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Manish Raj
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Abstract

Space-division multiplexing (SDM) has emerged as one of the most promis-
ing technologies to meet the ever-increasing demand for data transmis-
sion driven by the rapid growth of modern data centers and artificial in-
telligence. The coupling characteristics of SDM devices, such as coupled-
core multi-core fibers, determine the exchange of optical power among
spatial and polarization modes, which significantly influence the system
performance. Characterizing the coupling dynamics in the frequency and
time domains provides fundamental insight into the underlying dynam-
ics of SDM systems. This thesis focuses on the linear and non-linear
characterization of coupling dynamics in coupled-core multi-core fibers.
The linear coupling characteristics such as frequency and temporal de-
pendence, directly affect the transfer function governing the propaga-
tion of spatial and polarization modes in coupled-core multi-core fibers,
whereas nonlinear phenomena, such as wavelength conversion and inter-
core crosstalk suppression, play a crucial role in the performance and
functionality of SDM systems. In addition, a statistical model has been
developed to describe the temporal dynamics of random mode coupling,
providing insight into the stochastic evolution and temporal stability of
the coupled-core multi-core fiber channels.

Keywords: Space-division multiplexing, Coupled-core multi-core fibers,
Random mode coupling, Spatial modes, Polarization modes, Dirichlet
distribution, Parametric interactions, Four-wave mixing.
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Chapter 1

Introduction

1.1 Motivation

We all enjoy streaming services such as Netflix, Amazon Prime Video,
and various social media platforms [1]. The enormous volume of data
generated by these services is transmitted through an invisible, hair-thin
strand of optical fiber, which supports the transmission of petabytes
of data per second. Information is commonly transmitted using elec-
tromagnetic waves propagating through physical media such as silica
(ultra-pure glass) in the core and cladding, which have a small difference
in refractive index. Light is guided through the core by the phenomenon
of total internal reflection [2]. These optical fibers form the backbone of
a modern digital system. With the surge in internet traffic and the huge
data demands of large language models (LLMs), the single-mode fiber
(SMF) infrastructure is being pushed to its limits [3]. In this chapter,
we discuss the historical development of various tools and techniques
introduced over the years for optical fiber communication systems.

1.2 Historical Background

In 1966, Charles Kao of Standard Telecommunication Laboratories in the
UK predicted that high-purity, transition-metal-free glass fibers could
achieve transmission losses below 20 dB/km [4]. For this pioneering
work, he was awarded the Nobel Prize in Physics in 2009. Four years
later, in 1970, Corning Glass Works in the US reported the first proto-
type silica glass optical fiber with a transmission loss below 20 dB/km [5].
This value became a landmark for optical fibers, achieving performance
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Chapter 1. Introduction

comparable to coaxial cables in terms of repeater spacing. Following this
milestone, optical fiber development gained rapid momentum in the US,
UK, and Japan.

In the early 1970s, Sumitomo Electric developed key optical fiber
technologies, including vapor-phase axial deposition (VAD) [6] preform
fabrication, tandem primary coating, and pure-silica cores [7]. In 1974,
Bell Laboratories in the US achieved a transmission loss of 2 dB/km us-
ing the modified chemical vapor deposition (MCVD) method [8], which
allowed precise control of the fiber composition and refractive index.
This paved the way for high-performance optical fibers suitable for long-
distance communication.

Over the years, improvements in low-loss transmission fibers have
significantly increased the transmission distance and capacity of optical
data transmission. Another major breakthrough came with the develop-
ment of the erbium-doped fiber amplifier (EDFA) in 1987 by researchers
at the University of Southampton [9]. The EDFA perfectly matches the
low-loss window (C-band, roughly 1530–1565 nm) of standard silica opti-
cal fibers. It enabled optical signals to travel in submarine cables across
trans-continental and trans-oceanic distances without the need to elec-
tronically detect and retransmit the signal. This has enabled fiber-optic
systems to span the globe. Without EDFAs, long-distance optical com-
munication would be limited and expensive.

