Beam position over time in a collimator
lens. (c): Power losses as a function of the distance from the center of the collimator.

FIGURE 4. Evolution of the normalized received optical power under the
influence of atmospheric turbulence generated inside the atmospheric
chamber.

received optical power over time with and without automatic
alignment. For each case, this figure also displays the average
received optical power, calculated with a moving average of
0.8 seconds, directly related to the power losses caused by
beam misalignment relatively to the center of the collimator,
as shown in FIGURE 3c. The drop in average optical
power of around 25 dB in FIGURE 4a, and around 6.5 dB
in FIGURE 4b, can be explained based on the correlation
between the power losses and the pointing errors observed
during each test. Although it is expected that the losses in
average optical power would correlate with the results shown
in FIGURE 3c, the power losses are associated not only
with pointing errors but also with the phenomenon of beam
scintillation, which leads to an additional power loss of 3 dB
and 7 dB for the systems with and without automatic beam
alignment, respectively.

By analyzing the evolution of received optical power,
it becomes clear that the rising temperature inside the
chamber leads to increasing levels of turbulence, which
directly manifests into the visible enhancement of power
fadings. In addition to this effect, and following our previous
discussion, the induced temperature increase also causes a
reduction of the average refractive index of the air inside the
chamber, thereby generating a slight refraction of the beam
that leads to beam misalignment and consequent average
power loss.

Following this issue, we have then activated the automatic
beam alignment system, which enabled to realign the FSO
link according to the temperature-induced refraction. This
led to the beam remaining near the central position of
the collimator, as shown in FIGURE 3b, thus significantly
reducing the associated power loss of around 25 dB, without
automatic alignment, to less than 6.5 dB (see FIGURE 3c).
Naturally, owing to the stabilized average position of the
received optical beam close the center of the receiver-
end collimator, the effect power fadings caused by beam
wandering is also visibly reduced.

Note that, while the magnitude of beam wandering effects
is expected to remain unaffected (the utilized PAT is not fast
enough to correct for these sub-ms effects), their induced
power losses are much lower, since position fluctuations are
now centered at the origin (i.e. at the optimum alignment
point).

As a whole, the carried out analyses and obtained results
clearly highlight the crucial role played by automatic beam
alignment in FSO systems, not only in long-range field-trial
settings but also for the accurate emulation of FSO systems
using atmospheric chamber setups.

D. EXPERIMENTAL VALIDATION OF MULTIPLE
TURBULENCE REGIMES
Exploiting the observed impact of progressive heating inside
the chamber on the variation of optical power over time,
in this subsection we aim to validate that the measured
turbulence-induced fading respects the expected trends for
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FIGURE 5. Experimental and theoretical (Gamma-Gamma) probability
functions of the scintillation effect caused by atmospheric turbulence.
(a), (c): without automatic alignment. (b), (d): with automatic alignment.

realistic FSO transmission scenarios. To that end, we now
proceed with a comprehensive statistical treatment of the
experimentally measured data, and its subsequent compar-
ison against the well-known Gamma-Gamma model [28].
To quantify turbulence levels, Rytov variance (σ 2

l ) is
commonly used, which can be classified as weak, moderate,
or strong [29]:

• weak-turbulence: σ 2
l < 0.3;

• moderate-turbulence: 0.3 < σ 2
l < 5;

• strong-turbulence: σ 2
l > 5.

Since the Rytov variance can be seen as a metric for the
impact of turbulence, it is of paramount importance to discuss
it in terms of the corresponding physical parameters. The
expression for Rytov variance is given by [29]:

σ 2
l = 1.23C2

n k
7/6L11/6, (1)

where C2
n is the refractive index structure parameter,

which is generally observed to range from about 10−13 to
10−16 m−2/3, k is the wave number (2π/λ) and L is the
channel path length.

Using the Gamma-Gamma model as a theoretical ref-
erence, FIGURE 5 shows the experimentally obtained
probability density distributions and their best corresponding
Gamma-Gamma fits (in a mean square error sense), with and
without automatic beam alignment.

FIGURE 6. Comparison of the estimated Rytov variance from the fitting of
the experimental data against a Gamma-Gamma model for a test with
atmospheric turbulence with and without automatic alignment.

