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Abstract

In this thesis, we explore advanced techniques to mitigate the effects of atmospheric
turbulence in Free-Space Optical (FSO) communication systems. The focus is on the
application of Mode Division Multiplexing (MDM) techniques in the receiver apparatus
of FSO systems. After presenting the theoretical foundations and reviewing the state of
the art of MDM-supported receivers for FSO systems, we experimentally characterize an
innovative solution based on Multi Plane Light Converter (MPLC). We then evaluate its
performance compared both to a photonic lantern approach and to conventional Single
Mode Fiber (SMF). The study demonstrates the potential of MPLC to enhance mode
separation and reduce modal crosstalk, both of which are critical in improving signal
robustness under turbulent propagation conditions. Results suggest that MPLC-based
solutions offer a promising path toward more reliable and higher-capacity optical wireless
communication links in the presence of atmospheric distortions. These findings con-
tribute to the development of next-generation FSO systems with enhanced performance
in challenging environments.
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Chapter 1

Introduction

1.1 Introduction to Free-Space Optical Communications

FSO communication systems have recently emerged as a highly promising solution for
future high-capacity wireless transmission links. FSO communications refer to wireless
optical links in which information is conveyed by collimated light beams propagating
through the atmosphere or vacuum, typically using modulated infrared wavelengths [1].
Unlike radio-frequency technologies, which require regulated spectral bands and are con-
strained by limited bandwidth availability, FSO systems exploit optical carriers, enabling
extremely high data rates and providing fiber-like performance without the need for a
physical waveguide [2]. The basic architecture of an FSO link consists of an optical trans-
mitter, a beam expansion and collimation stage, free-space propagation, and an optical
receiver equipped with focusing optics and photodetection circuitry [3].

The key advantage of FSO communications lies in the very high carrier frequency
of optical signals (on the order of hundreds of terahertz), which allows transmission ca-
pacities well beyond those achievable with microwave or millimeter-wave systems, while
also avoiding electromagnetic interference and spectrum licensing constraints [4]. These
characteristics make FSO links attractive for a wide range of deployment scenarios, in-
cluding high-capacity inter-building backhaul, rapidly deployable temporary networks,
airborne and UAV communication, and, most notably, satellite-to-ground, satellite-to-
satellite and deep-space optical communication links [5]. The compactness and low power
consumption of optical hardware enable lightweight communication terminals suitable for
spaceborne and stratospheric platforms. However, FSO links are not free from impair-
ments. Long-distance propagation leads to beam divergence, while mechanical vibrations
and atmospheric dynamics introduce pointing and alignment errors. Moreover, adverse
weather conditions such as fog, rain, and snow can severely attenuate the optical signal.
Most critically, atmospheric turbulence causes random refractive-index fluctuations that
distort the wavefront and induce irradiance fluctuations at the receiver, leading to per-
formance degradation [6]. Therefore, in order to fully exploit the high-capacity potential
of FSO communications, it becomes crucial to investigate how turbulence affects optical
propagation and to explore transmission strategies capable of enhancing robustness under
deteriorated channel conditions.
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1.2 Impact of Atmospheric Turbulence

Atmospheric turbulence is widely recognized as one of the dominant impairment factors
in free-space optical communication links [4]. Turbulence originates from random spatial
and temporal variations of temperature and pressure in the atmosphere, which produce
fluctuations of the refractive index of air [7]. As an optical beam propagates through
such a medium, its wavefront becomes distorted and its intensity distribution may change
unpredictably over time [8].

These distortions manifest primarily in two observable effects at the receiver. The
first is wavefront aberration, which results in beam wandering and spreading [9]. The
second is scintillation, namely rapid fluctuations in the received optical power caused
by interference of the distorted wavefront [10]. Scintillation can severely degrade the
signal-to-noise ratio, especially over long propagation distances or in strong turbulence
conditions.

Since these effects are dynamic and depend on atmospheric conditions, the optical
channel becomes inherently time-varying and difficult to predict. In this context, the
characterization of turbulence strength plays a fundamental role in evaluating the behav-
ior of FSO systems. A key metric used for this purpose is the Rytov variance [4].

In qualitative terms, the Rytov variance provides an indication of the strength of scin-
tillation along the propagation path. Low values correspond to mild and slowly varying
intensity fluctuations, whereas high values are associated with strong turbulence condi-
tions, where the received signal experiences deep fading and rapid power variations. This
interpretation is widely adopted in the literature, and it is commonly used to distinguish
weak, moderate, and strong turbulence regimes in optical links. Recent studies, such as
the unified statistical modeling of turbulence-induced fading in Orbital Angular Momen-
tum (OAM)-multiplexed FSO systems [11], further demonstrate how the Rytov variance
correlates with the severity of irradiance fluctuations and thus serves as a key indicator
of link reliability. For this reason, the Rytov variance is widely used to compare the
effectiveness of different transmission strategies and spatial mode allocations. A more
detailed discussion of this parameter and its role in system performance evaluation will
be presented in Chapter 2.

Atmospheric turbulence therefore represents a major limitation for the reliability of
free-space optical links, as it introduces random signal fading and performance fluctua-
tions that cannot be easily mitigated through simple power control or beam alignment
alone. This raises the need for strategies that can increase the robustness of the received
signal by reducing the sensitivity to scintillation and wavefront distortions. Instead of
relying solely on improving optical hardware or atmospheric compensation techniques,
an increasingly effective approach is to exploit the spatial structure of the optical field
itself. This idea leads to the use of MDM, which aims to distribute the transmitted
power across multiple spatial modes so that the effects of turbulence can be averaged or
compensated. The principles and motivations behind this approach are introduced in the
following section.
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1.3 Mode-Division Multiplexing as a Mitigation Strategy

Atmospheric turbulence introduces random wavefront distortions and intensity fluctu-
ations that strongly affect the stability of free-space optical links. When transmission
is performed using a single optical mode, such as a Gaussian beam, these distortions
directly translate into fluctuations of the received power, often resulting in deep fading
and performance degradation [4]. To improve robustness, it is beneficial to exploit the
fact that light can propagate in multiple orthogonal spatial modes, each representing a
distinct field distribution that is affected differently by turbulence.

This idea leads to the use of MDM, where information is distributed across several
spatial modes rather than being confined to a single one [12]. Since turbulence does not
distort all modes in the same way at the same time, the fluctuations experienced by each
modal channel are only partially correlated. By coherently combining or jointly detecting
multiple modes at the receiver, the system can effectively average out these fluctuations,
resulting in a received signal that is more stable over time. In other words, MDM provides
a form of spatial diversity, improving resilience to scintillation without requiring changes
in transmitted power or complex adaptive optics.

In the context of this thesis, modal diversity is applied specifically at the receiver
side: the optical field arriving from the turbulent channel is decomposed into a set of
orthogonal spatial modes, and their contributions are combined to obtain a more stable
received signal. This approach leverages turbulence-induced mode coupling rather than
requiring multiple independent transmitters, making it particularly suitable for practical
FSO implementations.

This strategy has been explored using various families of spatially structured beams,
including Hermite-Gaussian (HG), Laguerre-Gaussian (LG), and OAM modes [11,12].
However, the effectiveness of modal diversity depends critically on the ability to sepa-
rate and recombine the modes without introducing interference. Indeed, mode diversity
is beneficial only when the different excited modes can be properly distinguished and
processed at the receiver [13], otherwise cross-talk may negate the diversity gains.

In conventional FSO links employing SMF, the transmitted field is constrained to
the fundamental Gaussian mode. As a consequence, any turbulence-induced distortion
directly leads to received power fluctuations, making SMF-based links particularly sensi-
tive to scintillation and beam wander [4]. In contrast, MDM systems distribute optical
power across multiple orthogonal modes so that each mode experiences different fading
realizations. The resulting modal diversity leads to statistical averaging of turbulence
effects, yielding a more stable received signal.

To realize this benefit in practice, the receiver must be capable of separating the optical
field into its constituent modes. Several demultiplexing architectures have been proposed
for this purpose. The Photonic Lantern (PL) performs a passive low-loss transformation
from a multimode input to multiple single-mode outputs through an adiabatic taper [14],
preserving orthogonality but offering limited control over mode selectivity. A more flexible
solution is the MPLC, which implements a sequence of phase transformations to convert
spatial modes into distinct Gaussian-like outputs with high mode selectivity and low
cross-talk [15]. This makes the MPLC particularly suitable for MDM-based FSO links,
especially when higher-order spatial modes are used.

7
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In this context, comparing MPLC and PL reception to conventional single-mode de-
tection provides insight into how spatial mode diversity can effectively enhance robustness
under atmospheric turbulence.

1.4 Objectives and Contributions of This Thesis

The aim of this thesis is to investigate experimentally the effectiveness of MDM as a strat-
egy to mitigate the impact of atmospheric turbulence in FSO communication systems. In
particular, the work focuses on the use of a MPLC for spatial mode multiplexing and de-
multiplexing, and evaluates its performance in comparison with conventional single-mode
and PL-based receivers.

The first objective is the characterization of the MPLC device, analyzing its behavior
with respect to different spatial modes. This includes the measurement of insertion loss
for each output mode, and a comparison with the performance of a PL. Additional effects,
such as polarization sensitivity, fiber bending, and modal correlation at the MPLC output,
are also examined to assess the robustness and practical usability of the device.

The second objective is the evaluation of received power stability under atmospheric
turbulence, by comparing three different reception configurations: single-mode fiber, pho-
tonic lantern, and MPLC. The analysis focuses on two performance indicators: the moving
average of the received power and the Rytov variance, used as a measure of scintillation
strength. Based on these metrics, a subset of four spatial modes is identified as the most
resilient to turbulence when combined in an MDM scheme.

Finally, the third objective is the experimental validation of a complete communication
link, where real data transmission is performed using modulation, amplification, and
digital signal processing. This transmission test is used to assess whether the selected
multimode configuration provides improved Signal-to-Noise Ratio (SNR) compared to
single-mode and PL-based reception, thereby confirming the practical effectiveness of
mode diversity in mitigating turbulence-induced fading.

Overall, the contributions of this thesis can be summarized as follows:

e experimental characterization and performance assessment of an MPLC-based spa-
tial mode demultiplexing system;

e comparative analysis of received power fluctuations and turbulence impact across
SMF, PL, and MPLC reception architectures;

e demonstration of improved communication performances, in terms of SNR, when
using a selected subset of spatial modes in an MDM transmission scheme under
turbulent propagation conditions.

1.5 Structure of The Thesis

The remainder of this thesis is organized as follows.

Chapter 2 first presents mode-division multiplexing and the spatial modes considered
in this work. Then. it introduces the state of the art related to free-space optical com-
munication systems. The chapter introduces and finally reviews different coupling and

8



1.5 — Structure of The Thesis

demultiplexing architectures, including SMF, PL, and the MPLC. The physical origin
and statistical characterization of atmospheric turbulence are also discussed, with partic-
ular attention to the Rytov variance as a metric for scintillation. The chapter concludes
with an overview of coherent optical communication systems and digital signal processing
techniques relevant to the final experimental validation.

Chapter 3 focuses on the experimental characterization of the MPLC device employed
in this work. The insertion loss associated with different spatial modes is measured and
compared with the performance of a photonic lantern. The effects of polarization changes,
fiber bending, and modal correlation at the output of the MPLC are also analyzed to
assess the device’s robustness and suitability for use in multimode scenarios.

Chapter 4 investigates the propagation of optical modes through atmospheric turbu-
lence. Then, a comparison is carried out among three receiver configurations: single-mode
fiber, photonic lantern, and MPLC. The analysis examines the stability of the received
power using a moving average metric and evaluates the impact of turbulence through
the Rytov variance. Based on these results, a subset of four spatial modes is selected for
enhanced resilience, and the benefits of modal diversity are discussed.

Chapter 5 validates the selected modal configuration in a complete communication
scenario. Real data transmission is performed using coherent modulation, amplification,
and digital signal processing. The quality of transmission is assessed in terms of signal-to-
noise ratio, demonstrating the effectiveness of mode-division multiplexing in improving
robustness against turbulence-induced fading.

Chapter 6 concludes the thesis by summarizing the main findings, discussing the
implications of the results, and outlining potential directions for future research in the
development of turbulence-resilient free-space optical communication systems.
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Chapter 2

State of the art and theoretical
background

This chapter provides the theoretical background required to understand the techniques
and experimental results presented in the subsequent parts of this thesis. The focus is
placed on free-space optical communication systems and how to improve robustness under
atmospheric turbulence at the receiver.

A subsequent overview of the state of the art in mode-division demultiplexing is
then presented, discussing and contextualizing the main approaches, namely SMF-based
schemes, PLs, and MPLC. First, the principles of MDM are introduced, with particular
attention to Hermite—Gaussian spatial modes and their suitability for free-space propaga-
tion. Then, different mode multiplexing and demultiplexing architectures are reviewed,
including the SMF interface, the PL, and the MPLC, which will play a central role in the
experimental analysis of this work.

The chapter then discusses the physical mechanisms of atmospheric turbulence and
its impact on optical wave propagation, together with the commonly used metrics for
characterizing turbulence strength. Finally, the fundamentals of coherent optical com-
munications are summarized, and the digital signal processing steps required for coherent
detection.

Overall, the goal of this chapter is to establish the theoretical framework necessary
to interpret the experimental characterization of mode demultiplexing devices (Chapter
3), the analysis of turbulence effects on received power statistics (Chapter 4), and the
coherent transmission experiments (Chapter 5).

2.1 Mode Division Multiplexing

2.1.1 Introduction to Spatial Modes

An optical mode is a stable, self-consistent solution of the wave equation that describes the
electromagnetic field distribution of a propagating beam under given boundary conditions
[16] [17]. In optical fibers, modes correspond to eigenfunctions of the Helmholtz equation
that satisfy the boundary conditions imposed by the core-cladding structure. In free
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space, they are solutions of the paraxial wave equation that maintain their transverse
intensity and phase profiles during propagation.

All optical mode are characterized by a spatial field distribution, a propagation con-
stant, and a polarization state. Modes are orthogonal, which mathematically means that
two modes E,,(z,y) and E,(z,y) satisfy:

/Em(a:, y) Er(z,y)dA =0 for m #n, (2.1)

where the integral is performed over the transverse plane. This orthogonality allows
independent information channels to be multiplexed and demultiplexed on different modes
without coherent interference, forming the basis of Mode Division Multiplexing.

In fibers, the refractive index profile determines the supported modes. Step-index
fibers have a uniform core refractive index with a sharp core-cladding interface, while
graded-index fibers feature a smooth radial decrease. These profiles define the Linearly
Polarized (LP) modes, which are approximate solutions in weakly guiding fibers [16].
LPy; has a nearly Gaussian profile, while LPj1, and LP;q exhibit two-lobed intensity
patterns corresponding to linear combinations of free-space HG modes.

Other families of spatial modes, such as LG modes and OAM modes, are often used
in high-capacity links due to their intrinsic orthogonality and cylindrical symmetry.

In this thesis, these broader families are mentioned only for context. The experimental
work focuses on Hermite-Gaussian modes, which provide a separable basis well suited for
free-space propagation and, as demonstrated in later chapters, for turbulence-resilient
modal decomposition at the receiver.

2.1.2 Modal Analysis at the Receiver

The focus of this work is on the receiver side, which collects an optical signal distorted
by turbulence and analyzes it by decomposing the field into orthogonal spatial modes.
This decomposition allows to study turbulence-induced distortions and crosstalk between
modes.

The projection of the received field onto a given mode is expressed as:

Conn = // Erecv(z,y) HG; (2, y) dx dy, (2.2)
where:
o Eiecv(z,y) is the complex field at the receiver plane.

e Cmp represents the amplitude of the mode HG,,,,. The corresponding modal power
is |cmnl?.

Modal diversity exploits the fact that turbulence-induced fading is only partially cor-
related between modes. By coherently combining multiple modes at the receiver, the
variance of received power can be reduced, enhancing the stability of the detected signal
without requiring multiple transmitters [13] [15].

Devices such as the PL and the MPLC implement high-fidelity mode separation.
While the PL separates LP modes (LPy1, LP11, and LP;yp) in fiber, the MPLC is capable

12
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of demultiplexing free-space HG modes with low insertion loss, high mode selectivity,
which means low crosstalk and exploits a larger number of modes. These devices enable
detailed experimental analysis of mode-specific turbulence effects.

As demonstrated in Chapter 3, the MPLC was experimentally validated as a high-
fidelty HG-mode demultiplexer. In the final communication experiment (Chapter 5), the
same modal projections were used to implement Multiple-Input Single-Output (MISO)
diversity combining, revealing the performance benefits of multi-mode reception under
turbulence.

2.1.3 Hermite-Gaussian Modes

HG modes constitute a fundamental family of solutions to the paraxial wave equation
in rectangular coordinates [4]. The paraxial approximation of the Helmholtz equation
applies to optical beams whose envelope varies slowly along the propagation direction z:

OE(x,y, 2)

Vi3E(x,y,2) — 2ik P

=0, (2.3)
where:

¢ V2 is the transverse Laplacian,

o k= 2; is the wavenumber,
o E(x,y,z) is the slowly varying field envelope.

This approximation simplifies the full Helmholtz equation under the assumption that the
beam propagates mainly along z and that transverse variations are slow relative to the
wavelength.

A standard method to solve the paraxial equation in rectangular coordinates is to
assume a separable solution:

E(x,y,2z) = X(x,2) Y (y, 2) ez, (2.4)

Substituting this form into the paraxial equation yields two independent one-dimensional
equations along x and y:

9’X 0X 9*Y oY

— —2tk— =0 2ik— = 0. 2.5

Ox? 0z ’ (25)
The transverse equations are solved in terms of the Hermite polynomials H,,(x) and
H, (y), which naturally arise from the harmonic-oscillator differential equation:

d? Hr (§)
de?

dHp (§)
dg

where £ is the normalized transverse coordinate. This ensures that the modes are orthog-
onal and form a complete basis for any transverse field profile.

13
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The one-dimensional HG functions along x and y can be expressed as:

1 T x2 a2

Xm(z,2) = 2mm!w(z)ﬁHm (ﬁw) exp [_wT(z)} exp [—ikm—i-i(m—i-l/Q)gb(z)},
(2.7)
1 2 . 2 .
Yoy, z) = m[fn Cﬁﬁz)) exp {— wgi(z)} exp [_Zk%(z) +’L(n+1/2)¢(z)].
(2.8)

The normalization ensures that the total optical power in each mode integrates to
unity.

The full two-dimensional HG mode of order (m,n) is obtained by combining the x
and y components:

HG (2,9, 2) = Xin(z, 2) Yo (y, 2), (2.9)
or explicitly:
H,, (ﬁw’”Z )Hn (ﬁwyz ) 22 4 g2 2 a?
HGpn (2,y,2) = (zu(z) G/ exp [— wg(zy) }GXP [—’Lk 2R(zy) +Z¢m22(21)§)7
with: ‘
w(z) = woy |1+ (;)2 (2.11)
R(z) =z |1+ ("":)21 : (2.12)
Omn(z) = (m +n+ 1) arctan (;) : (2.13)
Here,

o w(z) is the beam radius,
o R(z) the wavefront curvature,

o Omn(z) the Gouy phase, which varies with mode order and affects interference and
phase-sensitive detection.