The technology that further increased transmission capacity after
the EDFA was wavelength-division multiplexing (WDM), which com-
bines multiple wavelengths of light into a single optical fiber. Commer-
cial WDM systems [10] became available as early as 1996. Together
with EDFAs, which provide the gain bandwidth needed to amplify mul-
tiple wavelength channels simultaneously, this enabled far more efficient
long-distance transmission. The technology later evolved into dense
wavelength-division multiplexing (DWDM), with tightly spaced chan-
nels [11] (around 50 GHz spacing in the C-band), increasing network
capacity by several hundred times.

The development of advanced modulation techniques [14] has sig-
nificantly improved spectral efficiency and enabled much higher data
transmission capacities. Coherent optical communication enabled the si-
multaneous detection of the amplitude and phase of optical signals [15],
which allowed the use of higher-order modulation formats such as quadra-
ture phase-shift keying (QPSK) and Quadrature Amplitude Modulation
(QAM) [16,17]. It also enabled the use of digital signal processing (DSP)
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Figure 1.1: (a) Capacity limits of optical fiber networks [12] and (b) evolu-
tion of growing transmission capacity demand in optical fiber communication
systems [13].

to electronically mitigate transmission impairments such as chromatic
dispersion, phase delays, and polarization effects after signal detection.
With this, it became possible to transmit many bits within the same
bandwidth, providing extremely high spectral efficiency.

As spectral efficiency continued to improve, the transmission capac-
ity of single-mode fiber approaches its practical upper bound, defined
by the Shannon limit [12], as illustrated in Fig. 1.1(a). As input power
increases, nonlinear effects dominate, and transmission capacity will not
increase beyond a certain power [18]. One straightforward approach to
increase transmission capacity is to deploy multiple single-mode fibers,
for example SMFs packaged together in ribbon cables or fiber bundles,
thereby increasing the number of parallel transmission channels, which is
the conventional form of spatial-division multiplexing (SDM). However,
this strategy does not fundamentally overcome the capacity limitation of
a single optical fiber. According to the Shannon capacity relation [19],
the achievable channel capacity increases logarithmically with the signal-
to-noise ratio (SNR). Consequently, a substantial increase in capacity
requires a disproportionately large increase in optical SNR and launched
power, while fiber nonlinearities such as self-phase modulation and cross-
phase modulation become increasingly significant at high powers. These
limitations motivated the evolution of SDM towards a more integrated
approach, where multiple spatial channels are supported within a single
fiber cladding. Modern advanced SDM exploits the spatial dimension of
an optical fiber [20] by transmitting independent data streams through
multiple spatial channels in multi-core fibers (MCFs) or multiple guided
modes in few-mode fibers (FMFs). By increasing the number of spa-
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Chapter 1. Introduction

tial channels within a common fiber structure, the overall transmission
capacity can scale approximately linearly with the number of cores or
modes, while reducing the cost, footprint and energy consumption per
transmitted bit in long-haul communication systems. The evolution of
optical communication systems is shown in Fig. 1.1(b).

The transmission capacity C [bit/s] of the SDM fibers scales linearly
with the number of spatial channels and the transmitted power [19], as
given by [21]

C = NB log2(1 + SNR), (1.1)

where N represents the number of wavelength or spatial channels, B
is the bandwidth per channel in Hertz, and SNR is the signal-to-noise
ratio, defined as the ratio of the signal power to the noise power in the
communication system.

SDM can be implemented using different fiber designs. One ap-
proach is multi-core fibers, where several cores are integrated within
a single cladding to allow independent spatial data channels to prop-
agate through each core. Another approach is few-mode fibers, which
supports the transmission of multiple propagation modes within a single
core. Although both techniques use different methods, their common
objective is to overcome the capacity limit of conventional optical fibers
and significantly enhance transmission capacity. Multi-core fibers were
first proposed [22] in 1979, with single-mode weakly-coupled MCFs were
introduced [23] in 1994. Over the past decade, MCFs have attracted
significant research interest as a promising approach for increasing the
transmission capacity per optical fiber. Petabit per second (Pb/s) data
transmission have been demonstrated using wide-band wavelength di-
vision multiplexing in multi-core fibers, which marks a key advance-
ment toward realization of ultra-high-throughput optical communication
links [24, 25].