Both results are obtained for a fixed period of time of
30 seconds, after heating up the chamber. Two key observa-
tions can be extracted from these results: i) the histograms
of experimentally collected data do follow the well-known
asymmetric probability distribution that is characteristic of
fading FSO channels, revealing a very good fit with the
Gamma-Gamma function, and ii) the use of automatic beam
alignment has a very relevant impact on the distribution of
optical power, significantly lowering the measured Rytov
variance from > 5 (i.e. strong turbulence) to < 1
(i.e. moderate turbulence).

These observations are corroborated by FIGURE 6, which
shows the evolution of Rytov variance throughout the
experiments with and without automatic beam alignment.
From these results, we can observe that without automatic
alignment, high values of Rytov variance (strong turbulence)
are obtained, corresponding to the levels of turbulence
obtained in FSO links of more than 20 km when assuming
a typical value for the refractive index structure parameter
of C2

n = 10−15. However, after incorporating automatic
alignment, lower turbulence values were observed, which
resemble the turbulence obtained in links of around 5 km. It is
important to note that this work only simulates atmospheric
turbulence and does not take into account other effects in
the atmosphere, such as absorption, scattering, and beam
spreading.

As a good metric for measuring turbulence strength, it is
common to use the Fried coherence length, which can be
given by [30]:

r0 = 1.68(C2
nLk

2)−3/5, (2)

where C2
n is the refractive index structure parameter, L

is the length of the link, k is the wave number, k =

2π/λ, and λ is the wavelength. To determine the r0 value
for our system, we need to calculate the achieved C2

n .
Considering the maximum Rytov variance, σ 2

l = 5, obtained
in our 150 cm link, and using the equations (1) and (2),
a minimum r0 value of roughly 0.4mm is determined, which
falls within the range of values that are associated with
strong atmospheric turbulence regimes, as reported in the
literature [31].
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III. FIBER COUPLING EFFICIENCY OF FSO SYSTEMS
IMPAIRED BY TURBULENCE
The turbulence characterization performed in the previous
section has been carried out employing fiber collimation into
an SSMF, which is nowadays the most widely utilized fiber
type in the majority of optical communication applications.
However, the actual impact of turbulence on optical power
fluctuation strongly depends on the characteristics of the
fiber into which the signal is collimated. Namely, its core
size and NA have an important influence on the air-to-
fiber coupling efficiency [32]. Resorting to the graphical
example of FIGURE 3b, it is easy to visualize that a fiber
with a larger core will be more tolerant to beam wandering
effects caused by atmospheric turbulence. In addition to
higher tolerance to beam wandering, larger cores tend to
decrease the impact of scintillation because more modes
are supported, resulting in greater coupling efficiency under
strong wavefront distortions [30].

To experimentally assess the role of optical fiber coupling
on turbulent FSO systems, in this section we make use
of the developed atmospheric chamber to generate repeat-
able turbulence regimes and thereby directly compare the
measured optical power variations, and the BER perfor-
mance when employing different fiber types at the receiver
side.

A. EXPERIMENTAL SETUP
The experimental setup employed in this work to access the
impact of turbulence with different fiber-coupled receivers
is depicted in FIGURE 7. The optical signal, generated at
1550 nm by a directly modulated laser (DML, OCLARO
TTA) was modulated at 4.5Gbps by an RF signal from
a BERT (Keysight M8041A). The signal is then launched
into the atmospheric chamber, collimated in the fiber, and
finally detected by a low-cost multimode PIN diode with a
bandwidth of 2.5GHz, which sets the main limitation for
the achievable bit-rate of 4.5Gbps in this case. The received
electrical signal returns to the BERT to be analyzed, enabling
the evaluation of BER in real-time over data batches of
200ms. We repeated the atmospheric chamber heating test,

in which the heaters ran continuously for 18 minutes. Two
different fiber types are compared. i) an SSMF, characterized
by a core diameter of 9 µm and ii) an NA of 0.14, and an
MMF, characterized by a core diameter of 50 µm and an NA
of 0.2.

B. EXPERIMENTAL RESULTS
FIGURE 8 presents the evolution of received optical power
during the tests. It is evident that the MMF is remarkably
more resilient to atmospheric turbulence than SSMF due to
its larger core size and its multi-mode nature, which leads to
a lower variation in optical power over time.