HG modes are orthogonal:

/ HGn (2, y, 2) HG (7, Y, 2) dx dy = Smp Ong (2.14)

This property allows them to form a complete basis for decomposing the received optical
field.

Although higher-order modes (m +n > 0, so the modes different from the fundamen-
tal one) are more sensitive to phase and amplitude distortions caused by atmospheric
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Figure 2.1: Intensity patterns for HG modes up to order 6. Reproduced from Wikimedia
Commons under CC BY-SA 3.0 by DrBob.

turbulence, this property can be exploited at the receiver. By projecting the received
beam onto multiple HG modes, it is possible to implement modal diversity.

In weak turbulence conditions, HGgg typically captures most of the received power,
while higher-order modes carry only a small fraction. However, under stronger distortions,
these modes become increasingly valuable, because their spatial structure is less affected
by beam wander and centroid fluctuations, allowing them to retain a complementary
projection of the distorted wavefront. Some advantages could be:

e each mode experiences partially independent turbulence-induced distortions;

e combining the detected signals from multiple modes reduces fluctuations in the total
received power;

e this improves link stability without modifying the transmitted signal, making it
ideal for receiver-side compensation of atmospheric turbulence.

In other words, adding higher-order HG modes at the receiver does not increase trans-
mitted capacity but enhances robustness against turbulence.
Figure 2.1 shows the transverse intensity patterns of HG modes up to order 6.

2.2 Mode Coupling e Multiplexing Devices

In mode-division demultiplexing systems, the ability to selectively excite, transport, and
exctract spatial modes is determined by the optical devices placed at the receiver. These
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mode-management components define how efficiently power is coupled into spatial chan-
nels, how well the modal orthogonality is preserved, and how robustly individual modes
can be recovered after propagation through a perturbed medium.

Different device architectures have been developed to perform mode coupling and de-
multiplexing, each with dinstinct advantages and limitations in terms of insertion loss,
modal selectivity, scalability and polarization dependence. Among them, three represen-
tative solutions are particularly relevant in the context of this work:

e the standard single-mode fiber;
e the photonic lantern;

e the Multi-Plance Light Converter.

In the following subsections, each device is introduced and analyzed, with emphasis on
its operational principles and relevance to spatial-mode detection in turbulent free-space
propagation.

2.2.1 Single Mode Fiber

A SMF supports only the fundamental linearly polarized mode (LFy;) and rejects all
higher-order spatial content. When an optical field Fi,(x,y) is coupled into the fiber,
only the component that matches the fundamental mode profile is guided, while the
remainder is radiated or lost at the input facet. This behavior is well established in
classical fiber theory [16,17].
The coupling efficiency can be expressed through the normalized overlap integral:
[ Ein(z,y) Ego (. y) d dy|*

" ([[|Ewn|? dx dy) ([[ |Eoo|? dz dy)’ (2.15)

showing that the SMF acts as a spatial mode filter that retains only the part of the
wavefront whose amplitude and phase distribution match the fundamental mode.

In ideal laboratory conditions, such as diffraction-limited beams or well-aligned se-
tups, this results in stable and efficient coupling. However, in FSO systems, the received
wavefront is significantly distorted by atmospheric turbulence, which induces scintilla-
tion, beam wander, and phase-front corrugation [4,8,10]. These effects reduce the spatial
coherence of the beam and degrade its overlap with the SMF-guided mode. As a con-
sequence, during turbulence-induced fading events, the SMF captures only a small and
highly variable fraction of the received optical power.

This limitation of SMF-based reception in FSO systems is well documented in the
literature [2,3,5]. Because the SMF cannot access higher-order spatial components that
may still carry useful optical power—or even a less distorted projection of the incoming
field—the receiver experiences deep power fades and large SNR fluctuations, ultimately
leading to Bit Error Rate (BER) degradation and unstable link performance.

For these reasons, although SMF reception is standard in fiber-based coherent sys-
tems, it is suboptimal for turbulence-impaired FSO channels. This motivates the use of
mode-selective devices such as photonic lanterns [14] and MPLCs [15], which preserve
multiple spatial projections of the distorted wavefront and enable improved turbulence
resilience through modal diversity.
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Figure 2.2: PL block diagram

2.2.2 Photonic Lantern

The PL is a passive spatial demultiplexing device that enables the separation of a mul-
timode input field into multiple single-mode outputs. When used at the receiver of an
FSO system, the collected free-space beam is first coupled into a Few Mode Fiber (FMF),
after which the PL performs an adiabatic transition that maps the guided modes of the
FMF onto individual single-mode fibers. In this configuration, the device functions as
a mode demultiplexer, providing several spatially selective detection branches that can
be processed independently. Figure 2.2 illustrates the conceptual block diagram of this
receiver-side configuration.

A PL operates by gradually transforming a multimode core into a bundle of isolated
single-mode cores. If the taper transition is sufficiently adiabatic, the orthogonal eigen-
modes supported by the FMF evolve into distinct single-mode channels with minimal
coherent interference. In weakly guiding step-index fibers, this typically results in the
separation of the L Py, LPi14, and LP;1, modes, which constitute the fundamental modal
set for three-mode lanterns [14]. As a consequence, the PL provides a fixed modal basis
determined entirely by the fiber geometry.

When applied to free-space optical reception, this modal decomposition allows the
receiver to extract different projections of the distorted wavefront. Each output SMF
preserves the amplitude and phase evolution of one spatial mode, enabling the study
of mode-dependent fading and offering a basic form of modal diversity. Compared to
direct coupling into a single-mode fiber, the PL thus captures multiple partially un-
correlated spatial components of the received beam, providing improved resilience to
turbulence-induced fluctuations. Figure 2.3 shows the actual photonic lantern used in
the experimental campaign of this thesis.

However, several limitations arise in FSO scenarios. A major issue is the polariza-
tion sensitivity of the LP-mode excitation: since LPj1, and LP;q; differ only by their
polarization orientation, the power balance across PL outputs depends strongly on the
instantaneous polarization state of the incoming beam—a parameter that is neither stable
nor controllable in free-space propagation [2]. This makes the modal decomposition in-
herently polarization-dependent, reducing reproducibility and robustness. Furthermore,
the number and nature of modes separated by the PL are fixed by the supporting FMF,
limiting the richness of the spatial decomposition and preventing the use of alternative
modal bases such as Hermite—Gaussian modes.
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Figure 2.3: Photograph of the PL device used in this thesis, featuring 1 FMF input and
3 SMF outputs.

Despite these constraints, the PL represents an important intermediate reference for
spatial-mode demultiplexing. In this thesis, it serves as a benchmark against which the
capabilities of the MPLC can be evaluated, highlighting the advantages of a free-space
compatible, polarization-insensitive, and higher-dimensional mode decomposition.

2.2.3 Multi-Plane Light Converter (MPLC)

MPLC is a powerful and increasingly adopted technique for spatial-mode manipulation
in both free-space and fiber-based optical systems. Unlike devices such as photonic
lanterns—which rely on adiabatic transitions inside multimode fibers—the MPLC im-
plements mode transformations using a sequence of engineered phase masks that perform
a unitary mapping between a set of input modes and a set of output modes [15,18]. This
makes it especially suitable for free-space HG modes and for applications requiring high
modal selectivity, low crosstalk, and flexible mode bases.

The MPLC performs an arbitrary spatial transformation by decomposing it into a
sequence of simpler phase manipulations. Conceptually, any linear optical transformation

T : {Epn(z,y)} = {En(z,v)}

can be approximated by alternating free-space propagation, between the phase masks,
and phase modulation.
An MPLC consists of:

o aset of N fixed phase plates (or reflective phase masks),
o separated between them by free-space propagation segments,
e engineered to collectively implement a desired unitary mapping.
At each plane, the transverse field undergoes a transformation:
Exia(w,y) = F{ F{B(z,9)} explion(z,y)] |
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Figure 2.4: Conceptual internal structure of an MPLC: a sequence of phase masks sepa-
rated by free-space propagation sections implements an arbitrary spatial transformation.
The multi-mode input (left) is transformed to the single mode array (right).

where ¢ (z,y) is the phase profile of the k-th mask. By properly optimizing all ¢y (z,y),
the MPLC can realize:

o mode demultiplexing (MUX/DEMUX);

o spatial filtering;

e arbitrary unitary transforms;

e separation of HG, LG, OAM or custom mode sets.

A key advantage is that the mapping accuracy increases with the number of planes.
Typical devices for HG or LG modes use between 7 and 14 planes. The result is a
quasi-unitary transform with:

e mode-dependent loss often below 3-5 dB;
e inter-modal crosstalk often below —20 dB;
e high stability and polarization tolerance.

This makes MPLCs ideal for mode decomposition of free-space beams affected by atmo-
spheric turbulence [19]. A practical MPLC demultiplexer, such as the one used in this
thesis, consists of:

 a graded-index FMF (which injects the free-space field into the MPLC);
o a reflective multi-plane conversion module (sequence of phase plates);
o an array of SMF outputs, each associated to a specific spatial mode.

The free-space field collected by a collimator is coupled into the FMF, which acts as
an interface between the turbulence-distorted optical beam and the MPLC. Inside the
MPLC, the field undergoes successive reflections, each applying a phase mask ¢y (z,y).
After the final plane, the modal components are spatially separated and coupled into
distinct SMF's.

The MPLC therefore performs a deterministic projection of the received beam onto
an orthogonal mode basis. In the experimental setup, the MPLC is used exclusively as a
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Figure 2.5: Photograph of the MPLC device (Proteus, Cailabs) used in this thesis, fea-
turing 1 FMF input and 10 SMF outputs.
receiver-side mode demultiplexer. The functional chain is:

1. turbulent free-space beam collected by the collimator;

2. coupling into a FMF feeding the MPLC;

3. spatial demultiplexing into HG modes by MPLC;

4. SMF outputs feeding the Waveshaper (for frequency selection) or fast optical power
meters.

The device used in this thesis is the Proteus MPLC developed by Cailabs. Its key speci-
fications are:

o 1 FMF input (supporting HG-like spatial distributions);
20
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e 10 SMF outputs, each mapped to a specific HG mode;

e optimized for wavelengths around 1550 nm;

e static, no moving parts, highly stable over time.

The MPLC offers several unique advantages when used as a receiver in turbulent FSO
systems:

e high modal selectivity: ideal for distinguishing turbulence-induced modal content;

o compatibility with free-space HG modes: unlike PLs, which are optimized for LP
modes in fiber;

e low sensitivity to input polarization;

e cnables modal diversity: different modes carry partially uncorrelated fading;

e unitary transformation: preserves field information for coherent combining.

These properties make the MPLC a superior tool for receiver-side turbulence mitigation
and spatial-mode analysis.

2.2.4 Summary

To summarize the key differences between the three receiving architectures discussed
above, Table 2.1 provides a comparative overview of their main properties and limitations.
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Table 2.1: Comparison of the three demultiplexing devices considered in this thesis.

Feature SMF PL MPLC
Modes Fundamental mode | Typically 2-6 > 10
only
Mode selectivity | N/A Moderate High selectivity
Polarization sen- | High Moderate Low
sitivity
Insertion loss Intrinsic fiber cou- | Moderate; depends | Mode dependent
pling loss only on taper quality
and splice losses
Response to tur- | Very poor Medium, it cap- | Excellent — de-
bulence tures a few modal | composes the
projections distorted wave-

front into several
orthogonal spatial

modes
Application in | Baseline reference | Benchmark tool for | Main device for
this thesis receiver LP-mode reception | modal decomposi-
tion and diversity
combining
Advantages Simple, low-loss, | Compact High mode count,
robust, widely | multimode-to- low crosstalk, gen-
available multicore mapping | eral modal trans-

formations, turbu-
lence robustness

2.3 Atmospheric Turbulence in FSO Links

Atmospheric turbulence is one of the dominant impairments affecting coherent FSO com-
munication systems. It originates from random refractive-index fluctuations in the atmo-
sphere caused by temperature gradients, pressure variations, and wind-induced mixing of
warm and cold air masses. These fluctuations introduce random amplitude, phase, and
wavefront distortions on the propagating laser beam, leading to well-known effects such
as scintillation, beam wander, beam spreading, and wavefront corrugation. Together,
these impairments can strongly degrade coherent detection and significantly limit link
stability.

In this thesis, turbulence is treated not as an abstract theoretical disturbance but as
a controllable and measurable phenomenon. A thermal atmospheric chamber is used to
emulate realistic turbulence conditions, while the Rytov variance provides a physically
meaningful quantification of turbulence strength. Both tools were validated in prior work
on fiber-coupled FSO links—notably in [6]—and serve as cornerstones of the experimental
methodology adopted in later chapters.

The following sections describe the operating principles of the atmospheric chamber
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used in the experiments and introduce the Rytov variance as a robust metric for charac-
terizing turbulence-induced fading.

2.3.1 Atmospheric Chamber

The experiments conducted in this thesis employ a thermal atmospheric chamber specif-
ically designed to generate controlled and repeatable turbulence conditions. The setup
follows the architecture demonstrated and validated in [6], where two thermally regu-
lated chambers are arranged in series. By imposing a stable temperature gradient between
them, refractive-index fluctuations are generated that emulate the weak-to-moderate tur-
bulence typical of short-range FSO links.

The atmospheric chamber operates through the following mechanisms:

1. thermal gradient and refractive-index fluctuations: a temperature difference be-
tween the hot and cold chambers induces convection-driven mixing of air; producing
random refractive-index perturbations.

2. realistic distortion of the optical beam: as the beam propagates through the cham-
ber, it experiences scintillation, centroid displacement, and wavefront distortions
consistent with weak—moderate atmospheric turbulence;

3. Repeatability and stability: for fixed thermal settings, the turbulence statistics
remain highly repeatable, an essential requirement for comparing different receiver
architectures under identical turbulence regimes, as emphasized in [6];

4. Relevance to fiber coupling: since the receiver employs fiber coupling (SMF or
FMF), the chamber is particularly suitable because the induced distortions translate
directly into power fluctuations and coupling efficiency variations.

This controlled environment makes the chamber ideal for studying modal decomposition
and modal diversity, since different spatial modes react differently to turbulence-induced
distortions. Two of the chamber shown in Figure 2.6 are used throughout this thesis for
all turbulence-impaired measurements, ensuring consistency and reproducibility across
experiments.

2.3.2 Rytov Variance

The Rytov variance is one of the most widely adopted metrics for quantifying turbulence
strength in optical propagation. It expresses the variance of log-amplitude fluctuations
induced by refractive-index inhomogeneities. For plane-wave propagation, it is given by:

0% =1.23C2 k76 L1/6, (2.16)
where:
o (2 is the refractive-index structure constant;

o k =2m/\ is the wavenumber;
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Figure 2.6: Atmospheric turbulence emulator used in the experimental campaign. In this
work it is an atmospheric chamber.

e L is the propagation distance.

The value of 0% provides a clear classification of turbulence regimes:
. 0%. < 1 : weak turbulence;
e 1< U% < 4 : moderate turbulence;

. U% > 4 : strong turbulence.

In fiber-coupled FSO systems, the Rytov variance correlates strongly with the statistics
of received optical power, because coupling efficiency is highly sensitive to amplitude
distortions and low-order wavefront aberrations.

The work in [6] demonstrated that, for thermally induced turbulence:

o the temporal statistics of scintillation match theoretical predictions for weak—moderate
turbulence;

e the estimated Rytov variance remains stable across repeated measurements;

e the metric correlates well with system-level performance indicators such as BER
and SNR.

Thus, the Rytov variance is not only physically meaningful but also experimentally prac-
tical.

Since C2 cannot be measured directly in the chamber, the Rytov variance is estimated
from the normalized received power I(t) as:

0%~ ln<1 + %) , (2.17)
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which is the same estimator adopted in [6]. This makes the Rytov variance directly
comparable across all receiver architectures investigated in following chapters.
The Rytov variance plays several key roles in this thesis:

e it quantifies the turbulence strength for each experiment;
« it validates the repeatability of the atmospheric chamber;
e it enables fair comparison between SMF, PL, and MPLC reception;

« it provides physical insight into why different spatial modes exhibit different fading
behaviors.

Overall, the Rytov variance provides a rigorous framework connecting turbulence physics
to communication performance, forming an essential foundation for the analyses presented
in Chapters 4 and 5.

2.4 Coherent Optical Transmission System

Coherent optical communication is the current standard for high-capacity fiber links and
is increasingly adopted for FSO systems. Unlike direct detection, coherent reception
preserves amplitude and phase, enabling the use of advanced modulation formats (e.g.,
QAM), digital dispersion compensation, and powerful adaptive equalization techniques.
In turbulence-impaired FSO channels, these capabilities are particularly advantageous:
despite scintillation, beam wander, and random phase distortions, coherent detection
maintains access to the full complex field, enabling robust digital compensation. In
contrast to the power-only measurements of Chapter 4, the experiments will employ a
complete coherent transmission chain. The optical waveform is digitally synthesized,
pulse-shaped, and uploaded to a high-speed Arbitrary Waveform Generator (AWG). The
electrical signals generated by the AWG drive a dual-polarization 1/Q modulator, pro-
ducing a 16-QAM waveform. A booster Erbium-Doped Fiber Amplifier (EDFA) increases
the launch power before propagation through the atmospheric chamber. At the receiver,
the distorted signal received after the atmospheric chamber is pre-amplified by a low-
noise EDFA | detected by a coherent receiver, and processed by a dedicated Digital Sig-
nal Processing (DSP) chain including clock recovery, equalization, carrier-frequency and
carrier-phase estimation, and symbol decoding.

This framework allows full evaluation of SNR, BER, and Normalized Generalized
Mutual Information (NGMI) under different reception strategies and ultimately enables
the modal-diversity experiments presented later.

2.4.1 16-QAM Modulation

In this work, the transmitted waveform is based on square 16-ary quadrature amplitude
modulation (16-QAM), a widely adopted format in coherent optical systems because it
offers a good compromise between spectral efficiency and implementation complexity.
Each symbol carries 4 bits and is mapped onto the in-phase (I) and quadrature (Q)
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Figure 2.7: Example of a square 16-QAM constellation used in coherent optical commu-
nication with highlighted the Gray code bit mapping.

components of the complex optical field, forming a Cartesian constellation of equally
spaced points.

Before digital-to-analog conversion, the symbols are pulse-shaped with a Root Raised-
Cosine (RRC) filter with a given roll-off coefficient, to limit potential crosstalk with ad-
jacent channels. The signal is generated offline with a sampling rate that matches the
capabilities of the Keysight M8194A AWG used in the transmitter. A pilot-symbol struc-
ture is included to improve DSP convergence, particularly for carrier-phase estimation
under turbulence. Forward-error correction is disabled, so the BER and NGMI measure-
ments presented in this thesis correspond to uncoded performance.

The digital I/Q streams drive a dual-polarization modulator, generating optical 16-
QAM waveform. After modulation, a booster EDFA raises the launch power to the
required level before propagation through the atmospheric chamber. An illustration of a
square 16-QAM constellation is reported in Figure 2.7.