From the results we can observe that the MMF presents a
maximum Rytov variance value of 4.5× 10−3, two orders of
magnitude lower than the maximum Rytov variance value for
SSMF of 3.3×10−1, thus evidencing the advantages of larger
core fibers. In general, fibers with a larger core diameter and
NA also have the potential to couple more light, thus reducing
the sensitivity to beam deviations, leading to a lower Rytov
variance, as can be observed in FIGURE 8b. In addition to its
strong resilience to power losses caused by beam wandering,
the multi-mode nature of the fiber makes it more resilient to
wavefront distortions associated with scintillation.

Sincewe obtained two quite different results, we decided to
use two theoretical models to obtain the Rytov variance: the
Log-Normal model which is more suitable for weak turbu-
lence regimes, and theGamma-Gammamodel predominantly
used in moderate and strong turbulence regimes [28].

To measure the communication performance of each
approach, the real-time BER was measured. As a result of
the BER measurements, reliability was used to evaluate the
system’s performance over time. Reliability was calculated
by dividing the number of error-free batches by the total
number of BER measurements. FIGURE 9 displays the BER
measurements taken during two tests using either SSMF or
MMF-based coupling. As predicted from the power results
shown in FIGURE 8, the signal quality deteriorates over
time due to atmospheric turbulence effects such as beam
scintillation and beamwandering. Towards the end of the test,
when the Rytov variance values are at their highest, as shown

FIGURE 7. Schematic of the experimental setup used for real-time performance assessment of an FSO communication system under
the impact of atmospheric turbulence with different fiber coupling approaches.
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FIGURE 8. (a): Evolution of the normalized received optical power under
the influence of atmospheric turbulence for SSMF and MMF coupling.
(b): Comparison of the estimated Rytov variance from the fitting of
experimental data against a Log-Normal and Gamma-Gamma theoretical
reference for different fiber-coupling approaches.

in FIGURE 9, the BER values range from 10−6 to 10−4, for
the scheme with SSMF. On the other hand, MMF coupling
remains error-free (note that the absence of MMF values
in FIGURE 9 is due the logarithmic y-scale that prevents
the representation of BER=0), providing a significant gain
over SSMF due to its high coupling efficiency under
turbulence.

During the whole experiment, the MMF-based solution
presents full robustness to atmospheric turbulence, with a
constant reliability of 100 %. However, when using SSMF
with the same threshold (error-free), the reliability drops to
51%, even reaching zero reliability after reaching moderate
turbulence regimes, making it sub-optimal for FSO commu-
nication systems under severe atmospheric turbulence.

In general, the obtained results clearly demonstrate that the
use of MMF coupling can be highly beneficial to improve
the performance of FSO systems impaired by moderate to
strong turbulence, providing a low-cost mitigation strategy
for multi-Gigabit optical wireless communications.

IV. MITIGATION OF TURBULENCE USING OPTICAL
PRE-AMPLIFICATION
Whereas in the previous section, we have shown that
MMF coupling can be highly effective in the mitigation of
atmospheric turbulence in FSO systems, there are multiple
application scenarios where the use of MMF-based receivers
is not adequate or cannot be employed in practice. A couple
of potential scenarios that are incompatible or challenging to
implement MMF coupling are discussed in the following:
i) in fiber-wireless-fiber scenarios where the O/E conversion

FIGURE 9. BER and reliability evolution for SSMF and MMF Coupling
(4.5 Gbps).

is located far away from the optical antenna, leading to signal
propagation over several kilometers of fiber. In that case,
the effect of multi-modal dispersion will quickly degrade
the signal quality, eventually voiding the MMF coupling
advantage after a few hundred meters.
ii) when targeting ultra-high-capacity FSO deployments,
more advanced receiver paradigms are typically required,
including the use of coherent optical receivers, whose base-
line architecture involves the use of single-mode components,
thereby preventing to benefit from the coupling advantages of
MMF.

Conditioned by these challenges in these practical appli-
cation scenarios, the use of SMF-based coupling might
still be mandatory, thus an alternative technique for the
mitigation of turbulence must be employed. Following
this challenge, in this section, we exploit the developed
atmospheric chamber to experimentally assess the turbulence
mitigation capabilities provided by optical pre-amplification.
In particular, following the unsettled discussion on this
topic that can be found in the recent literature [9], [33],
we aim to compare the FSO system performance using
either EDFA or SOA pre-amplification. In addition, we also
consider the amplification variants associated with operating
the pre-amplifiers in saturation or with an APC loop. More
specifically, three different approaches are employed to
compensate for turbulence-induced signal loss:

• EDFA in saturation (model: EXELITE INNOVATIONS
XLT-CF15);

• SOA in saturation (model: CIP Technologies SOA-S-
OEC-1550);

• EDFA in APC mode (model: FS M6200-20BA).

In this experimental assessment, the performance of optical
pre-amplification was evaluated in a 10 Gbps real-time
transmission system.

A. EXPERIMENTAL SETUP
The experimental setup utilized to evaluate the performance
of the considered optical pre-amplification strategies is
depicted in FIGURE 10. At the transmitter side, a 10Gbps
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FIGURE 10. Schematic of the experimental setup used to test communications on an FSO link under atmospheric turbulence with a
pre-amplification stage.

NRZ signal is generated using the previously introduced
BERT. Note that, in this case, the data-rate has been set so
that a fair comparison could be carried out between each
of the pre-amplification approaches. After signal generation,
a similar setup to the one described in section III was used.
At the receiver side, the optical signal is collimated and then
the setup is modified to add the pre-amplification stage. The
signal is coupled through an SSMFfiber, and two 3 dB optical
couplers are used to monitor the power at the input and
output of the amplifier, using optical power meters. After the
amplifier, a variable optical attenuator (VOA) is employed
to optimize the input optical power of the PIN diode, which
is found at -3 dBm. As the experiments were conducted
using SSMF, a single-mode PIN diode (Nortel PP-10G) with
10GHz bandwidth was utilized. After the signal is converted
from the optical to the electrical domain, it is sent back to the
BERT for analysis.

B. EXPERIMENTAL RESULTS
To assess the performance of each pre-amplification method-
ology, we repeated the previous test while measuring the
optical power before and after compensation and the BER of
the latter one. In FIGURE 11, the output power for the three
tests with pre-amplification is displayed.

Overall, when comparing with the uncompensated signal,
all implemented amplification methodologies resulted in a
cleaner signal with a significant reduction of power fluctu-
ations. For the saturated amplifiers, power fluctuations in the
input signal that do not exceed the defined saturation margin1

of 15 dB are easily mitigated by the amplifiers. In turn, the
obtained results with the EDFA in APC mode reveal a lower
performance in mitigating the turbulence-induced power
fading, which can be explained since the APC methodology
relies heavily on the control loop and amplifier response,
significantly constraining the overall methodology reaction
time.

Based on the analysis of the Rytov variance evolution in the
different pre-amplification schemes, shown in FIGURE 12,
it can be concluded that saturated amplifiers perform better

1The saturation margin is the gap between the amplifier input power
without turbulence and the saturated input power, ensuring that any power
loss peaks below thus gap would be mitigated.

FIGURE 11. Evolution of the normalized received optical power under the
influence of atmospheric turbulence for different pre-amplification
approaches. (a): without pre-amplification. (b): EDFA in saturation mode.
(c): EDFA in APC mode. (d): SOA in saturation mode.

in mitigating losses caused by atmospheric turbulence taking
only into account a power stability criterion. The results
show that pre-amplification significantly improves efficiency
by equalizing turbulence-induced fading with reduced power
variations.

In contrast to the analysis of received optical power, which
demonstrates the superiority of saturated amplifiers, the BER
measurements, shown in the FIGURE 13, indicate that the
BER of the SOA-amplified system is significantly lower
than the EDFA amplification, explained by the higher noise
figure and non-linear response of SOAs. It is important to
refer that, in a practical long-range FSO link, the impact of
beam propagation losses (e.g. due to beam divergence and
absorption) might typically require a dual-stage optical pre-
amplification architecture, where the 1st amplification stage
should essentially compensate for the link loss, while the
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FIGURE 12. Comparison of the estimated Rytov variance from the fitting
of the experimental data against a Log-Normal reference for different
pre-amplification approaches.

FIGURE 13. Comparison of the evolution of the BER performance for
different strategies. (a) without pre-amplification; (b) EDFA in saturation
mode; (c) EDFA in APC mode; (d) SOA in saturation mode. The vertical
dashed line at 14 minutes represents the transition from weak to
moderate turbulence regime.

2nd stage can be designed to mitigate the turbulence effects.
However, in this work, since we are mainly focused on the
analysis of the turbulence mitigation capabilities provided by
EDFAs/SOAs in the 2nd amplification stage, the impact of
the link loss has been neglected. Notably, the main challenge
associated with the 1st amplification stage lies on the SNR
degradation caused by addition of amplified spontaneous
emission (ASE) noise over a lower power received signal,
which is mainly an engineering problem. In contrast, the 2nd

stage amplification studied in this work is not expected to
significantly contribute to further SNR degradation since the
input optical power at that stage should already be sufficiently
high (> -25 dBm in this work).