2.4.2 Single-Carrier vs. Subcarrier Multiplexing

In coherent optical communication systems, information can be transmitted either using a
single wideband carrier or by distributing the signal across multiple radio-frequency sub-
carriers. These two approaches, commonly referred to as Single-Carrier (SC) modulation
and Subcarrier Multiplexing (SCM), differ significantly in terms of spectral structure and
sensitivity to channel impairments. This section provides an overview of both schemes
to clarify their operating principles and motivate the use of SCM in turbulence-affected
FSO links.
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Single-Carrier Modulation

In a SC system, the entire data stream modulates a single optical carrier using formats
such as QAM. After digital pulse shaping the baseband signal directly drives the optical
modulator. The resulting spectrum is compact and occupies a single continuous band
around the carrier.

SC systems are simple and spectrally efficient, but they may be more vulnerable to
wideband fading. In the presence of atmospheric turbulence, a deep fade or strong phase
distortion can affect the whole signal bandwidth simultaneously, significantly degrading
link performance.

Subcarrier Multiplexing

SCM extends the SC approach by distributing the information across multiple subcarriers.
Each subcarrier is pulse-shaped, frequency-shifted and then summed to produce a multi-
band electrical signal. The optical modulator maps this composite waveform onto the
optical domain, generating several narrow sub-bands around the carrier.

SCM offers several advantages:

¢ Resilience to fading: turbulence-induced fluctuations affect individual subcarri-
ers with only partial correlation, enabling frequency-domain diversity.

o Flexibility: each subcarrier can be independently weighted, enabled, or disabled
to adapt to channel conditions.

In this thesis, SCM is not used to increase capacity but to introduce redundancy
for diversity purposes. The same information block is replicated across four subcarriers.
Because each subcarrier experiences partially uncorrelated turbulence-induced fading,
their independent replicas can be combined at the receiver to mitigate deep fades and
stabilize the received power. This diversity mechanism increases robustness at the cost
of reduced spectral efficiency, since part of the available bandwidth carries redundant
information.

Comparison

The fundamental difference between SC and SCM lies in how signal energy is distributed
across the spectrum. SC concentrates all information into a single band, making the
transmission more exposed to wideband fading. In contrast, SCM spreads the signal
across multiple narrower sub-bands, reducing the probability that all components are si-
multaneously affected by turbulence impairments. This property makes SCM particularly
attractive for free-space links where turbulence induces frequency-dependent distortions.

2.4.3 Digital Signal Processing in Coherent Optical Systems

Digital coherent receivers rely on a sophisticated DSP chain to recover the transmitted
symbols in the presence of chromatic dispersion, phase noise, frequency offset, nonlinear
distortions, and—in the context of this thesis—turbulence-induced impairments from the
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Data J1 fo f3 Ja

Figure 2.8: Conceptual representation of the SCM-based diversity scheme. A single data
stream is copied and digitally upconverted onto four independent subcarriers (fi—fi),
each experiencing partially uncorrelated fading.

FSO channel. The general DSP architecture adopted here follows the functional structure
presented in [20], adapted to the specific characteristics of the experimental setup and to
the particularities of modal diversity processing introduced in Chapter 5.

General DSP Architecture

A coherent optical receiver samples the in-phase and quadrature components of the re-
ceived field and processes them digitally through a sequence of blocks designed to pro-
gressively undo channel and hardware impairments. Although individual implementa-
tions may differ in the number of internal stages, the overall DSP pipeline is conceptually
organized into the following major modules:

(1) Front-End Preprocessing This stage prepares the sampled waveforms for further
processing and includes:

e resampling to the desired samples-per-symbol ratio;

1Q and polarization deskew to compensate for differential delays between tributaries
due to hardware implementation imperfections;

e DC removal to eliminate detector-induced offsets;

e optional Gram—Schmidt orthonormalization to correct IQ imbalance or front-end
mixing imperfections.

These operations ensure that the received samples occupy a well-conditioned representa-
tion of the optical field before equalization and synchronization.

(2) Matched Filtering and Coarse Timing Alignment Pulse-shaping filters at
the transmitter are inverted by a corresponding matched filter—typically a RRC—which
maximizes the signal-to-noise ratio. Coarse timing alignment is then performed to place
the sampling instant within the region of maximum eye opening.

28



2.4 — Coherent Optical Transmission System

(3) Static Equalization A static finite-impulse-response filter compensates for de-
terministic distortions such as bandwidth limitations or group-delay variations. While
chromatic dispersion is negligible in the short-fiber paths of an FSO link, this block serves
as a linear stabilization stage that prepares the signal for adaptive equalization.

(4) Adaptive Equalization The adaptive equalizer is typically based on a 2x2 MIMO
structure in polarization-multiplexed systems. In this work, the equalizer compensates for
residual front-end distortions and turbulence-induced amplitude and phase fluctuations.
Blind or data-aided algorithms (LMS, CMA, or decision-directed schemes) iteratively
adapt the filter coefficients to track channel variations.

(5) Carrier Recovery Carrier-frequency and carrier-phase recovery are performed in
two steps:

o frequency-offset estimation to remove residual frequency mismatch between trans-
mitter and LO;

o phase recovery (e.g., Viterbi—Viterbi or blind-phase-search) to track fast phase noise
and slow drifts.

These operations restore the correct constellation orientation before symbol detection.

(6) Fine Timing and Frame Synchronization Fine symbol timing ensures that
the sampling instant is optimally placed after equalization. Frame alignment—relying
on pilots or data-aided correlation—aligns the received sequence with its transmitted
counterpart for performance evaluation.

(7) Soft Demapping and Performance Estimation Finally, the equalized symbols
are converted into log-likelihood ratios (LLRs) through a soft demapper. This allows
computing the BER, Generalized Mutual Information (GMI), and the NGMI, which
quantify post-Forward Error Correction (FEC) performance margins. This modular DSP
framework provides the foundation for all experimental results reported in this thesis,
including the multi-carrier modal-diversity experiments described next.

2.4.4 DSP Extensions for Multi-Carrier Modal Diversity

In the final experimental configuration, four subcarriers carrying identical data are launched
through a SMF and later separated at the receiver by the MPLC and a Waveshaper. Each
subcarrier predominantly couples to a different Hermite—Gaussian mode, providing four
partially uncorrelated replicas of the same waveform.

The DSP chain extends naturally to this multi-carrier scenario: after per-subcarrier
processing, the branches are combined through a MISO equalizer that coherently fuses
the four replicas of the same transmitted sequence. The MISO equalizer performs a com-
bination of the four branches, exploiting the fact that turbulence-induced fading affects
the spatial projections of the field differently. Because the four subcarriers correspond to
the four selected modes, the receiver can dynamically select any subset of branches—for
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example, two, three, or all four— and evaluate the incremental diversity gain. This
architecture is conceptually simple but powerful:

e it requires only one coherent receiver;

e it leverages the orthogonality of the MPLC modes to extract complementary infor-
mation from the distorted wavefront.

The performance improvements observed in Chapter 5—higher SNR stability, consistently
higher NGMI, and significantly reduced BER spikes—originate directly from this DSP-
enabled modal diversity mechanism.
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Chapter 3

MPLC Characterization

This chapter presents the experimental characterization of the MPLC used for mode
multiplexing in FSO communication systems. The primary objective is to evaluate the
performance of the MPLC in terms of insertion loss, polarization effects and mode cor-
relation.

A thorough characterization is essential to compare the MPLC with a conventional
photonic lantern, aiming to identify potential advantages such as improved mode sepa-
ration, reduced modal crosstalk, and enhanced overall performance. Highlighting these
benefits is crucial for demonstrating the MPLC’s suitability in advanced multimode op-
tical communication scenarios.

3.1 Basic Description and Key Specification of the Mode-
Multiplexing Devices

The MPLC employed in this study, presented in Figure 3.1a is a space division multi-
plexer manufactured by Cailabs. The specific model used is the PROS__10_0002_1550,
designed to multiplex 10 modes for optical communication applications. The device
operates optimally at a wavelength of A = 1550 nm, a standard choice in optical commu-
nications due to low fiber attenuation. The MPLC features standard LC/PC connectors
for SMF' interfaces, ensuring compatibility with common telecom-grade fiber equipment.
The single-mode fibers used on the device outputs are typical SMF fibers, while the
multimode fiber input is specified as type 6PLGI on the datasheet given by Cailabs.

For what concerns the photonic lantern, presented in Figure 3.1b the device employed
in this work is a three-mode fiber-based lantern specifically designed to demultiplex the
fundamental and first higher-order linearly polarized modes of a weakly guiding fiber.
In particular, it provides spatial separation of the modes LFy; and the two degenerate
components LP;1, and LP;qp, which constitute the primary modal set supported by few-
mode fibers at A = 1550 nm.
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13/07/
1D 006966

(a) MPLC device (Cailabs, model
PROS__10_0002__1550) used during (b) PL device used in this thesis, featuring
the experimental characterization. 1 FMF input and 3 SMF outputs.

Figure 3.1: Mode multiplexing devices.

3.2 Characterization of Insertion Loss

The experiments, with the setup depicted in Figure 3.2, have been conducted with the
following conditions:

Parameter Value heightSource
DFB laser at A\ = 1554.130 nm Input power P;, =4 dBm
Power after Polarization Controller P =3.49 dBm

Note: the power is constant with respect to polarization. Despite different states of polarization,
the power at the device input remains the same.

To measure the insertion loss, the logarithmic relationship between input and output
power was used:

IL[dB] = Py [dBm] — Pyyt[dBm]
with:
o P, [dBm]: optical power measured after the polarization controller

o P,u[dBm]: optical power measured at the output of the device under test
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Figure 3.2: Setup for the characterization of the insertion loss. In the photograph the
MPLC is characterized. Same setup is used for the photonic lanter.
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(a) PL: the mean IL is 2.2 dB (b) MPLC: the mean IL is 1.7 dB

Figure 3.3: Comparison of insertion loss for the photonic lantern and the MPLC.

The insertion loss has been investigated against the 3 modes; the ports are, respec-
tively, LPy1, LP11,,LPr1,. For the MPLC, the insertion loss was investigated against
the 10 modes. The results are presented e compared in Figure 3.3. As can be seen in
Figure 3.3a, the insertion loss of the PL devices varies from ~1.8dB to ~2.5dB, with the
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Figure 3.4: Table given in the datasheet. The last column has the insertion loss provided
by the manufacturer.

fundamental mode (LPgg) yielding 0.5-0.7 dB lower loss than the LP1; modes. In turn,
the MLPC, as presented in Figure 3.3b, show a similar insertion loss in the fundamental
mode (HGqp) but significantly reduced attenuation in the higher-order modes, with a
maximum of ~2dB loss of the HGys and HG3p modes, only ~0.3dB higher than the
fundamental mode. Interestingly, the minimum insertion loss of the device is found at
roughly 1.4-1.5dB for the HGg2, HGo1, HG11 and HGgy modes.

The results of the MPLC were compared also with the last column given in the
datasheet in Figure 3.4 and are found to be quite similar.

The experimental results highlight a significant improvement in the insertion loss per-
formance when using the MPLC compared to that of the PL. This reduction of roughly 0.5
dB in terms of maximum insertion loss demonstrates the superior efficiency of the MPLC
in mode coupling, making it a more suitable candidate for applications in mode-division
multiplexed systems, especially in scenarios where minimizing power loss is critical.

Furthermore, the MLPC device provides support to a larger set of modes (10 modes)
compared to the PL (3 modes), which can be advantageous to improve the coupling
efficiency under severe turbulence effects. For those reasons, we will henceforth mainly
focus the analysis on the MPLC device, using the PL as a comparison benchmark.

3.3 Characterization of Polarization Stability

Concerning the beam profile, it has been observed that, for some modes, it changes
significantly with the polarization; in particular, in Figure 3.5 the mode HGgs, which is
the most affected by the state of polarization, is presented in three different states and
compared to the theoretical beam. This behaviour underlines the necessity to further
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Figure 3.5: Comparing the theoretical shape of the HG¢3 mode (left) with three different
acquired beam profiles obtained for different polarization perturbations applied manually
(right).

Figure 3.6: Photo of the Thorlabs motorized polarization controller (MPC320) utilized
in this work.

investigate the impact of polarization on the system’s performance. While the second
beam (from left to right) in Figure 3.6 is the one that better approximates the theoretically
expected shape for the HGg3 mode, an improved polarization control might be needed to
better match with the ideal mode distribution.. In order to gain finer control and enable
systematic characterization of this effect, a Motorized Polarization Controller (MPC) was
integrated into the setup. The following section describes its role and the methodology
adopted to analyze the polarization-dependent behavior of the MPLC.

3.3.1 Motorized Polarization Controller

In the previous setup, the manual polarization controller is replaced with the Thorlabs
MPC320 motorized polarization controller [21] in Figure 3.6 . The motorized polarization
controller uses stress-induced birefrigence to alter polarization in a single-mode fiber that
is looped around three independent spools to create three independent fractional wave
plates [21]. To transform an arbitrary input polarization state into a fixed and defined
output polarization state, the controller uses a combination of three paddles as a quarter-
wave plate, half-wave plate and quarter-wave plate; to obtain this configuration, there
are two loops in the first paddle, three loops in the second paddle, and two loops in
the third paddle. The retardance of each paddle may be estimated from the following
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equations [21]:
2r2aNd?

¢(rad) = —5

(3.1)
where:
e ¢: retardance

e a = 0.1333 for silica fiber. The parameter a represents an empirical coefficient that
quantifies how efficiently the mechanical stress induced by bending is converted into
birefringence in an optical fiber. When the fiber is curved or wound into loops, the
cladding undergoes mechanical deformation, which generates stress-induced bire-
fringence. The coefficient a therefore expresses the sensitivity of the fiber to this
deformation.

e N: number of loops
e d: fiber cladding diameter
e \: wavelength
e D: loop diameter
The device insertion loss has been measured:
e P, =6 dBm
e P, =3.80 dBm
e« IL=PF;, — P,y =6—3.80=2.20 dB

This loss can be partially attributed to the way the device controls polarization by me-
chanically deforming the fiber in a controlled manner. If the fiber bends are too tight
or not properly managed, additional losses due to bending can occur. These bending
losses happen because the optical field can leak out of the fiber core in curved regions,
contributing to the overall insertion loss observed.

The control software was implemented in MATLAB. Since each controller offers 170°
of movement [21], a simple script was developed to iterate over angle combinations. This
approach enables the exploration of various paddle configurations in order to identify the
optimal polarization state for each mode. Recalling mode HGgs, significantly improved
experimental images were found as shown in Figure 3.7 . The motorized polarization
controller is essential for two main reasons. Firstly, it enables a precise investigation
of the polarization behavior by offering full control over the paddle angle combinations.
Secondly, it ensures the repeatability of the experiment as specific angle configurations
can be saved and reliably reproduced in future measurements.
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Figure 3.7: Improved retrieval of the HGp3 mode from the MPLC by employing fine
polarization control using a motorized controller. The depicted beam profile has been
achieved by setting the three paddles of the polarization controller to 02, 50° and 509,
respectively.

LASER —— MPC | SMF —| DuT —| MMF F—» FSOLINK |—» PC

Figure 3.8: block scheme

3.3.2 First Experimental Assessment of the Impact of Polarization on
Transmitted Beam Profiles

Setup

The laser used is a Distributed Feedback Laser (DFB) laser operating at A = 1554.130 nm,
which is connected to an OS2 9/125 SMF looped around the MPC in the configuration
previously described. Here, there is the distinction depending on the DUT used in multi-
plexing mode: for what concerning the PL, there are three input ports, each one associated
to a different mode:

e port 1: fundamental mode
e port 2: LPyp
e port 3: LPiiq

On the other hand, the input of the MPLC is a SMF array with different input channels,
10 in this analysis. At the DUT output a few-mode fiber (FMF) (the orange one at the
MPLC output in Figure . 3.9) that supports different spatial modes is used. The FSO link
consists of one fiber collimator (Thorlabs FS10APC-1550 ) at the transmitter side and a
lens (Thorlabs LMR2/M) plus the Duma Optronics BeamOn Complete system [22] at
30 cm of distance. Images are collected directly on the PC using BeamOnUSB software
integrated in a MATLAB script to acquire and store the images. The main goal of this
experiment is to observe and validate the sensitivity of the modes to the polarization state
and, if applicable, identify any interesting trends to better understand the relationship
between polarization and mode behavior.
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Figure 3.9: Complete fiber to free-space transmission setup using the MLPC to set the
transmitted modes.

Pseudo-Code

In this initial stage, only the sensitivity of each mode to polarization was investigated. A
limited number of images per mode were collected. To clarify the process, the following
pseudo-code summarizes the MATLAB implementation:

Algorithm 1: MPC controller algorithm

1 for a; =5 to 165 Aa do

2 for as = 5 to 165 Aa do

3 for a3 =5 to 165 Aa do
4 Set angles (a1, az,as);
5 Take image;
6
7
8
9

Store image;
end

end
end

A step size of Af = 40 was chosen between the different a,, the angles of the three
MPC paddles, resulting in 5 discrete values per paddle, § = [5°,45°,85°,125°,165°], and
hence 125 angle combinations. Consequently, 125 images were acquired for each mode.
The collection process for a single mode took approximately 20 minutes.

Results

As a metric for the sensitivity to polarization, the visual dispersion was evaluated. For
each mode, all 125 images acquired at different polarization states were summed in ab-
solute values, normalized, and compared to the theoretical mode profile. This approach
provides a qualitative indication of how the shape of the beam varies with polarization
and helps to identify which modes are most affected.

Photonic Lantern

In the case of the PL, the analysis focused on the higher-order modes LP;1, and LPjq.
The experimental results clearly show that these modes are highly sensitive to the state
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Figure 3.10: Obtained average beam profiles across all tested polarization states for the
LP11a (left) and LP11b (right) modes using the PL device.

sumHGO1 sumHG02 sumHG03

sumHG30

sumHG10 Sum HG20

of polarization. In fact, almost every one of the 125 polarization combinations produces
a different beam profile, often quite far from the expected theoretical shape. When these
images are summed, the resulting beam appears significantly spread, confirming that
polarization plays a crucial role in the behavior and stability of these modes.

Multi Plane Light Converter

From Figure 3.11, it can be concluded that the modes HG19 and HGg; exhibit negligible
sensitivity to polarization, as their beam profiles remain consistent across different states.
For modes HGog, HG11, HGg2, and HGs3g, the overall behavior is satisfactory and closely
matches the theoretical shape; however, certain polarization states cause significant devi-
ations in the beam profile. In contrast, the modes HGgs, HG12, and HGs; show a strong
dependence on the polarization state. Their profiles often diverge significantly from the
expected shape, appearing highly distorted and spatially spread. This highlights the ne-
cessity of identifying the optimal polarization state, potentially by reducing the step size
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sumHG11 sumHG12 sumHG21

Figure 3.11: Obtained average beam profiles across all tested polarization states for the
HG modes modes supported by the MPLC device.

in the angle sweep and by acquiring additional information such as the Stokes parameters
and the corresponding point on the Poincaré sphere.