To conclude, the obtained results have shown that both
approaches are highly reliable, compensating for the large
amount of (deep) fading caused by atmospheric turbulence.
While the SOA displayed satisfactory power results, its

introduction of noise to the system and its non-linear response
leads to poorer performance than EDFAs. Nonetheless, SOA
remains a viable option for this type of system as long as
the transmission rate is adjusted and/or adequate non-linear
mitigation measures are adopted. The EDFA in APC mode
demonstrates exceptional performance, with reliabilities of
99%, responding quickly to power fluctuations caused by
atmospheric turbulence. Furthermore, it produces exceptional
outcomes while maintaining a low noise figure, which had no
impact on the BER performance.

V. CONCLUSION
Atmospheric turbulence remains a critical bottleneck for
terrestrial high-capacity outdoor optical wireless communi-
cations. This work tackled this challenge by proposing two
approaches that considerably reduced this phenomenon: a
passive approach relying on different fiber couplings and
an active approach based on optical pre-amplification. Both
approaches have been validated using an atmospheric cham-
ber, reaching 4.5Gbps and 10Gbps, respectively. On the issue
of fiber coupling enhancement, MMF coupling showed clear
gains when compared with typical SSMF, showing strong
resilience in scenarios of weak and moderate turbulence, with
reliabilities of 100% during the entire test, providing reliabil-
ity gains of roughly 40%, in weak turbulence regimes, and
90% in moderate turbulence regimes, compared to SSMF.
Targeting higher capacity scenarios, where SMF-coupling is
mandatory, a pre-amplification technique using EDFAs and
SOAs has been characterized. The EDFAs, in saturation and
APC mode, have shown high efficiency in compensating for
the power fading induced by turbulence, with reliabilities
close to 100% in moderate turbulence regimes, especially
the EDFA in APC, which has presented excellent results for
a commercial amplifier. Table 2 summarizes the reliability
values for the evaluated mitigation techniques, accounting
for the different bit rates. Results show that both methods
are effective strategies for power fading mitigation induced
by atmospheric turbulence. Note that the reliability values
indicated in Table 2 are obtained from end-to-end real-
time BER measurements, and therefore already take into
account the overall impact on system performance of
the considered turbulence mitigation techniques, including

TABLE 2. Reliability for the different time windows of 5 minutes, and
their respective maximum Rytov variance values achieved σ2

l = 0.11,
σ2

l = 0.23, and σ2
l = 0.39, evaluated under different atmospheric

turbulence conditions.
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potential associated penalties such as multi-mode dispersion
(using MMF), ASE noise (using optical amplification) and
nonlinearities (when using SOAs). Notwithstanding, it is
worth emphasizing that the obtained results are tightly
associated with the considered system parameters, such as
bit-rate and transmission distance, and therefore their gener-
alization to other system configurations should be carefully
assessed.

In summary, EDFA in APC mode is a more interesting
solution for very high-capacity scenarios that require integra-
tion with current fiber-optic networks. This solution enables
the use of coherent detection with polarization multiplexing,
targeting Tbps capacities, which could provide a significant
capacity improvement of the system with the implementation
of a wavelength division multiplexing (WDM) technique.
However, with a WDM system, amplification must be
distributed across different channels, potentially raising
reliability issues on a per-channel level. On the other hand,
for multi-Gigabit applications with the receiver placed very
close to the optical head, MMF can be a more cost-effective
solution with similar performance. Note that, whereas in this
work the data-rate with MMF detection has been limited to
4.5Gbps due to the narrow PIN bandwidth (2.5GHz), there
are currently other commercial multimode PIN receivers
in the market that can potentially improve the available
bandwidth and consequently the data-rate by a factor of 10-
20 times [34]. Therefore, using state-of-the-art components,
it is reasonably conceivable to achieve 100Gbps MMF-
based solution for highly-reliable FSO transmission in the
near future. As a whole, by resorting to the use of a
custom-made atmospheric chamber ensuring repeatable and
realistic turbulence conditions, this work has contributed to
shine light into the relative merits of different turbulence mit-
igation techniques and their respective potential application
scenarios.
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