However, as expected, the MPLC exhibits a more robust response to polarization
variations compared to the PL. Although the PL shows strong sensitivity, where vir-
tually all polarization states result in significantly distorted beams, the MPLC behaves
much more consistently. Several modes appear quite insensitive to the polarization and
even the more affected ones maintain a resonable resemblance to the theoretical profiles.
These observations confirm the anticipated advantage of the MPLC in terms of polar-
ization tolerance. Although not completely immune, its superior performance makes it a
more reliable and effective solution for mode multiplexing applications where polarization
fluctuations are unavoidable.

3.3.3 Impact of Fiber Bending

To investigate the sensitivity of the mode propagation to mechanical deformations, a se-
ries of measurements were performed by keeping the polarization controller fixed while
physically changing the shape of the fiber. Specifically, the same input mode and po-
larization configuration were used, and only the position and bending radius of the fiber
were varied, either by slightly shifting the fiber path or by increasing the tightness of its
coiling.

The resulting beam profiles showed a significant dependence on the fiber’s mechanical
configuration: despite identical input conditions in terms of laser wavelength and polar-
ization, the output patterns changed noticeably with different fiber bends. This confirms
that bending induces mode coupling and alters the effective propagation constants of
the supported modes, ultimately affecting the spatial distribution at the output. The
presented images in Figure 3.12 illustrate this effect, highlighting how variations in fiber
placement or coiling can distort or redistribute the beam intensity. In this example the
input mode is HGo; with the MPC in the configuration: P, = 20°, P» = 160°, P3 = 160°

In light of these results, it is important to emphasize that the beam profile measure-
ments are strictly valid for the specific fiber configuration and setup used during the
acquisition. Variations in the fiber’s position or curvature can significantly alter the ob-
served profiles, underlining the need for a consistent experimental setup when comparing
polarization-dependent effects.
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(b) Setup with coiled fiber. The fiber is
wound into tight coils, introducing signifi-
cant bending.

(c) Beam profile with mildly bent fiber. The (d) Beam profile with coiled fiber. The
beam profile shows a symmetric and well- beam profile exhibits distortions and an al-
defined distribution. tered intensity distribution.

Figure 3.12: Comparison of the setups and corresponding beam profiles for the linear and
coiled fiber configurations.

3.3.4 Polarimeter

In this work, different states of polarization were investigated in order to analyze their
impact on the measured beam profiles. Moreover, a controlled and repeatable method
was required to ensure that all measurements could be reliably compared.

The PAX5720VIS-T polarimeter is a terminating wave plate-based that modulates
for free space and fiber-based measurements of the State of Polarization (SOP) [23].
All four Stokes values, which fully characterize an SOP, are provided either as analog
output voltages or as digital values to the PC [23]. The polarimeter analyzes the state
of polarization and the degree of polarization of optical signals in either free space or
optical fibers. The resulting data can be viewed using the Graphical User Interface and
are presented in a number of forms, on the Poincaré sphere, or as Stokes parameters [24]
and visualized on the given PC as shown in Figure 3.13. The first test was to simply
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Figure 3.13: Polarimeter and PC. Image adapted from Thorlabs datasheet [24].

connect the polarimeter to the MPC in order to follow the SOP on the Poincaré sphere
and the Stokes parameters evolution depending on the MPC paddles in order to find
some correlation. The first idea was to move one paddle at a time to see the effect on
the sphere and what kind of rotation it generates and if there is any kind of relationship.
To enable the communication between MATLAB and the polarimeter, the NI USB-6009
Data Acquisition (DAQ) device was employed. The NI USB-6009 is a multifunction
DAQ module produced by National Instruments that provides analog and digital 1/O
capabilities through a USB interface. In this setup, the USB-6009 acts as an intermediary
that allows MATLAB to read analog voltage signals from the polarimeter. The following
methodology was used for each paddle:

1. move paddle with angle a = 0° : 10° : 170°
2. save S1, S2, S3 on a .txt file
3. plot the points on the Poincaré sphere
Based on the plots in Figure 3.14, the following observations can be made:

e The three paddles are not linked with the three main axis of the sphere.

e The points are not arranged following a structured pattern such as the meridians
and parallels of a sphere.

e The points are not equi-spaced on the sphere despite that the step angle is constant.

Combining the three paddles does not result in a uniform coverage of the Poincaré sphere,
as cleared shown in Figure 3.15. Achieving uniform coverage is crucial for two main
reasons. First, it increases the diversity of the beam profiles, improving the chances of
identifying the configuration that best matches the theoretical image. Second, it reduces
the number of required measurements: the accuracy and the resulting profiles depend
less on the number of sampled points and more on how they are distributed across the
sphere. Therefore, it is necessary to develop an algorithm capable of uniformly covering
the Poincaré sphere for a certain setup.
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al=0 al=0 al=0:10:170
az2=0 a2=0:10:170 a2=0
a3=0:10:170 a3=0 a3=0

Figure 3.15: Sphere coverage map. The highlighted area clearly shows a lack of coverage.

Matching Algorithm

In light of the limitation highlighted, a custom algorithm was developed to enable a more
uniform and efficient exploration of the Poincaré sphere. The algorithm generates a pre-
defined set of uniformly distributed points over the sphere. These points are then used
as target polarization states. The algorithm strongly relies on the repeatability of the
measurements: it was, indeed, crucial to observe that to the same angle combination cor-
responds the same SOP. The repeatability allows to do just one massive data acquisition
instead of repeating the matching algorithm for each point. The goal of the algorithm is
to build a Look-Up Table to map a theoretical grid and has three steps:

1. Generation of the theoretical grid: this was achieved by implementing a golden
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section spiral algorithm, a well-known method for evenly distributing points over
the surface of a sphere. The algorithm computes a set of N points, where N is the
parameter of the function poincare_grid(N) representing Stokes vectors, using the
golden ratio. In addition to these points, six characteristic polarization states were
added: Horizontal(H), Vertical (V), Diagonal (D), Anti-diagonal (A), Right-Handed
Circular (RHC), and Left-Handed Circular (LHC).

2. Points acquisition: run the algorithm to sweep the MPC paddles in order to
take an important number of points, map them (aq, a9, az <— S1,S2,S3) and save
them. The greater the number of measured points are taken, the more accurate the
reconstruction of the experimental polarization grid.

3. Minimum distance matching: For each point in the theoretical grid, the corre-
sponding experimental point is identified by searching for the one with the minimum
Euclidean distance. This association is then stored in the Look-Up Table (LUT).
Some lines of the final LUT are reported in table 3.1

ay as  ag S1 So S3
160 60 140 0.011523 -0.065889 0.996589
140 0 120 -0.104363 0.107414 0.996632
100 160 140 0.141787 -0.131664 0.989343
0 0 120 -0.228910 0.010903 0.987119
140 100 160 0.210612 0.139741 0.972756
20 0 140 -0.194409 -0.263104 0.961312
60 140 160 -0.198564 0.281698 0.950916
20 140 O 0.349558 -0.159611 0.929687

Table 3.1: Some examples of the final LUT.

The algorithm is computationally efficient, as its three steps are straightforward to
implement and do not involve significant processing overhead. Moreover, it can be easily
adjusted to achieve higher accuracy, depending on the desired level of precision changing
the number of points of the theoretical grid and the number of acquired points. As a
final result, as shown in Figure 3.16, in order to validate the algorithm, the two plots
were compared.

This algorithm concludes the analysis on polarization effects. Now that a uniform
coverage of the Poincaré sphere has been achieved, it is possible to systematically search
for the SOP that yields the best experimental beam profile. This optimal configuration
can then be correlated with the corresponding theoretical mode and with other exper-
imental modes, enabling a deeper investigation into mode discrimination and potential
crosstalk levels.

3.4 Characterization of Modal Crosstalk

This section focuses on analyzing the correlation between the optimal SOP and the corre-
sponding theoretical mode, as well as the correlation between the optimal SOP and other
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Figure 3.16: Coverage of states-of-polarization on the Poincare sphere: theoretical grid
on the left, plot of the minimum distance points on the right.

experimental modes. The aim is to investigate and draw insights about mode crosstalk,
which plays a crucial role in the context of the subsequent communication part. The
ultimate goal is to build a correlation matrix for entire mode set based on [25], where
each element represents the correlation value between an input mode and all other modes.
In the ideal case, where modes are perfectly orthogonal, this matrix would be diagonal.
The analysis is based on the images collected, each image for each point on the uniformly
covered Poincaré sphere.

3.4.1 Setup and parameters

As previously discussed, the following analysis is highly dependent on the specific exper-
imental setup employed which is illustrated in Figure 3.17. The laser source used is DFB
laser operating at a wavelength of 1554.130 nm (S/N: 5Y107464), with an input power
of P, =7 dBm. This laser is connected to a Thorlabs MPC320 motorized polarization
controller [21].

The optical signal is then fed into an asymmetric 1x2 optical power splitter 90/10 ratio,
where 90% of the power is directed to the MPLC device configured as a mode multiplexer,
while the remaining 10% is routed to the Thorlabs PAX5720VIS-T polarimeter to monitor
the state of polarization, both via the graphical user interface and through MATLAB
using a National Instrument USB-6009 DAQ device.

The output of the MPLC is coupled into an FMF which is terminated by a Thorlabs
F810APC-1550 collimator acting as the optical transmitter.

At the receiver side, the optical beam is collected using a Thorlabs LMR2/M lens
and analyzed by a Duma Optronics BeamOn Complete system. This system includes a
CCD camera head, a post, a built-in filter wheel with a set of 3xNG Schott colored filters
(NG4, NG9, NG10) [22].
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POLARIMETER

‘ CONVERTER ‘ ‘ Gul ‘

Figure 3.17: Experimental setup: source and MPC are on the left, while in the bottom
left there is the splitter. The gray box is the polarimeter followed by the converter.

The BeamOn system, connected to MATLAB for image acquisition and storage, is
designed for real-time measurement of continuous or pulsed laser beams. It measures laser
beam parameters, such as: intensity profiles, beam width, shape, position and power [22].
The choice of image parameters—such as format, color, shape, and resolution—was the
result of several trials aimed at optimizing the correlation between the input modes and
their theoretical references. These parameters were selected to maximize the correlation
score and ensure consistency during the characterization process. After extensive testing,
the following configuration was adopted:

e Format: PNG

Color: Black and white

e Shape: Square
e Resolution: 512 x 512 pixels

e« Points: 250

3.4.2 Generation of Theoretical Hermite-Gaussian Modes

Before performing the experimental correlation analysis between the MPLC output and
HG modes, it was necessary to generate accurate theoretical reference profiles for each
target mode. These reference profile are essential for quantifying the degree of mode
purity and for validating the correct operation of the MPLC. For this purpose, a numerical
simulation was implemented to synthesize the transverse intensity distributions of HG
modes.

To numerically generate the transverse modes of the HG family shown in Figure 3.18,
a custom MATLAB simulation was implemented. These optical field distributions are
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solutions of the paraxial wave equation [15] in Cartesian coordinates and are widely used
to model beam propagation in free-space optical communication systems involving mode
division multiplexing.

The simulation is based on the physical definition of HG beams and includes the
implementation of a custom function to compute Hermite polynomials of arbitrary or-
der [26]. The visualization and spatial modeling were adapted from open-source scripts
available on MATLAB Central File Exchange [27]. The beam parameters were initialized
by setting the wavelength A, the Rayleigh range zp, and the beam waist Wy, derived from

the relation Wy = \/% .

A two-dimensional spatial grid was created using meshgrid function, covering a square
region in both x and y directions. The beam field U(x, y) was computed by summing HG
modes of order (I,m) according to a coefficient matrix A, which defined the amplitude
weight for each mode. In this analysis, only one mode was considered at a time, mean-
ing that there was no intentional overlap between modes in the generated field. This
approach allowed for isolated evaluation of each mode’s profile and facilitated mode-by-
mode comparison with theoretical references.

After summing the contributions of the selected HG mode, the resulting complex field
was reshaped and visualized using a grayscale intensity plot of |U(z,y)|?>. These images
serve as theoretical reference modes for the correlation-based detection process: they are
used both in same-mode correlation, to evaluate matching accuracy, and in cross-mode
correlation.

To fully validate the orthogonality among the simulated Hermite-Gaussian modes, a
complete matrix of Overlap Integral (OI)s was computed. Each mode, previously saved
as a separate .mat file containing the complex field distribution U(z,y), was loaded
into MATLAB. The overlap between every pair of modes was then calculated using the
normalized overlap integral formula:

2

([ Ui, y) 2 d dy) - (J] 1Uz, y)|? da dy)

This quantity was computed for all combinations of the generated modes, resulting in a
square matrix OI, where each entry (i, j) corresponds to the normalized overlap between
the i-th and j-th mode.

3.4.3 Metric Selection Process

In order to accurately match experimental beam profiles to their theoretical Hermite-
Gaussian counterparts, a reliable image similarity metric was essential. The selection
of this metric was not immediate and required extensive testing and comparison. This
subsection is structured as a step-by-step account of the process, highlighting both the
strenghths and limitations of each tested method. The aim is to justify the final adoption
of the Complex Wavelet Structural Similarity Index (CW-SSIM) as the most effective
tool for this specific task.

Rather than directly presenting only the final result, it is important to show the
rationale, the experimental attempts and the challenges encountered during this selection.
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Figure 3.18: Simulated Hermite-Gaussian beam intensity profiles for different mode orders
(I,m), generated via MATLAB.

Since the images were acquired experimentally, their intensity profiles were extracted
as numerical matrices using MATLAB. All similarity metrics evaluated in this work op-
erate on these matrices, comparing their spatial patterns and intensity distributions.
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Correlation coefficient corr2

The first metric evaluated for matching the experimental intensity patterns to their theo-
retical HG modes was the normalized 2D cross-correlation, implemented via the MATLAB
function corr2 [28]. This method computes the linear coefficient between two matrices
of the same size, returning a score in the range [—1,1] where 1 indicates perfect similarity.

From the mathematic point of view, the correlation coefficient r is defined as:

_ Zm Zn(Amn B A)(an — B)
Vo Y (A — A2 /S, 5 (Buun — B)?

r

where A, and By,, are the pixel intensities at position (m,n) in the experimental and
theoretical images, respectively, and A and B are their mean intensities. This coefficient
measures the linear relationship between the two intensity maps, essentially quantifying
how much one image can be predicted from the other using a linear model.

Despite its simplicity and computational efficiency, the results obtained were not
enough. In particular, even visually good matches often yielded low correlation scores;
the highest one was on mode HGgs for which » = 0.4235. This poor performances is
largely due to the high sensitivity of corr2 to spatial shifts and angular misalignments:
even a slight rotation or displacement of the experimental beam profile causes a significant
drop in the computed scores, excessively penalizing the rotated image despite its overall
similarity. As a result, the metric may favor a better-aligned rotation over an image that
is visually more similar.

To mitigate this limitation, a second attempt was made by combining corr2 with
a brute-force rotation alignment procedure. The experimental image was rotated over
a predefined range of angle predefined in discrete steps, and for each angle the correla-
tion score was computed. The maximum score across all angles was then retained as a
representative value for that mode.
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Algorithm 2: Correlation with Rotation Alignment

Data: Theoretical image Iijeory, experimental images set {Ifxp}, rotation angles
set ©

Result: Best matching image, best rotation angle, best correlation score

1 foreach I fxp in experimental images do

2 foreach 0 € © do

3 1ot < rotate Ifmp by angle 6;

4 score < corr2(Iiheory, Irot);

5 if score > bestScore; then

6 bestScorey, + score;

7 bestAngley, + 0,

8

9

end

end
10 if bestScorey > bestScore then
11 bestScore < bestScorey;
12 bestImage <+ Ifxp;
13 bestAngle + best Angley;
14 end
15 end

16 return bestImage, bestAngle, bestScore

While this second approach yielded visually better results-especially in the "best-
case" correlation, where the correct theoretical match was identified-it still suffered form
low overall scores and instability in ranking, particularly for higher-order modes such as
HGo; and HGis. Moreover, the brute-force rotation search significantly increased the
computation time, making this method inefficient for practical use in case of a huge
number of images.

For these reasons, corr2, with or without rotation, was ultimately discarded as the
primary metric.

Overlap Integral

While the Overlap Integral, introduced in Eq.3.2, is physically motivated and theoreti-
cally robust when the complete field information is available since it accurately reflects
mode orthogonality and energy overlap, making it particularly suitable for validating the
quality and independence of numerically generated Hermite-Gaussian modes using the
full complex field distributions U(z,y), its application to experimental data is far less
straightforward. The captured images in the experiment represent only the optical inten-
sity |U(z,y)?|, lacking the phase information necessary for a true overlap computation.

As a result, when applied to intensity-only data, the Overlap Integral loses much of
its discriminative power. Without access to the complex field, the computed score be-
comes an approximation, and its ability to detect subtle differences between beam shapes
is significantly reduced. Moreover, this metric is inherently sensitive to spatial misalign-
ments, such as translations and rotations, which further deteriorates its effectiveness when
comparing imperfect experimental profiles to ideal references.
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Figure 3.19: Heatmap of the OI matrix. Each row and each column correspond to a
specific mode; their intersection represents the crosstalk value, which is here visualized
using a color code.

Interestingly, in contrast to corr2, the Overlap Integral tends to penalize dissimilar
modes more strongly. This is especially evident when comparing modes, such as HGqg
and HGg1, where the score drops significantly, reflecting their theoretical orthogonality
more faithfully than simpler correlation metric.

To further illustrate the behaviour of the OI in distinguishing different Hermite-
Gaussian modes, Figure 3.19 visually summarizes the numerical values reported in Table
3.2, which contains a sample matrix of OI values computed between pairs of modes. The
experimental modes on the columns were selected by computing the OI between the dif-
ferent experimental image and its corresponding theoretical mode. The diagonal values
are not sufficiently high; moreover for mode HGo; the diagonal element is not the highest,
indicating that this metric is not reliable for quantifying image similarity. On the other
hand, the off-diagonal elements—representing the overlap between distinct modes—are
significantly lower, often well below 0.5. This highlights how the OI metric strongly
penalizes modes that differ substantially, such as orthogonal or higher-order modes.

In conclusion, the Overlap Integral is excellent for simulating and quantifying the
theoretical differences between modes, as it provides a physically meaningful measure of
similarity and penalizes strongly modes that are significantly different, such as orthog-
onal Hermite-Gaussian modes. However, it is not well suited for identifying the closest
experimental image to a theoretical mode, since experimental images represent intensity
patterns without phase information and can be affected by noise, misalignment, and other
distortions, which limit the effectiveness of the OI metric in practical image comparison
tasks.

Structural Similarity Index (SSIM)

The Structural Similarity Index (SSIM) is a perceptual image quality metric developed
to evaluate the similarity between two images by modeling the degradation of structural
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Table 3.2: Overlap Integral matrix between Hermite-Gaussian modes

Rows: Theoretical Modes Columns: Experimental Modes

HG03 HG02 HGI12 HGO1 HG11 HG10 HG21 HG20 HG30
HGO3 | 0.697 0.454 0.123 0.284 0.085 0.063 0.098 0.074 0.044
HGO02 | 0.403 0.739 0.171 0397 0.112 0.061 0.098 0.050 0.041
HG12 | 0.236 0.301 0.511 0.150 0.270 0.221 0.131 0.073 0.104
HGO1 | 0.253 0396 0.089 0.792 0.166 0.092 0.161 0.071 0.067
HGI11 | 0.240 0.312 0.575 0.289 0.653 0.312 0.299 0.189 0.096
HG10 | 0.100 0.114 0.174 0.196 0.289 0.731 0.069 0.169 0.178
HG21 | 0.334 0333 0.200 0.211 0.320 0.179 0.315 0.131 0.056
HG20 | 0.052 0.068 0.137 0.109 0.234 0.436 0.426 0.876 0.261
HG30 | 0.052 0.056 0.083 0.082 0.123 0.269 0.217 0.494 0.587

information, which is critical to human visual perception [29]. Unlike simpler metrics such
as correlation coefficient or overlap integrals, SSIM quality assessment index is based on
the computation of three terms, namely the luminance term, the contrast term and the
structural term. The overall index is a multiplicative combination of the three terms [30]
in order to model human visual perception.

Formally, given two image patches x and y, the SSIM index is computed as:

SSIM(z,y) = [z, )]* - [e(x, )] - [s(z,y)]” (3.4)
where the three components are defined as follows:
1. The luminance comparison function evaluates the similarity of mean intensities:

2ugpy + C1

Iz, y) = —Heby T
(=9) P2 A4 p2 + Cy

(3.5)

where pi., p1y are the average intensities of patches x and y, respectively and C7 =
(K1L)? is a small constant to stabilize the division with typical parameters K; =
0.01 and L being the dynamic range of pixel values.

2. The contrast comparison function measures similarity of local contrast using stan-

dard deviations:
20,0, + Co

c(z,y) = P G (3.6)

where 02, 05 are the variances of z and y, and Cy = (K3L)? with default Ky = 0.03

3. the structural comparision function assesses the normalized correlation (covari-
ance) of zero-mean patches:

Ozy + Cs

3.7
oz0y + C3 (3.7)

s(z,y) =
where o0, is the covariance between x and y, and C3 = %
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In the MATLAB implementation [30], the exponents «, 3, are set to 1 by default,
resulting in a simplified multiplicative form:

(2pzpty + C1)(204y + C2)
(12 + p2 + C1)(02 + 02 + C2)

SSIM(z,y) = (3.8)

The key insight behind SSIM is that the human visual system is highly sensitive to struc-
tural information, i.e., how pixel intensities are organized and related spatially, rather
than absolute intensity differences alone. The structural component s(z,y) captures this
by comparing the correlation of the local patterns between two patches after normaliz-
ing luminance and contrast, thereby providing a more perceptually relevant similarity
measure. Compared to the correlation coefficient corr2 and OI metrics, SSIM has sev-
eral advantages in the context of comparing experimental beam profiles with theoretical
models. It accounts for local luminance and contrast variations, is more robust to uni-
form intensity shifts, and provides a better correlation with human perceptual judgement
of similatrity. This makes SSIM particularly useful when dealing with intensity images
from experiments, where phase information is absent. However, SSIM is still sensitive to
geometric distortions such as translation and rotations, which can degrade the similarity
score even when the underlying mode structure is preserved.

Given the limitations related to image misalignment and rotation sensitivity, during
the selection of the best matching image, the same rotational correction applied in the
corr2 method was also employed here, after carefully centering the images. While this
approach improved the matching accuracy, it came at the cost of a significantly increased
computational time-approximately 35 to 40 minutes were needed to select the best image
from a dataset of 250 candidates. Considering the need for intra-mode comparisons
and more efficient processing, a faster solution was subsequently sought to optimize the
comparison procedure.

Complex Wavelet SSIM (CW-SSIM)

To overcome the sensitivity of SSIM to geometric distortions as small translations and
small rotations-common issues in experimental image acquisition-an enhanced version
called the CW-SSIM was developed [31] [32]. CW-SSIM operates in the complex wavelet
domain, where it exploits the stability of local phase patterns under mild geometric de-
formations. Instead of comparing pixel intensities directly, it measures similarity between
the complex wavelet coefficients of the two images, which encode both magnitude and
phase information at multiple scales and orientations.

The key idea is that phase structures of natural images are often more stable than
intensities, and carry significant perceptual importance. In this context, phase structure
refers to the relative alignment of complex wavelet responses across multiple scales and
orientations. When an image is decomposed using complex wavelets (as in CW-SSIM),
each local region yields coefficients that encode both amplitude and phase information.

Even under changes in lighting or contrast, the relative phase—which determines the
positioning of edges, textures, and structural details—tends to remain consistent, whereas
global intensities can vary significantly. Therefore, CW-SSIM measures structural sim-
ilarity by evaluating the consistency of these local phase patterns, making it robust to
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Figure 3.20: Heatmap of the CW-SSIM

small translations, scalings, and rotations that would otherwise degrade SSIM scores.
Given two sets of complex wavelet coefficients ¢, = c;; and ¢, = ¢, ; at the same spatial
location and scale, the CW-SSIM index is defined as:

CW-SSIM 2 [y | + K

o) = S e Pt ey P K
where C;k/,i denotes the complex conjugate of ¢, ;, and K is a small constant used to avoid
instability in low-energy regions.

Compared to SSIM, CW-SSIM is thus more robust to spatial misalignments, which
significantly improves matching reliability in experimental contexts where image centering
and orientation cannot be perfectly controlled.

In this work, CW-SSIM has been selected as the algorithm of choice for the intra-mode
image comparison task, in order to reduce computational time and maximize similarity
score. The index was computed using the publicly available MATLAB implementation
provided by Mehul on the MathWorks File Exchange [33], which applies a steerable pyra-
mid decomposition followed by CW-SSIM computation across subbands. This change
allowed image comparisons to be performed without the need for manual centering or
exhaustive rotation alignment, cutting processing time from over 35 minutes to under
2 minutes for the same dataset of 250 candidate images—an improvement that proved
essential for scaling the mode classification pipeline. While the CW-SSIM index proves
highly effective in selecting the best matching SOP from a set of acquired images, its
robustness to small geometric distortions can become a limitation when the goal is to
penalize dissimilarities between distinct HG modes. In this work CW-SSIM exhibited
outstanding performance in identifying the best image corresponding to a given theoreti-
cal mode as shown in Figure 3.20 where the highest score are very close to 1, and, overall,
has higher scores than the one showed in Figure 3.19.

However, the same geometric insensitivity also reduces CW-SSIM’s discriminative
power when comparing structurally distinct modes. Indeed, even comparisons between
different HG modes can yield relatively high CW-SSIM scores, especially when inten-
sity distributions share qualitative structural features or when the phase information is

54

(3.9)



3.4 — Characterization of Modal Crosstalk

Ol Heatmap CW-SSIM Heatmap

1 1

HG03 HGO03
0.9 0.9

HG02 . HG02
0.8 0.8

HG12 HG12
0.7 0.7
HGO1 06 -
0.5
g HG10 0.4 04
HG21 0.3 HG21 55
HG20 02 HG20 0.2
HG30 01 HG30 01

EHE N N N N NS N NSO NS S
SN, N N N 2 N N N N N 9 P D
\2\0 Q\O (CIINC) \2\0 L& Q\Ca \2\0 \2\0 Q\O Q\O \2\0 Q\Q \2\0 Q\O

Theoretical Modes Theoretical Modes

(a) Heatmap of the OI with theoretical (b) Heatmap of the CW-SSIM with theoret-
modes compared with themselves ical modes compared with themselves

Experimental Modes

I

Q

o

o
Experimental Modes
- b= E
o © o
Q 9 8
s = 2

S N N >
N 2 N
SRS R L

Figure 3.21: Theoretical comparison

ambiguous due to the use of only intensity images. Unlike metrics such as the overlap
integral, which rapidly decay as modal overlap diminishes, CW-SSIM may overestimate
similarity between modes with similar energy distributions but distinct nodal structures.
This behavior becomes even more evident in Figure 3.21, where a similarity matrix is
computed among purely theoretical modes. It is apparent that off-diagonal values are
significantly lower when using the OI, which highlights its ability to strongly penalize
structural differences between distinct modes. This makes OI a more suitable figure of
merit when quantifying modal crosstalk, as it provides a clearer separation between non-
matching modes. In contrast, CW-SSIM exhibits relatively higher off-diagonal values
due to its tolerance to small structural and phase variations, making it less effective for
distinguishing between different mode patterns. However, this same robustness makes
CW-SSIM particularly well-suited for identifying the best-matching SOP.

Hybrid Approach

The actual metric exploits the hybrid approach presented before:
1. CW-SSIM to pick the best SOP over the diagonal.
2. OI as figure of merit to build the correlation matrix

3. Finally, since the theoretical OI heatmap shown in Figure 3.19 is not ideal due to
the absence of phase information,not all its off-diagonal elements are not exactly
zero, as would be expected in a perfectly orthogonal modal basis. For this reason,
the heatmap is used as a theoretical baseline and subtracted from the final results,
excluding the diagonal elements, which are preserved. This correction helps to
compensate for the residual overlaps between theoretical modes and ensures a more
accurate evaluation of experimental crosstalk.
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Figure 3.22: Best cases selected with CW-SSIM

3.5 Conclusion

Although the presented analysis does not account for phase information, thus providing
only a partial picture of the full mode orthogonality, the results obtained are already suf-
ficient to draw meaningful conclusions regarding the crosstalk performance of the MPLC.
Overlap integrals computed on intensity-only data reveal that off-diagonal terms in mode
comparison matrices remain consistently low. This indicates that the generated modes
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Figure 3.23: Correlation matrix obtained with the hybrid approach: CW-SSIM was used
to select the best case and the overlap integral to compute the correlation. The measured
matrix more closely approaches the ideal diagonal reference expected for a perfectly
performing MPLC device, i.e., one without modal distortion or crosstalk.

are well-separated in the spatial domain and mantain a high degree of orthogonality.

A a low intermodal crosstalk is essential for applications such as mode-division multi-
plexing. While a full-field characterization would be required to capture residual phase-
induced coupling, the current results already validate the effectiveness of the MPLC
design in maintaining modal purity.

These findings support the conclusion that the MPLC offers sufficient isolation be-
tween modes and is thus a suitable platform for high-dimensional optical systems, where
minimizing crosstalk is a critical requirement.
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Chapter 4

Impact of Atmospheric
Turbulence on Fiber Coupling
Efficiency

This chapter focuses on the analysis of the optical power fluctuations and their impact
on the received optical beam under conditions of atmospheric turbulence. Furthermore,
three coupling modalities will be presented: SMF, PL and MPLC. The primary objective
of this chapter is to validate and demonstrate the advantages of employing the MPLC in
terms of received power and Rytov variance which will be the two figures of merit.

4.1 Experimental Setup for Atmospheric Turbulence Em-
ulation

The experimental setup, shown in Figure 4.1 and in the diagram of Figure 4.2 is identical
for all the three tests up to the receiver collimator. On the transmitter side, a laser
output power of 13 dBm at a wavelength of 1550 nm is used. The FSO link consists of a
fiber collimator (Thorlabs F810FC-1550) which is separated from the receiver collimator-
dependent on the specific Rx device-by two custom-made atmospheric chambers, each
1.2 meters in length. Each chamber is equipped with two heaters, two fans, and two
humidity /temperature sensors. The two atmospheric chambers are separated by a 10
cm free-space gap. The insertion loss introduced by the two atmospheric chambers is
approximately 5-6 dB. The received optical power was measured using fast optical power
meters like the one in Figure 4.3 with a sampling frequency Fs = 10000 samples per
second and, subsequently processed in MATLAB.

Manual alignment was carried out by adjusting the position of the collimator, as well
as the screws controlling its height and tilt angle, in order to maximize the received power
measured at the receiver. The alignment was considered optimal when the measured
power was consistent with the expected insertion losses. The test conditions are:

e The time of the emulation is 25 minutes; the plots will show less than the 25 minutes
on the x-axis since some seconds were used at the start and in the middle of the
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Figure 4.1: In this experiment the FSO link is composed of two fiber collimators, sepa-

rated by two atmospheric chambers.
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Figure 4.2: Block diagram of the setup until the fiber after the receiver

emulation to syncronize the fast optical power meters.

e temperature: Figure 4.4 shows the average temperature measured from the four
fans in the chambers, two per each.

4.2 Coupling Efficiency using a Standard Single-Mode Fiber

In this configuration, the receiver consists of a SMF preceded by a Thorlabs F810FC-
1550 fiber collimator. Since only the fundamental spatial mode is supported, the system
is particularly sensitive to wavefront distortions and beam misalignments caused by at-
mospheric turbulence.

4.2.1 Optical Power Analysis

Figure 4.5 shows the temporal evolution of the received optical power under turbulent
conditions. The red trace represents the instantaneous power while the white curve
corresponds to the moving average, highlighting the overall trend.

The moving average shows a noticeable drop withing the first minutes of measurement,
with a big decrease of power. In the central part of the acquisition, between 10 and 15
minutes, the received power stabilizes around an intermediate level, before gradually
decreasing again to about -10 dBm in the final minutes.

4.2.2 Rytov Variance

The Rytov variance trend follows the same temporal behaviour previously observed in
the received power trace. As shown in Figure 4.6, the peak values of the Rytov variance
are found during the initial and final minutes of the measurements, corresponding to the
deeps in the power trace. The peaks of the Rytov variance, indeed, corresponds to peri-
ods of strong turbulence. In contrast, the minima indicate intervals of weaker turbulence
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Figure 4.3: One of the fast optical power meters.
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Figure 4.4: Temperature increase over time
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Figure 4.5: Power fluctuation for SMF at the receiver.
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Figure 4.6: Rytov variance for SMF at the receiver

during which the coupling efficiency improves and the received power remains more sta-
ble. This correspondence between power fluctuations and Rytov variance validates the
measurements and confirms that the temporal variations in received power are primarly
driven by changes in the turbulence strenght within the atmospheric chambers.

To conclude, the SMF configuration represents the baseline for this study. This case
serves as the common benchmark against which the PL. and MPLC results will be com-
pared, allowing a clear assessment of how mode diversity and spatial demultiplexing can
mitigate turbulence-induced fading in free-space optical links.
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4.3 Coupling Efficiency using a Few-Mode Fiber Followed
by a Photonic Lantern

In this configuration, the receiver consists of a PL preceded by an FMF connected to the
Thorlabs F810FC-1550 fiber collimator. The FMF supports three spatial modes, which
are efficiently separated by the PL into distinct single-mode outputs. The three modes
analyzed are:

e the fundamental mode LPy;
o LPi,
o LPy

Each output of the PL is connected to an individual fast optical power meter interface
with a computer for acquisition.

First, the temporal evolution of the received power is discussed for each mode indi-
vidually. Then, the moving averages of the three modes are compared. Subsequently,
the Rytov variance is anayzed for each mode to quantify the turbulence-induced fluctua-
tions. Finally, a comparative discussion of the Rytov variance among the three modes is
presented to evaluate differences in their response to atmospheric perturbations.

4.3.1 Optical Power Analysis

Figure 4.7 shows that the three channels exhibit correlated power fluctuations caused by
the increase of the atmospheric turbulence. The modes are associated to the power meter
used (pmX).

The LFPy; mode, represented by the red trace, maintains the highest average power
throughout the measurement, while the higher-order modes present lower mean levels.
Overall, the three traces follow a similar pattern to that observed in Figure 4.5 also for
what concerns the peaks and the minima. An interesting observation can be made at the
end of the experiment: during the last three minutes, the LP;1; mode exhibits higher
received power than the fundamental mode, indicating that a portion of the optical power
has been coupled into higher-order modes due to increased turbulence.

Moving to the sum of the power traces shown in Figure 4.8 it is important to notice
that the overall trend closely resembles the one presented in Figure 4.5. However, the
average power level is higher, with minima around —5 dBm instead of —10 dBm. This
behavior can be explained by the improved coupling efficiency provided by the photonic
lantern: the optical power that would otherwise be lost at the receiver when using a SMF
is now efficiently collected through the higher-order modes, resulting in a higher total
received power.

4.3.2 Rytov Variance

In this section, the Rytov variance is analyzed to evaluate the impact of atmospheric
turbulence on the different spatial modes at the receiver. The individual Rytov variances
of the three modal channels are first compared to assess how turbulence affects each
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Figure 4.7: Moving average of power fluctuations for PL at the receiver
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Figure 4.8: Sum of the optical power coupled into the photonic lantern outputs.

propagation mode differently. Subsequently, the Rytov variance computed from the sum
of all received powers is presented, providing an overall estimation of the turbulence-
induced intensity fluctuations on the total collected signal. Figure 4.9 compares the Rytov
variance computed for the three spatial modes. As expected, the overall trend follows
the behaviour of the received power traces, since stronger power fluctuations correspond
to higher Rytov values. An interesting observation can be made in the last 5/6 minutes
of the measurement: the Rytov variance of the fundamental mode (the red trace, pm4-
LPyy) becomes the highest among the three. This validates what already discussed before:
under stronger turbulence conditions, the fundamental mode is more affected by intensity
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Figure 4.9: Rytov variance for PL at the receiver
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Figure 4.10: Rytov variance computed from the total received power coupled into the
PL.

fluctuations, while the higher-order modes (pm11-LP;1, and pm6-LPj1;) appear slightly
less sensitive. Figure 4.10 shows the Rytov variance computed from the total received
power. The Rytov variance obtained with the PL remains consistently below 1, while in
the SMF shown in Figure 4.6 it reaches values around 1. This indicates that the overall
intensity fluctuations are lower when using the PL. This result is consistent with the
behavior observed in the summed power traces in Figure 4.8 , where the total received
power was higher and exhibited reduced fluctuations. It confirms again that the PL
provides improved coupling stability under atmospheric turbulence, as part of the optical
power that would otherwise be lost in the SMF is collected by the higher-order modes.
These results and findings suggest that increasing the number of supported modes,
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Figure 4.11: Fast optical power meters used for the different modes

such as with the MPLC device that supports up to ten modes, could further enhance
system performance under turbulence, as will be discussed and analyzed in the following
section.

4.4 Coupling Efficiency using a Few-Mode Fiber Followed
by an MPLC

In this section, the performance of the receiver equipped with the MPLC is analyzed.
In this configuration, the receiver consists of an MPLC preceded by an FMF connected
to the Thorlabs F810FC-1550 fiber collimator. The MPLC device supports ten spatial
modes, which are efficiently separated into dinstinct single-mode outputs. The ten modes
are recalled here: [HGOQ, HGlo, HGOl, HGH, HG20, HGOQ, HGQl, HG12, HG?,(), HGog].

Each of these outputs is connected to a different fast optical power meter to acquire
the data as shown in Figure 4.11. The objective of this analysis is twofold. First, to
demonstrate the improved robustness of the MPLC-based receiver under atmospheric
turbulence, highlighting its ability to collect and separate multiple spatial modes with
reduced power fluctuations. Second, to identify the four modes that exhibit the best
performance in terms of stability and average received power, which will later be employed
in the communication experiments, where the Waveshaper can process only four input
modes.

The section is organized as follows. The first part presents the moving average of
the received power for all ten modes, followed by the analysis of the total received power
obtained by their sum. Subsequently, the Rytov variance is evaluated for each individual

66



4.4 — Coupling Efficiency using a Few-Mode Fiber Followed by an MPLC

Moving Average (10s)

—— pmi-HG12
pm11-HGOO
pm12-HGO3
pm2-HG21

5 pm3-HG20
pma-HG10
pm6-HG30
pm7-HG02

pm8-HGO1
pm9-HG11

-20

25 I I I | |
0

Time [min]

Figure 4.12: Moving average of the received power for the different modes

mode and for the total power, allowing a comprehensive comparison with the results
obtained using the PL and SMF receivers.

4.4.1 Optical Power Analysis

Figure 4.12 shows the moving average of the received power for all ten modes associated
to the corresponding power meters supported. In general, the highest average received
power is associated with the fundamental mode HGqg, the red trace, which dominates
the overall power distribution through the entire measurement.

The first-order modes, HG1g and HGg1, exhibit slightly different behaviors. The HGqg
mode, represented by the brown trace, performs similarly to the fundamental mode and,
together with it, represents the mode that collects the highest average power over the
duration of the experiment. In contrast, HGig, which is presented in yellow, shows a
significant loss of received power starting from approximately the 15th minute, becoming
one of the weakest modes by the end of the test. The HG; mode, cyan trace, the HGgs
mode, violet trace, and the HGoy mode display a rather stable trend, maintaining nearly
constant power levels and showing limited sensitivity to turbulence-induced fluctuations
as the emulation progresses. An interesting behavior can be observed for the HG15 and
HGg3 modes, in blue and in light green, which exhibit a pronounced drop in average
received power during initial and central phases of the experiment, followed by a clear
improvement from around the 17th minute onward. In the final part of the emulation,
these modes perform remarkably well, with average power levels comparable to those
of the more dominant modes. Finally, the modes HGgg and HG»q, in dark green and
in black, show the lowest received power values during the experiment, confirming that
they were not sufficiently excited under the analyzed experimental conditions. These
modes are therefore the least representative in terms of collected energy and contribute
minimally to the total received signal. To better understand the overall power collected
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Figure 4.13: Sum of the received power across the modes

by the MPLC receiver, Figure 4.13 presents the sum of the received power across all
ten modes. This combined trace provides a global view of the system’s performance and
allows a direct comparison with the results obtained using the photonic lantern and the
single-mode fiber.

The plot shows the instantaneous power in blue and the moving average of the to-
tal power obtained by summing the ten modes in red. Two main observations can be
made from this plot. First, the average received power is significantly higher compared
to both configurations, either the SMF and the PL. This confirms the superior coupling
efficiency provided by the MPLC receiver part, which is able to collect a larger fraction
of the optical energy transmitted through the more and more turbulent channel by effi-
ciently separating and collecting multiple spatial modes. Second, the overall behavior of
the received signal appears much more stable. The trace does not exhibit abrupt power
changes or deep fades, indicating reduced sensitivity to turbulence-induced fluctuations.
These two characteristics - higher mean power and improved temporal stability - vali-
date the optimal performance of the MPLC-based receiver under the same atmospheric
conditions.

4.4.2 Rytov Variance

In the following analysis, the Rytov variance is evaluated both for the individual modes
and for the total received power obtained by summing all ten MPLC outputs. The
purpose of this study can be summed in three crucial points.

The first one is to validate the observations previously made on the received power
traces by quantifying the turbulence-induced fluctuations in a statistical manner. Second
point is to investigate how atmospheric turbulence affects each spatial mode differently,
highlighting possible variations in sensitivity among the modal set supported by the
MPLC and understand the possible gain while exploiting higher order modes. Finally,
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Figure 4.14: Comparison of Rytov variance of each mode of the MPLC

to assess the potential benefit of modal diversity by analyzing the Rytov variance of the
summed signal, which provides an overall indication of the system’s robustness under
turbulent propagation conditions. Figure 4.14 shows the Rytov variance calculated for
each of the ten spatial modes separately, with each curve corresponding to a specific
mode. Starting with the fundamental mode HGqg, in blue, an interesting trend can be
observed: during the first nine minutes approximately, this mode exhibits the highest
Rytov variance, indicating strong intensity fluctuations. Between minutes 12 to 19, its
variance decreases to become the lowest among all modes, before rising again towards
the end of the test, where it once more becomes the most affected by turbulence. A
similar behavior is observed for the HGyy mode, in pink, although its variance remains
more stable in the final part of the experiment, without the sharp increase seen in the
fundamental mode. The HGg3 mode, in black, and the HG5 curve, in dark green, modes
show an opposite trend: their variance peaks in the central part of the test, while in the
last few minutes they display the lowest Rytov variance values, suggesting better stability
under strong turbulence. A comparable pattern is found for the HG2; mode, in brown,
which, even if it shows higher absolute variance level, becomes the third most stable
mode at the end of the test. The HG1; mode, in yellow, gradually decreases in variance
from minute 11 until the end. On the other hand, the HGy; mode, in red, exhibits low
variance in the initial and final segments of the experiment, with a maximum in the
central part. Finally, HGgg, in bright green, HGyg, in violet, and HGsp, in cyan, show
relatively constant trends, with HGgy being consistently the worst-performing mode in
terms of variance amplitude.

From this analysis, it can be observed that by the end of the emulation, the lower-
order modes, such as the fundamental and HGqp, exhibit the highest Rytov variances,
while some higher-order modes — in particular, HGg3, HG12 and HGo; — show the
lowest values. This outcome indicates that the higher-order modes are less affected by
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Figure 4.15: Rytov variance computed from the total received power coupled into the
MPLC

turbulence-induced intensity fluctuations, meaning they are more resilient to the refrac-
tive index perturbations introduced by the heated chambers. Physically, this can be
explained by the fact that higher-order modes have broader and more complex inten-
sity distributions, which effectively average out local turbulence-induced distortions. In
contrast, lower-order modes are more susceptible to phase and amplitude perturbations,
leading to higher Rytov variance.

Overall, these results confirm that under the same turbulence conditions, higher-
order modes demonstrate a greater robustness. Figure 4.15 reports the Rytov variance
computed from the total received power, obtained by summing the contributions of all
ten modes at the MPLC output. Two main considerations can be drawn from this result.

First, the overall behavior appears significantly more stable compared to the previous
configurations based on SMF and PL receivers. In particular, no abrupt power drops or
sudden fluctuations are visible, confirming that the intensity variations are well mitigated
in this setup. Second, the Rytov variance values are notably lower, with a maximum
around 107!, which represents a substantial improvement over the PL configuration,
where the variance reached unity levels.

This outcome clearly demonstrates again that the use of multiple spatial modes
through the MPLC leads to a more robust and turbulence-tolerant system. Each mode
contributes to the total received power, compensating and balancing the fluctuations of
those modes that are more affected by the atmospheric distortions. As a result, the
combined signal benefits from a form of natural diversity gain.

In summary, employing the full set of ten modes not only increases the total received
power but also ensures a lower and more stable Rytov variance, validating the superior
performance of the MPLC receiver in this scenario. To provide a more detailed view
of the incremental improvement introduced by each spatial mode, Figure 4.16 shows
how the Rytov variance progressively decreases as additional modes are included in the
summation. This representation allows to identify the most significant contributions
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Figure 4.16: Progressive sum of the Rytov variance

and to better understand the trade-off between the number of modes employed and the
effective turbulence mitigation achieved.

An initial improvement is clearly observed when adding the HG1y mode to the funda-
mental one, which already provides a noticeable reduction in the overall Rytov variance.
The largest gain, however, is achieved when four modes are combined, namely the funda-
mental HGqg, the two first-order modes HGyy and HGg1, and the HGyy mode. A further
significant reduction occurs when, to the bright green curve — corresponding to the com-
bination of HGgg, HG19, HGg1, HGgg, and HGgo — the HGy; mode is added. Finally,
the inclusion of the third-order modes still provides a small yet measurable improvement,
leading to the final curve reported in Figure 4.15, particularly noticeable during the last
few minutes of the test. Nevertheless, even with the six modes mentioned above, a very
stable behavior and low Rytov variance values can already be observed. This result is
particularly important for two reasons. First, it validates the observations made in Figure
4.15, showing how the global curve is progressively reached as more modes are included.
Second, it provides practical insights into the effective gain introduced by each additional
mode, allowing one to identify the point beyond which the performance improvement
becomes marginal, thus determining the optimal number of modes to be employed for a
given turbulence condition.

4.5 Selection of Most Relevant Modes for Turbulence Mit-
igation

4.5.1 Optical Power Analysis

In the next chapter, the received signal will be processed using a Waveshaper device,
which provides four input ports. For this reason, it is necessary to select a subset of four
spatial modes among those supported by the MPLC. The selection must be based on the
result presented in the previous analysis, taking into account both the average received
power and the Rytov variance of each mode. In particular, the four modes that present
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Figure 4.17: Comparison between the power of different combination of modes and the
trace of the total sum

lower Rytov variance are preferable. At the same time, it is important to ensure that the
selected modes contribute a non-negligible portion of the total received power, so that
the resulting signal maintains a sufficiently high optical budget.

The aim of this section is to identify the four modes that provide the best performance.
Once this subset has been determined, it will serve as the input configuration for the
communication part. The first comparison focuses on the moving average of the received
power for different mode combinations, benchmarked against the sum of all ten modes
supported by the MPLC. In Figure 4.17, only the three best-performing combinations are
shown for clarity, selected among the several possible configurations evaluated during the
experiment. From this comparison, it is clear that the red curve, which is the combination
composed of modes [HGgg, HG19, HGo1, HG1;]| achieves the highest average received
power over the entire duration of the test. This four-mode combination represents a
practical and well-balanced configuration and forms a strong candidate to be used in the
communication experiments.

4.5.2 Rytov variance

The analysis of the Rytov variance is necessary to validate and confirm the observations
previously made on the received power. Figure 4.18 presents a zoom on the final minutes
of the experiment, which is the interval where the differences between the mode com-
binations become most evident. As a reference, the Rytov variance of the total sum of
all modes, in green, is also reported, in order to assess which combination deviates least
from the overall optimal stability. Here, the label Base refers to the set composed of the
fundamental mode with HG19 and HGg; modes.

From the plot, it is clear that the four-mode combination identified earlier also pro-
vides the best performance in terms of turbulence resilience. The curve corresponding to
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Figure 4.18: Rytov variace: zoom on the final minutes. 'Base’ is the combination of the
fundamental mode with HGg and HGg;

this set, the yellow one, exhibits the lowest Rytov variance across the observed interval,
confirming that this mode group experiences the least intensity fluctuations and therefore
the weakest impact of atmospheric turbulence.

Based on both the received power analysis and the Rytov variance comparison, the
set of modes:

o HGop
« HGio
o HGo
« HGyy

is selected for the communication part.

4.6 Comparison

To conclude this chapter, a comparative analysis is presented between all receiver con-
figurations examined throughout the experimental campaign. Specifically, the received
power and the corresponding Rytov variance are reported for the following cases: the
SMF baseline, the PL, the MPLC with all ten modes enabled, and the MPLC operating
with the four selected modes identified in the previous section. For completeness, the
behavior of the MPLC fundamental mode alone is also included as a reference.

The purpose of this comparison is to provide a clear and direct visualization of the
performance improvements introduced by mode-division multiplexing techniques, high-
lighting the benefits in terms of both collected optical power and resilience to atmospheric
turbulence. Starting from the power comparison shown in Figure 4.19, it is possible to
observe that, in the most critical phases of the test—mamely the initial interval (0-10

73



Impact of Atmospheric Turbulence on Fiber Coupling Efficiency

5]
2
S
o
o
@
N
©
E
S
=

MPLC - All modes
MPLC - HGOO;HGO1;HG10;HG11
MPLC - HG0O

Time [min]

Figure 4.19: Power comparison

minutes) and the final interval (15-25 minutes)—the MPLC-based configurations clearly
outperform the SMF and PL setups. In particular, it is noteworthy that the performance
of the MPLC when all modes are enabled is very similar to the performance obtained
when only the four selected modes are used. This confirms that the selected subset is ca-
pable of capturing most of the available power, while maintaining a more compact mode
set.

A similar trend can be observed when comparing the PL configuration with the fun-
damental mode of the MPLC. The MPLC fundamental mode performs worse than the
PL in the first part of the test, but provides better power levels in the final segment,
where turbulence becomes more significant.

Finally, the SMF configuration consistently exhibits the poorest performance, with
pronounced power drops that indicate limited robustness to turbulence and reduced cou-
pling efficiency under misalignment and wavefront distortions. While the power com-
parison provides an initial indication of the performance differences between the tested
configurations, a more complete evaluation requires examining the impact of turbulence
on the received signal. By comparing the Rytov variance across the same configurations
in Figure 4.20, it is possible to confirm whether the advantages observed in terms of
received power also translate into improved robustness to turbulence.

Looking at the Rytov variance, the difference in performance between the MPLC
using all modes and the MPLC operating with only the four selected modes becomes
slightly more evident, with the full-mode configuration naturally achieving the lowest
fluctuation levels. This result is consistent with the expectation that a larger number
of spatial modes provides increased diversity and averaging against turbulence-induced
distortions.

Regarding the PL configuration, its performance is noticeably better than that of
the MPLC fundamental mode alone, in contrast to what was observed in the power
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Figure 4.20: Comparison of the Rytov variance

comparison. This highlights once again that the use of multiple spatial modes plays a
key role in mitigating the effects of atmospheric turbulence.

The worst performance in terms of Rytov variance is observed for the two configura-
tions that do not exploit mode aggregation, namely the SMF and the MPLC fundamental
mode. These cases experience stronger intensity fluctuations under turbulence, confirm-
ing the clear advantage of mode-division multiplexing in free-space optical links.

4.7 Conclusion

This chapter presented a comparative evaluation of different receiver configurations under
controlled turbulence conditions, analyzing both the received optical power and the Rytov
variance. The results clearly demonstrate the benefits of mode-division multiplexing in
free-space optical links: the use of multiple spatial modes allows the system to recover
power that would otherwise be lost and significantly reduces the impact of turbulence-
induced intensity fluctuations.

Among all tested configurations, the MPLC operating with the four selected modes:

o HGoo
o HGqg
o HGo1
e HGyy

provided a favorable balance between performance and system dimensionality. These
modes performed better primarily because they are efficiently excited at the transmitter
and experience lower coupling losses at the receiver, while also benefiting from turbulence-
driven power redistribution that transfers part of the energy from the fundamental mode
to nearby low-order modes. As a result, this four-mode subset captures most of the useful
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received power while exhibiting reduced sensitivity to turbulence, achieving performance
close to the full ten-mode configuration but with reduced system complexity.

It is important to note, however, that this optimal mode set is linked to the specific
turbulence regime, launch conditions, and receiver alignment used in this experimental
campaign. In different scenarios—such as stronger turbulence, misalignment, or longer
propagation times—the distribution of modal power and the turbulence coupling dynam-
ics may change, potentially shifting the set of modes that provides the best performance.
Therefore, the selected four-mode configuration is optimal for the conditions tested, but
the methodology established here can be directly applied to identify the optimal mode
subset in different operating environments.

Based on this result this set of modes will be adopted in the communication experi-
ments presented in the next chapter.
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Chapter 5

Analysis of FSO communication
systems

In this chapter, we present a structured experimental investigation aimed at evaluating
the performance of a FSO communication link under increasingly realistic and turbulence-
impacted propagation conditions. The ultimate objective is to assess how different receiv-
ing strategies ranging from the SMF to the multi-mode architecture based on a MPLC-
affect the recovery of a high-order modulated optical signal after propagation through the
two atmospheric chambers. All experiments with the Single-Carrier use a modulation at
64 Gbaud, while the experiment with the Multi-Carrier uses a modulation at 60 Gbaud.
Both of them exploit 16-QAM constallation. Afterwards, the signal is pulse-shaped us-
ing a RRC filter with 0.1 roll-off. Each measurement campaign consists of a continuous
25-minutes acquisition, enabling statistically meaningful performance estimates.

The chapter is organized around five experimental stages, each introducing additional
channel effects or enchanced modal-processing capabilities. This incremental approach
allows for isolating the impact of individual system components while maintaining a
consistent transmitter chain and digital signal processing framework.

Across all the scenarios, system performance is assessed through three complementary
metrics:

e SNR;
« NGMI.

These metrics provide a comprehensive understanding of the channel quality ranging from
physical SNR impairments to FEC-relevant information-theoretic performance.

5.1 General Setup

All experiments are based on coherent transceiver. Only the propagation and receiving
architectures differ between the various measurements campaings. These are the main
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components: first, a Keysight M8194A AWG is used to generate the electrical baseband
waveforms driving the I1QQ modulator. It provides 45 GHz analog bandwidth and 120
GS/s sampling rate. The optical modulation stage employs a dual-polarization 1Q mod-
ulator with 35 GHz bandwidth. Then, a narrow-linewidth nano-ITLA laser at 1550 nm
serves as the optical source for all experiments. Before the atmospheric chambers, an
Erbium-Doped Fiber Amplifier is used to compensate for modulator insertion losses and
to adjust output power levels. All experiments employ a 40 GHz-bandwidth coherent
receiver, with the optical power at its input carefully maintained between approximately
—2 dBm and 0 dBm to avoid saturation or damage to the receiver front-end. Finally, 4
real-rime oscilloscopes (RTO, DPO77002SXR3) perform digitization/quantization with
70GHz bandwidth operating at 200 GS/s.

5.2 Digital Signal Processing Workflow
All acquired datasets are processed through the DSP pipeline, slightly different depending
on the scenario, having the same main stages. The DSP chain compensates for linear and
nonlinear receiver imperfections, residual frequency offsets, timing errors, polarization
mixing and phase noise. The processing stages are applied in the following order:

1. signal Truncation if necessary to remove transients and non-stationary samples;

2. receiver deskew correction to compensate differetial delay between I and Q branches;

3. Gram-Schmidt orthonormalization;

4. DC offset removal;

5. data-aided carrier frequency recovery;

6. static equalization;

7. subcarrier demultiplexing and matched filtering when subcarrier multiplexing is
present;

8. adaptive equalization;

9. transmitter/receiver clock synchronization;
10. two-stage adaptive equalization;
11. two-stage carrier-frequency recovery;
12. three-stage timing synchronization;

13. two-stage carrier-phase recovery.
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Figure 5.1: Back to back setup
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Figure 5.2: Plot of the SNR evolution against attenuation in B2B conditions.

5.3 Back to Back

The first experiment consists of a Back-to-Back (B2B) configuration, in which the trans-
mitter output is directly connected to the coherent receiver through a Variable Optical
Attenuator (VOA), as depicted in Figure 5.1. This scenario establishes the baseline per-
formance of the system in the absence of any free-space propagation or turbulence effects.
The VOA introduces a controlled optical attenuation ranging from 5 to 35 dB in 0.5 steps,
effectively emulating the signal power losses that would be induced by atmospheric tur-
bulence in subsequent experiments. This allows for a systematic characterization of the
receiver’s sensitivity and the determination of the maximum tolerable channel loss for
reliable signal transmission. Figure 5.2 shows the SNR curve which exhibits a mono-
tonic degradation as the attenuation introduced by the VOA increases. Starting from a
maximum value of about 17 dB, the SNR progressively decreases as expected in a power-
limited regime. For instance, at an attenuation of 23 dB, the SNR reduces to about 10
dB, and eventually approaches 2 dB at 32 dB of attenuation.

This behavior is consistent with the expected power-limited regime: in the absence
of atmospheric distortion, the received signal quality is almost entirely dictated by the
optical power at the receiver. The linear decay of the SNR confirms that the trans-
mitter-receiver chain is operating properly and it is free from significant nonlinear or
bandwidth-limitation penalties.

Most importantly, this B2B characterization is crucial for establishing the operational
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Figure 5.3: Plot of the NGMI evolution against attenuation in B2B condition.

power margin of the entire system. By observing the SNR values corresponding to dif-
ferent attenuation levels the attenuation levels where the link begins to operate near or
below its required SNR threshold.

These baseline results serve as a reference for all subsequent experiments: any ad-
ditional penalty observed under atmospheric propagation can be directly mapped to an
equivalent “effective attenuation”, enabling a clear quantification of turbulence-induced
degradation. The NGMI showed in Figure 5.3 remains essentially flat and close to 1
up to about 10 dB attenuation, indicating that in this region the system operates with
significant performance margin.

At approximately 19 dB attenuation , the NGMI crosses the 0.9 threshold, marking the
transition to a regime where decoding is no longer guaranteed for typical FEC overhead
(20-25%). Beyond this point, NGMI exhibits a rapid decline: it falls to 0.7 around 20
dB, and eventually reaches 0.5 near 27 dB attenuation.

This steep falloff illustrates the intrinsic sensitivity of high-order 16-QAM modu-
lation to SNR reduction and reveals a sharp boundary between fully-correctable and
non-correctable signal conditions.

From a system design perspective, this B2B NGMI trend is fundamental for identifying
the critical attenuation levels beyond which the link becomes uncorrectable. It allows us
to delineate the safe operating region of the system and provides a clear benchmark
to assess the penalties introduced by atmospheric turbulence in the subsequent chapters.
Any deviation from the B2B curve directly quantifies the turbulence-induced degradation
and the improvement provided by modal diversity architectures.
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Figure 5.4: Setup of the free space propagation test without turbulence. The receiver is
SMF-based.
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Figure 5.5: Plot of the SNR evolution against attenuation when propagating through the
atmospheric chambers, without heating.

5.4 Experiment with Single-Carrier signal and without Tur-
bulence

The second configuration, shown in Figure 5.4, introduces the atmospheric chambers
in their non-heated state, allowing the optical beam to propagate through free space
while avoiding any turbulence-induced fluctuations. This setup isolates deterministic ef-
fects—such as fixed insertion loss, residual misalignment, and coupling imperfections—while
preserving an otherwise stable propagation path. The VOA is again employed to emulate
controlled received power levels, enabling a direct comparison with the B2B results and
verifying that the free-space section does not introduce additional impairments beyond
its intrinsic insertion loss.

The SNR in Figure 5.5 profile closely matches the B2B baseline, confirming that
the introduction of the two atmospheric chambers, when unheated, does not introduce
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Figure 5.6: Plot of the NGMI evolution against attenuation when propagating through
the atmospheric chambers, without heating

measurable distortion beyond their intrinsic insertion loss. The additional 5-6 dB loss is
effectively compensated by the preceding EDFA, resulting in an SNR curve that overlaps
almost perfectly with the direct-connection case.

This preliminary test is essential to validate the integrity of the free-space propa-
gation stage: it ensures that all optical interfaces, alignments, and coupling stages are
properly configured before introducing turbulence-induced fluctuations in the subsquent
experiments.

Similarly, the NGMI in Figure 5.6 evolution remains substantially unchanged with
respect to the B2B reference, maintaining degradation trends across the attenuation
sweep. This confirms that, in the absence of heating, the chambers act as passive optical
elements with no measurable impact on the signal quality after processing.

The consistency between the two NGMI curves validates the correct operation of the
transmitter, receiver, DSP pipeline, and the free-space insertion path, providing a solid
baseline for isolating the effects of atmospheric turbulence when the chambers are later
activated.

5.5 Experiment with Single-Carrier signal and SMF at the
receiver

The third experiment activates thermal turbulence inside the chamber, representing the
first realistic turbulence-impaired FSO test. The receiver employs a SMF as shown in
Figure 5.7, corresponding to the classical coherent communication architecture, which
is directly connected to the receiving collimator as described in Chapter 4. This stage
reveals the performance degradation caused by turbulence-induced scintillation, beam
wander, and wavefront distortions when mode division demultiplexing is not exploited.
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Figure 5.7: Setup with the SMF-based receiver. The setup is the same of the previous
experiment, but with turbulence generated by the atmospheric chambers.
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Figure 5.8: Plot of the SNR evolution with respect to time under turbulence with SMF-
based receiver.

Furthermore, in addition to SNR and NGMI, in this stage also there is also an anal-
ysis of the BER as a direct indicator of decoding feasibility under turbulence-impaired
conditions.

The SNR evolution in Figure 5.8 clearly reflects the turbulence-induced power fluc-
tuations described in Chapter 4. In the first 10 minutes, the received signal experiences
several deep fades: starting from about 15 dB, the SNR exhibits abrupt drops, reaching
values close to 0 dB around minute 7. These events are consistent with strong scintilla-
tion and beam wander at the chamber inlet, where the optical spot occasionally moves
outside the effective core area of the SMF.

In the central portion of the acquisition (approximately minutes 11 to 22), the received
power becomes significantly more stable, and the SNR remains higher then 10 dB most of
the time. Toward the end of the experiment, additional fading events again reduce the link
quality, confirming the inherently time-varying nature of turbulence in heated-chamber
conditions.
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Figure 5.9: Plot of the NGMI evolution with respect to time under turbulence with SMF-
based receiver.

The NGMI in Figure 5.9 profile closely follows the SNR dynamics, as expected for
a 16-QAM system operating under varying received power. During the initial phase,
turbulence-induced fading causes the NGMI to drop rapidly, mirroring the severe SNR
dips. However, in the central part of the time window, the more stable interval of the
experiment, the NGMI remains consistently above 0.8, indicating that the modulation
format remains well within typical soft-decision FEC operating regions. The subsequent
degradation at the end of the experiment further confirms that performance is dominated
by the temporal fluctuations of the received optical power.

The BER in Figure 5.10 curve also reflects the same temporal structure observed
in the SNR and NGMI trends. In the first part of the acquisition, severe turbulence
leads to high error rates, reaching the 0.5 threshold around minute 7, which corresponds
to a completely unreliable symbol detection regime. In the central section of the test,
where SNR and NGMI are stable, the BER significantly improves and remains in a
region compatible with FEC-assisted recovery. Toward the end of the experiment, the
BER worsens again as additional deep fades occur. Overall, the BER confirms that link
reliability heavily depends on the temporal statistics of turbulence when only a SMF is
used at the receiver.

5.6 Experiment with Single-Carrier signal with Turbulence
and Analysis of the Fundamental Mode of the MPLC

In the fourth experimental stage, the same turbulence-impaired propagation conditions
are maintained, but the reception is now performed through the MPLC-based spatial
demultiplexer, as depicted in Figure 5.11, operated initially in single-carrier mode. Only
the fundamental HGgg output of the MPLC is used, enabling a direct comparison with
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Figure 5.10: Plot of the BER evolution with respect to time under turbulence with SMF-
based receiver.
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Figure 5.11: MPLC-based receiver setup.

the SMF-based reception while highlighting the insertion loss, modal filtering, and spatial
selectivity inherent to the MPLC. In this configuration, the few-mode fiber (FMF) feeding
the MPLC is directly connected to the receiving collimator, whereas the HGgy output
fiber is routed to the coherent receiver.

The SNR profile in Figure 5.12 for the fundamental HGgg mode detected through the
MPLC shows similar performance compared to the SMF case. While the initial portion
of the acquisition still exhibits some turbulence-induced fluctuations, the amplitude of
SNR drops is reduced, rarely falling below 4 dB. In the central section of the experiment
(minutes 11-22), the SNR stabilizes over 12 dB, slightly higher and more consistent
than the SMF results. This indicates that even when only the fundamental mode is
selected, the MPLC provides intrinsic modal filtering and mitigates part of the wavefront
distortions, reducing the severity of fading events.

The NGMI trend largely mirrors the improved SNR behavior. During the early min-
utes, NGMI again dips very much, but during the central part of the test it goes only
once below 0.9 corresponding to moderate turbulence events, demonstrating a robust
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Figure 5.12: Plot of the SNR with respect to time for the fundamental HGgg mode
detected through MPLC

NGMI for SC. Fundamental Mode of the MPLC at the receiver
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Figure 5.13: Plot of the NGMI with respect to time for the fundamental HGgy mode
detected through MPLC

information-theoretic performance. This contrasts with the SMF scenario, where NGMI
exhibited deeper and more frequent drops, highlighting the MPLC’s ability to selectively
transmit the least affected spatial component of the wavefront.

The BER evolution confirms the trends observed in SNR and NGMI. Initial fluc-
tuations produce transient error spikes, also approaching the critical 0.5 threshold. In
the central portion of the test, BER remains consistently low, indicating reliable sym-
bol detection. Overall, using the fundamental mode of the MPLC provides a tangible
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Figure 5.14: Plot of the BER with respect to time for the fundamental HGgy mode
detected through MPLC

improvement in link reliability under thermal turbulence, even without employing multi-
mode combination strategies.

5.6.1 Comparison: Fundamental Mode vs SMF

In this subsection, the system performance of the SMF and the fundamental HGgy mode
detected through the MPLC is directly compared under very similar turbulent propa-
gation conditions. The comparison is shown across three complementary metrics: SNR
(Figure 5.21), NGMI (Figure 5.22), and BER (Figure 5.23).

In all plots, the SMF trace is displayed in red, while the fundamental mode of the
MPLC is shown in white, allowing a clear visual assessment of the performance differences
introduced by modal filtering.

There is a The SNR profile highlights a tangible advantage of the fundamental mode:
it remains higher throughout the acquisition and exhibits reduced amplitude fluctuations
compared to the SMF. Deep fades are less frequent, and the central portion of the mea-
surement shows a more stable SNR around 16-17 dB. This improvement is attributable
to the MPLC’s ability to project the incoming distorted wavefront onto the least-affected
spatial component, effectively mitigating some turbulence-induced fading events.

The NGMI trend mirrors the SNR behavior, confirming the improved information-
theoretic performance. While both the SMF and the fundamental mode experience early
turbulence-induced degradations, the MPLC output rarely dips below 0.9 during the
central segment of the acquisition, whereas the SMF exhibits more frequent and deeper
reductions. This demonstrates that even selecting a single mode at the receiver provides
a notable enhancement in link reliability and capacity utilization.

Finally, the BER evolution reinforces these observations. The fundamental mode
maintains consistently lower error rates, with only transient spikes approaching the 0.5
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Figure 5.15: Plot of the SNR variations with respect to time: comparison of the SMF-
based receiver (red curve) with MPLC-based receiver employing only the fundamental
HGgp mode (white curve).
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Figure 5.16: Plot of the NGMI variations with respect to time: comparison of the SMF-
based receiver (red curve) with MPLC-based receiver employing only the fundamental
HGgp mode (white curve).

threshold in the first few minutes, whereas the SMF shows more pronounced and frequent
error increases. Across the entire measurement, the fundamental mode selected by the
MPLC (HGqp) ensures a more robust symbol detection, validating the practical benefit
of using MPLC-based modal selection to mitigate the effects of turbulence, even when no
multi-mode combination is applied.
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Figure 5.17: Plot of the BER variations with respect to time: comparison of the SMF-
based receiver (red curve) with MPLC-based receiver employing only the fundamental
HGgp mode (white curve).
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Figure 5.18: MPLC demultiplexing based receiver setup with the four selected modes.

5.7 Experiment with Multi-Carrier signal with Turbulence
and Analysis of the Four best modes selected by the
MPLC

In the final and most relevant experimental configuration, a four-subcarrier diversity
scheme is implemented to counteract turbulence-induced fading in a coherent FSO link.
The transmission remains strictly single-mode: no spatial multiplexing is used, and the
entire optical field is launched in the fundamental Gaussian mode.

The diversity comes from the electrical domain. Instead of transmitting different
data streams, the same information is replicated over four independent subcarriers. Each
subcarrier experiences the turbulence-induced fading slightly differently. By repeating the
same data over multiple subcarriers and combining the corresponding received signals,
the system effectively averages out the independent fading contributions, reducing the
probability of deep fades and improving the overall robustness of the link.

In this thesis, SCM is not employed to increase spectral efficiency but to introduce
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controlled redundancy for diversity purposes. Building upon the diversity-enabled subcar-
rier multiplexing approach previously demonstrated using three LP modes and a photonic
lantern, the present work extends the concept to a four-branch scheme operating on a set
of orthogonal HG modes and using an MPLC device as the mode demultiplexer.

The transmitted information block is replicated over four subcarriers.. After free-space
propagation through turbulence, the received field is coupled into the mode demultiplex-
ing stage, where the MPLC separates the optical signal into the HGgg, HG19, HGg1, and
HG;; modal components. Because the four subcarriers occupy different frequencies, their
spectra remain non-overlapping after demultiplexing, preventing intermodal interference
even though all subcarriers propagate in the same spatial mode at transmission.

Each HG branch carries a single assigned subcarrier, which is filtered and individu-
ally detected. Owing to turbulence-induced fading being only partially correlated across
spatial modes, the four independently faded replicas of the same information can be re-
combined at the digital stage. After coherent detection and digital demultiplexing, the
baseband subcarrier components are processed by a MISO equalizer that performs coher-
ent combining, compensating for residual amplitude, phase, and polarization mismatches
among the modal branches.

This SCM-enabled non-interfering diversity-combining scheme therefore generalizes
previous 3-branch LP-based demonstrations to a four-branch HG-based architecture us-
ing an MPLC receiver. The approach provides enhanced robustness to turbulence at the
expense of reduced spectral efficiency, as part of the available bandwidth is intentionally
used to transmit redundant copies of the same data. This approach conceptually extends
previous multi-subcarrier experiments reported in the literature [13], where three sub-
carriers were launched over a turbulent FSO channel and subsequently demultiplexed by
a photonic lantern into their respective constituent LP modes (LP01, LP1la, LP11b).
The key idea behind this diversity-oriented approach is that different spatial modes ex-
perience partially uncorrelated turbulence-induced fading. As a result, when multiple
modes are captured at the receiver, their fluctuations do not add coherently: deep fades
affecting one mode are often compensated by higher power in the others. By recombining
these modal components, the receiver effectively averages out the scintillation, achieving
a more stable optical power compared with using a single spatial mode only. In contrast,
this implementation employs four SCs, demultiplexing is performed by a MPLC, and the
spatial decomposition is realized over the Hermite—Gaussian basis HGgg, HG1g, HGo1,
HG11, selected according to the modal projection of the received wavefront.

The entire setup is depicted in Figure 5.18. The modal processing occurs entirely at
the receiver: the free-space beam collected by the collimator is coupled into the FMF
feeding the MPLC, which operates in demultiplexing mode. Each HG spatial component
is delivered to a dedicated SMF output, subsequently entering the Waveshaper (Finisar
WS4000S), a programmable optical filter whose channels can be configured in MATLAB
to select and shape specific spectral bands. The Waveshaper’s four inputs act as narrow-
band filters, isolating each SC and associating it with the HG mode through which it is
predominantly received. No weighting, shaping, or equalization is applied at this stage,
the Waveshaper performs selection only. The filtered outputs are then recombined into
the single output (4-in / 1-out) of the Waveshaper, but they are still spectrally separated,
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Figure 5.19: Fiber fixed to the outside wall.

and sent through a pre-amplifier EDFA, ensuring a constant received power between —3
and —1 dBm at the coherent receiver front-end.

After coherent detection, the DSP digitally separates the four modal sub-carriers and
performs MISO-style combining of the four replicas of the same transmitted waveform,
implementing modal diversity combining. Although the transmission is single-mode, the
receiver exploits multiple spatial projections of the same signal, each experiencing distinct
turbulence-induced fading due to the differential propagation sensitivity of the HG modes.
Pre-channel power measurements confirm that HGgy starts with the highest received
power, HG1g and HGg; exhibit intermediate and comparable levels, and HGy; is initially
the weakest.

This architecture enables a diversity-combining coherent FSO receiver under thermal
turbulence. Beyond comparing the overall performance against single-branch reception,
the MISO-based DSP allows enabling or disabling each of the four spatial branches in-
dividually, providing a controlled assessment of the incremental contribution of each HG
mode to the final combined signal. By progressively summing the SC replicas—first two
modes, then three, and finally all four—it is possible to quantify the robustness improve-
ment each spatial component contributes against scintillation and deep fades.

5.7.1 Measured Optical Power Levels Across the Modal-Diversity Chain

Before conducting the four-branch modal-diversity experiment, all optical power levels
along the transmission and reception chain were carefully characterized to ensure cor-
rect operation of the MPLC demultiplexer, the Waveshaper, and the coherent receiver.
Table 5.1 summarizes the measured powers at the key points of the setup. At the trans-
mitter side, the modulator provides an output power of —13 dBm, which is boosted by
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Figure 5.20: Power levels in the Waveshaper measuered at the output of the MPLC before
starting the test.

an EDFA with a gain of 27 dB, yielding 13.2 dBm at its output and 11.9 dBm at the
entrance of the atmospheric chamber. This loss is induced by the long fiber showed in
Figure 5.19 employed to go from the first lab, where the signal is generated, to the second
lab where there are the atmospheric chambers.

Before starting the emulation with turbulent propagation and coupling into the FMF
feeding the MPLC, the four spatial modes emerge with significantly different power levels.
At the input of the Waveshaper, the measured modal powers are:

Pugy, = —3.0dBm, Pyg,, = —1.8dBm, Pyg,, = —6.2dBm, Pyg, = 3.2 dBm,

confirming the dominance of the fundamental mode and the progressively lower power
carried by higher-order modes.

This difference of power has been measured with an optical spectrum analyzer, as
shown in Figure 5.20.

The output power of the Waveshaper is —11.5 dBm, further reduced to —12.8 dBm
at the input of the pre-amplifier due to the long fiber used to come back to the first lab.
An EDFA with 11 dB gain is therefore used to restore the received power to the desired
range required for safe operation of the coherent receiver, in particular the power at the
input of the receiver was set to be —2.5 dBm.
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Table 5.1: Measured optical power levels along the modal-diversity measurement setup.

Measurement point Power [dBm]
Modulator output —13
EDFA booster output 13.2
Input to atmospheric chamber 11.9

Waveshaper input — per mode:

HGoo 3.2
HGo; —1.8
HGyp -3.0
HG1 —6.2
Waveshaper output —11.5
Input to pre-amplifier —12.8
Input to coherent receiver (after pre-amp) —2.5

These measurements provide the reference operating conditions for the diversity-
combining analysis and explain the relative contributions expected from each modal
branch in the MISO DSP.

5.7.2 Results of Multi-Carrier Modal-Diversity Application

In this section, we present the temporal evolution of the key performance metrics—SNR,
NGMI, and BER—for the multi-sub-carrier (MSC) modal-diversity emulation. Two dis-
tinct cases are analyzed to show the improvemets:

e the input to the MISO DSP consists only of the two spatial modes with the lowest
initial power, namely HG1y and HG1;

e the input includes all four selected spatial modes, HGyg, HGg1, HG1g, and HG1,
allowing full diversity combining.

An intermediate scenario, in which three modes (HG1o, HG11, HGg1) were combined, did
not provide significant improvements relative to the white-curve case. For clarity and
conciseness, it has therefore been omitted from the figures. This approach highlights the
progressive performance enhancement achievable by increasing the number of modes in
the diversity combination, directly illustrating the impact of modal selection on mitigating
turbulence-induced impairments in the FSO link.

The results of the multi-carrier modal-diversity emulation clearly demonstrate the
advantage of combining multiple spatial modes at the receiver. Figure 5.21 shows the
SNR evolution over time. The red curve, representing the combination of all four modes,
is consistently higher than the white curve, which includes only the two weaker modes.
Notably, the red curve exhibits smaller and less frequent drops in SNR, besides the one
after 3 minutes, which is present in all cases and it’s probably due to some misalignments.
It demonstrates the benefit of including additional spatial modes to mitigate turbulence-
induced fading and distortions. As depicted in Figure 5.22, the NGMI trend closely
follows the improvements observed in SNR. The red curve remains near unity for most
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Figure 5.21: Plot of the SNR evolution over time for the MISO multi-carrier emulation.
The curve of the two spatial modes with the lowest initial power (white curve) is compared
with the case with the four selected modes (red curve).
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Figure 5.22: Plot of the NGMI evolution over time for the MISO multi-carrier emulation.
The curve of the two spatial modes with the lowest initial power (white curve) is compared
with the case with the four selected modes (red curve).

of the 25-minute acquisition, falling below the 0.8 threshold only once at the beginning
during a strong turbulence event and twice towards the end. The white curve shows
deeper and more frequent drops, highlighting the advantage of combining multiple modes
to enhance information-theoretic performance under turbulent conditions. Figure 5.23
illustrates the BER evolution. The red curve, corresponding to all four modes, remains
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Figure 5.23: Plot of the BER evolution over time for the MISO multi-carrier emulation.
The curve of the two spatial modes with the lowest initial power (white curve) is compared
with the case with the four selected modes (red curve).

consistently lower than the white curve. Many of the transient error peaks observed in
the white curve are suppressed in the red curve. This demonstrates that using multiple
HG modes reduces severe error events and enhances the reliability of symbol detection.

Overall, the performance gains are attributed to the increased number of inputs to
the MISO DSP and the exploitation of multiple spatial modes, which effectively average
out mode-specific turbulence distortions, implementing a form of spatial diversity.
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Chapter 6

Conclusion

6.1 Overview

This thesis presented a comprehensive experimental investigation focused on improving
the resilience of coherent FSO communication links through receiver-side spatial-mode
processing. The overarching objective was to demonstrate how modal diversity—enabled
by an MPLC—can mitigate turbulence-induced impairments without requiring multiple
transmitters.

The work was structured across three progressively connected experimental stages.
First, the MPLC was characterized in a controlled environment to assess its practical
suitability as a spatial demultiplexer. Measurements of insertion loss, polarization de-
pendence, fiber bending sensitivity, and inter-modal crosstalk provided a detailed under-
standing of its operational behavior. This analysis was instrumental in identifying the
most suitable spatial modes—specifically the first four Hermite-Gaussian modes—used
in the subsequent communication experiments. The second stage examined the effects of
thermal turbulence on optical power fluctuations using a dual-chamber atmospheric emu-
lator. Three receiver configurations were compared: a standard SMF, a photonic lantern,
and the MPLC. By analyzing instantaneous power, moving averages, and the Rytov vari-
ance, this stage quantified the fading behavior of each architecture and demonstrated
how spatial demultiplexing inherently captures partially uncorrelated fluctuations across
modes. Finally, the full communication chain was tested under coherent detection. A
16-QAM signal was propagated through the turbulent channel, and the received signal
was processed through advanced DSP. Performance was evaluated in terms of SNR, BER,
and NGMI across progressively more capable reception schemes: SMF detection, MPLC-
based single-mode extraction, and ultimately a four-branch modal-diversity configuration
in which multiple Hermite—Gaussian modes were recombined through MISO DSP. This
final stage showed the concrete benefit of modal diversity, significantly improving link
stability and error performance.

Taken together, these three stages form a cohesive experimental framework that
bridges device-level characterization, turbulence modeling, and system-level communi-
cation performance. The results confirm that MPLC-enabled mode decomposition is not
merely a theoretical construct, but a viable and powerful approach for enhancing the
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robustness of coherent FSO systems operating in the presence of atmospheric turbulence.

6.2 Summary of Main Experimental Contributions

The experimental work developed in this thesis can be grouped into three major contribu-
tions, each addressing a different layer of the problem: device-level behavior, turbulence-
induced fading, and coherent communication under atmospheric distortion. Taken to-
gether, these results not only validate the use of MPLC-based receivers for FSO systems,
but demonstrate a progressive and quantifiable improvement in link stability and robust-
ness as spatial processing is introduced and expanded.

(1) MPLC Characterization and Benchmarking The first experimental campaign
provided a detailed laboratory characterization of the MPLC, establishing its suitability
as a spatial-mode demultiplexing unit for Hermite—Gaussian modes. The measured in-
sertion loss confirmed its compatibility with practical receiver chains, while the analysis
of polarization sensitivity demonstrated a clear advantage over photonic lanterns in sce-
narios where the input state of polarization is not actively controlled. Additionally, the
modal correlation analysis revealed low cross-talk among the selected HG basis, validat-
ing the orthogonality and stability of the modal set HGyz, HGg2, HG12, HGg1, HGqo,
HG11, HGlo, HGQl, HGQ(), HG30.

This provided the foundation for later communication experiments by confirming that
the MPLC can reliably decompose distorted wavefronts into well-isolated spatial channels.

(2) Power Distribution and Turbulence Impact via Atmospheric Chamber
The second contribution involved the controlled emulation of thermal turbulence using
a dual-chamber setup. Here, received power fluctuations were measured over 25-minute
sequences using three different receiver configurations: a single-mode fiber, a photonic
lantern, and an MPLC. The comparison demonstrated the limitations of classical SMF
reception under scintillation and beam wander, while the PL offered partial modal capture
but suffered from polarization-dependent coupling and mode imbalance. The MPLC, on
the other hand, provided a richer and more informative modal decomposition, enabling
a finer understanding of turbulence-induced fading mechanisms. The Rytov variance
was used to quantify the turbulence strength and link it to the temporal received power
patterns, marking one of the first detailed comparisons of modal receivers under controlled
thermal turbulence for coherent FSO links. Crucially, these measurements enabled the
selection of the four most resilient HG modes, which were subsequently used in the final
communication experiments presented in Chapter 5.

(3) Coherent Communication Under Progressive Receiver Architectures The
final contribution extended the analysis to full coherent transmission at 64 Gbaud or
60 Gbaud using 16-QAM modulation. Beginning with back-to-back tests and chamber-
only propagation, the experiments then progressed to turbulence-impaired reception
through SMF, MPLC fundamental-mode filtering, and ultimately a four-branch modal-
diversity emulation. In each scenario, SNR, BER, and NGMI were extracted over time,
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revealing a clear hierarchy of performance: SMF suffered deep fades and unstable de-
coding, MPLC fundamental-mode detection mitigated fading and reduced error bursts,
and the multi-carrier modal diversity approach provided the highest robustness, main-
taining high NGMI and low BER for the majority of the experiment. Importantly, the
DSP framework allowed also selective enabling of modal branches, making it possible to
quantify the incremental diversity gain introduced by each spatial mode.

6.3 Critical Discussion

The experimental results reported in this thesis support the central hypothesis that
spatial-mode decomposition and modal diversity can significantly improve the resilience
of coherent FSO links under turbulence. However, a deeper analysis reveals that these
gains emerge from a combination of physical and architectural factors, each carrying
specific trade-offs.

A first observation concerns the MPLC itself. While the device proved effective in
separating mode content even under strong distortions, its insertion loss remains a prac-
tical limitation. Although acceptable in laboratory conditions, a real deployment would
require either optical link margins capable of absorbing these losses or improved MPLC
designs with lower attenuation per plane. On the other hand, the MPLC exhibited a
clear advantage over the photonic lantern in terms of polarization insensitivity, which
is critical for FSO channels where the input state of polarization evolves unpredictably.
This reinforces the idea that spatial demultiplexing cannot rely only on fiber-inherited
mode coupling principles when operating in free space.

Concerning turbulence, the analysis of received power confirmed that fading in FSO
channels is not uniform across spatial modes. The HG basis provides independent pro-
jections of the distorted wavefront, but these projections do not share equal reliability. In
particular, HGqg consistently demonstrated stronger power coupling, while higher-order
modes were more insensitive to wavefront distortions only when turbulence reaches im-
portant levels. This heterogeneity is not a limitation—in fact, it enables diversity. The
weak performance of a mode during deep fades can be compensated by another mode
whose spatial structure overlaps differently with the distorted beam. Still, this implies
that a modal-diversity system must operate over a sufficiently rich mode set to provide
meaningful diversity gain.

The transition from single-mode reception to MPLC-assisted detection highlights an
important conceptual point: even selecting only the fundamental mode offers measurable
performance improvements. This is not merely a filtering effect but the result of spatial
matching. The MPLC is performing a projection that isolates the most stable component
of the optical field, while the SMF blindly couples whatever light reaches its core—often
dominated by wavefront distortions rather than useful signal. This result suggests that
mode demultiplexing may be beneficial even when only one mode is ultimately detected.

The greatest performance gains, however, emerged from the multi-carrier modal-
diversity architecture. By launching multiple replicas of the signal and recovering them
through orthogonal spatial modes, a form of MISO combining could be applied in the
digital domain. This approach does not increase spectral efficiency, but it dramatically
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improves link robustness—particularly in the temporal domain—by mitigating deep fades
that would otherwise cause burst errors or decoding failures. The observation that the
performance improves progressively as more modes are included is a direct indicator that
turbulence acts partially independently across modal projections.

Yet this approach also introduces system-level complexity. Managing four subcarriers
requires increased bandwidth in both the transmitter and receiver, and the DSP must
handle multi-input signal separation and combining. In a real deployment, this would
translate into higher hardware cost and power consumption.

In conclusion, the findings of this work confirm that MPLC-based spatial processing
can significantly improve the performance of coherent FSO links operating under tur-
bulence. The approach is not without trade-offs, but the diversity gain demonstrated
experimentally suggests that the technique is not merely of academic interest—it con-
stitutes a promising avenue for designing more resilient optical wireless communication
Systems.

6.4 Implications for Future FSO Systems

The results achieved in this thesis have direct implications for the design of next-generation
FSO communication systems, particularly those targeting high-capacity coherent links in
turbulent environments. The demonstrated ability of the MPLC to spatially decompose
the received field into orthogonal Hermite—Gaussian modes suggests that mode-selective
reception can serve as a powerful alternative to traditional turbulence mitigation tech-
niques such as adaptive optics or aperture diversity. Unlike solutions requiring mechanical
steering or complex wavefront correction, MPLC-based reception operates entirely in the
optical domain without requiring dynamic elements.

From an implementation perspective, the experimental results show that even single-
mode extraction through the MPLC yields an improvement over classical SMF-based
reception, indicating that the approach may be beneficial even in systems not equipped for
full modal diversity. This could enable hybrid receivers where a low-loss modal filter acts
as a turbulence-aware spatial equalizer, improving sensitivity without requiring additional
spatial channels.

In applications where link stability is paramount—such as ground-to-satellite links,
inter-building urban FSO backhaul, or maritime optical links—the multi-branch modal-
diversity architecture demonstrated here offers a promising path to robustness. By ex-
ploiting the partial statistical independence between modal projections, the receiver be-
haves as a spatially selective field sampler, preserving information even when the total
collected power is heavily distorted.

However, the integration of MPLC-based modal diversity in practical systems requires
addressing several engineering challenges. Mode-selective receivers must be paired with
coherent front-ends capable of multi-input DSP processing, and system designers must
balance diversity gain with power consumption, hardware complexity, and optical inser-
tion loss. Scalable architectures—potentially combining photonic integration, low-loss
multi-plane conversion, and shared coherent processing—will be key to deploying such
systems beyond laboratory settings.
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Looking forward, the outcomes of this work suggest that future FSO systems need not
rely solely on better transmit-side optics or passive aperture scaling. Instead, receiver-side
spatial intelligence, enabled through optical mode decomposition, offers a complementary
pathway toward turbulence-resilient coherent communication. As spatial-mode optics
continues to mature, MPLC-based modal filtering and diversity combining may become
standard building blocks in high-performance free-space links.

6.5 Future Work

The results obtained in this thesis open several directions for future investigation, aimed
at further improving the resilience and applicability of spatial-mode-based reception in
coherent FSO systems.

A first natural extension involves exploiting the full modal capability of the MPLC.
Although the present work focused on four Hermite—-Gaussian modes, the device supports
up to ten spatial outputs. A future experimental campaign could therefore investigate
the benefits and limitations of operating with the complete modal set, assessing how
much additional diversity gain can be extracted and whether higher-order modes provide
meaningful performance improvements under strong turbulence. Such an analysis would
also clarify whether there is an optimal trade-off between modal richness and receiver
complexity, particularly as insertion loss increases for higher-order modes.

Another important development would be the inclusion of forward error correction
in the transmission chain. In this thesis, NGMI served as a reliable predictor of post-
FEC performance, but implementing actual soft-decision decoding would allow direct
evaluation of net error rates and operational margins. This would also enable compar-
ing diversity gains with coding gains and exploring their combined benefits in a unified
performance framework.

With respect to the physical test environment, the atmospheric chamber provided
a controlled and repeatable way to emulate thermal turbulence. However, real-world
propagation conditions involve additional impairments, including wind-driven turbulence,
temperature gradients, platform motion, and pointing inaccuracies. Extending the ex-
periments to outdoor links—or to laboratory setups capable of reproducing such dynam-
ics—would provide valuable validation of the modal diversity approach under realistic
deployment conditions.

Finally, while the MPLC proved effective in demultiplexing spatial modes, its insertion
loss remains a structural constraint. Moreover, each spatial mode exhibits a different
intrinsic loss, which shapes the power balance at the receiver and ultimately affects the
achievable diversity gain. Although the device cannot be redesigned within the scope of
this work, future investigations could explore link budgets and amplification strategies
optimized around the known modal insertion profile, enabling practical assessments of
system-level feasibility.

Overall, the work presented in this thesis lays the foundation for a broader explo-
ration of spatial-mode processing in free-space optical links, with several clear paths for
expanding both experimental capabilities and system-level understanding.
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Conclusion

6.6 Final Remarks

This thesis has demonstrated that modal diversity, when implemented through an MPLC-
based spatial demultiplexer, represents a powerful and practical strategy to enhance the
robustness of coherent free-space optical links affected by atmospheric turbulence. By
enabling the reception of multiple orthogonal projections of the same transmitted signal,
the MPLC architecture effectively transforms turbulence-induced fading from a single-
point failure into a multi-dimensional impairment—one that can be mitigated through
diversity combining rather than merely endured.

Across all experimental stages, the MPLC consistently outperformed the single-mode
fiber configuration, first by improving link stability when only the fundamental mode
was detected, and ultimately by enabling multi-carrier modal combination that signifi-
cantly reduced error bursts and preserved high signal quality even under severe fading.
Unlike classical aperture enlargement or multi-aperture receivers, this approach achieves
turbulence mitigation entirely in the spatial-mode domain, requiring neither multiple
transmitters nor parallel coherent front-ends.

While insertion loss and mode-dependent coupling remain practical constraints, the
results clearly show that the benefits of modal diversity outweigh these penalties—especially
when multiple modes are digitally recombined to restore signal integrity. In this sense,
the MPLC is not merely a mode separator, but an enabler of a new class of turbulence-
resilient coherent receivers.

The work conducted here demonstrates that spatial-mode processing, made possible
by devices like the MPLC, holds strong promise for the next generation of free-space
optical systems, bridging the gap between theoretical capacity gains and experimentally
validated performance improvements. At the receiver, where channel impairments are
fully revealed, the MPLC offers not only a richer description of the distorted wavefront,
but also a concrete path to overcome its limitations.
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Acronyms

AWG Arbitrary Waveform Generator. 25, 26, 78

B2B Back-to-Back. 79-82
BER Bit Error Rate. 16, 24-26, 29, 30, 77, 8387, 89, 93-95, 97-99

CW-SSIM Complex Wavelet Structural Similarity Index. 47, 53-57

DAQ Data Acquisition. 42, 45
DFB Distributed Feedback Laser. 37, 45

DSP Digital Signal Processing. 25-30, 78, 82, 91, 93, 95, 97, 99, 100
EDFA Erbium-Doped Fiber Amplifier. 25, 26, 82, 91, 92

FEC Forward Error Correction. 29, 77, 80, 84, 101
FMF Few Mode Fiber. 17-20, 23, 32, 37, 45, 63, 66, 85, 90, 92

FSO Free-Space Optical. 1, 5-8, 16, 17, 21-26, 28, 29, 31, 37, 59, 60, 77, 82, 90, 91, 93,
97-101

GMI Generalized Mutual Information. 29
HG Hermite-Gaussian. 7, 12-15, 18-21, 40, 46, 47, 49, 54, 90, 91, 95, 98, 99

LG Laguerre-Gaussian. 7, 12, 19
LP Linearly Polarized. 12, 17, 21, 22, 90

LUT Look-Up Table. 44

MDM Mode Division Multiplexing. 1, 6-8, 11

MISO Multiple-Input Single-Output. 13, 29, 91, 93-95, 97, 99

MPC Motorized Polarization Controller. 35, 37, 38, 40, 42, 44, 46
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Acronyms

MPLC Multi Plane Light Converter. 1, 7-9, 11-13, 18-21, 25, 29-35, 37, 40, 45, 46, 56,
57, 59, 62, 66, 68-75, 77, 84-92, 97-102

NGMI Normalized Generalized Mutual Information. 25, 26, 29, 30, 77, 80, 82-88, 93,
94, 97-99, 101

OAM Orbital Angular Momentum. 6, 7, 12, 19

OI Overlap Integral. 47, 51, 53, 55

PL Photonic Lantern. 7-9, 11, 12, 17, 18, 25, 32-34, 37-40, 59, 62-65, 67, 68, 70, 73,
74, 98

RRC Root Raised-Cosine. 26, 28, 77

SC Single-Carrier. 26, 27
SCM Subcarrier Multiplexing. 2628, 89

SMF Single Mode Fiber. 1, 7-9, 11, 16-21, 23, 25, 29, 31, 32, 37, 59, 60, 62, 63, 65, 67,
68, 70, 73-75, 77, 81-90, 97-100

SNR Signal-to-Noise Ratio. 8, 16, 24, 25, 30, 77, 79-88, 93, 94, 97, 98
SOP State of Polarization. 41-44, 54, 55

SSIM Structural Similarity Index. 51-54

VOA Variable Optical Attenuator. 79, 81
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