There are two main types of multi-core fibers: (a) uncoupled-core
multi-core fibers and (b) coupled-core multi-core fibers [26]. In uncoupled-
core multi-core fibers, the cores are sufficiently far apart to prevent sig-
nificant power leakage between them, whereas in coupled-core multi-core
fibers, the cores are placed close to one another, allowing light to couple
from one core to adjacent cores. This power leakage is an major issue
in these systems, as it causes inter-core crosstalk [27–29] that can affect
signal integrity and ultimately limit system performance and transmis-
sion capacity. Characterizing inter-core crosstalk and coupled power is a
crucial step to understand the dynamics of these fibers and fully exploit
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1.3. This thesis

their capabilities for data transmission.
SDM-based transmission systems require an accurate channel model

to optimize multiple-input multiple-output (MIMO) digital signal pro-
cessing algorithms [30–32]. To understand the channel properties of
multi-core-fibers, various characterization methods have been proposed
to experimentally measure the transfer matrix [33–40]. Using the mea-
sured transfer matrix of a multi-core fiber, its channel model can be
derived in the frequency and time domains. The transfer matrix of a
coupled-core multi-core fiber system is also affected by inter-core cou-
pling. Understanding the temporal and frequency dynamics of coupling
is important for characterizing channel behavior [41]. In this thesis, we
mainly focus on the linear and nonlinear characterization of coupling
dynamics in coupled-core multi-core fibers.

1.3 This thesis

This thesis focuses on the coupling dynamics in coupled-core multi-core
fibers. We have studied the statistical properties of the temporal dy-
namics of spatial and polarization mode coupling in the linear propaga-
tion regime. Furthermore, we experimentally investigated the nonlinear
effects of coupling in these types of fibers. Studying parametric interac-
tions, such as wavelength conversion, allows us to better understand the
nonlinear properties of these fibers.

The papers included in this thesis complement each other. It de-
scribe the experimental techniques and demonstrate the results of cou-
pling dynamics in coupled-core multi-core fibers. [Paper A] discusses the
nonlinear effects in weakly-coupled multi-core fiber. The paper shows
that the multi-core fiber is sensitive to longitudinally varying coupling
coefficients, and at high power, most of the optical power remains in
the same core. This leads to nonlinear suppression of the optical power
transfer at high power. The paper also mentions the effect of coupling
on wavelength conversion efficiency, where the phase-matching condition
depends sensitively on the strength of coupling. [Paper B] is devoted to
the characterization of the temporal dynamics of coupling in a strongly-
coupled multi-core fiber. It shows that the statistical distribution of the
fractional coupled power follows a beta distribution, which is a marginal
distribution of the Dirichlet distribution. [Paper C] describes tempo-
ral drift of coupled power in a randomly-coupled multi-core fiber. It
is shown that the fiber at short time is not isotropic and the distribu-

5
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tion tends to be asymmetric, whereas with sufficiently long time, the
isotropy is restored. The polarization modes are shown to decorrelate
faster than the spatial modes, which explains the two different time scale
of coupling dynamics in these types of fiber. [Paper D] is devoted to the
experimental study of effect of modal dispersion on four-wave mixing
(FWM) in a field-deployed randomly-coupled multi-core fiber. It shows
that the FWM efficiency is enhanced by the presence of spatial mode
dispersion (SMD). The nonlinear coefficient is also measured experimen-
tally, showing a four-fold reduction in the effective nonlinearity of the
randomly-coupled multi-core fiber compared with the co-deployed stan-
dard single-mode fiber.

1.3.1 Thesis outline

This thesis is organized as follows: Chapter 1 discusses the introduction
and presents the historical background of the field. Chapter 2 covers the
fundamentals of multi-core fibers and classifies MCFs based on types of
coupling. Following this, the coupling mechanisms and impairments in
multi-core fibers are discussed. Chapter 3 focuses on nonlinear effects in
coupled-core multi-core fibers. The theory of stimulated Brillouin scat-
tering and four-wave mixing in coupled-core multi-core fibers is described
in detail. Wavelength conversion and the effect of coupling on conversion
efficiency are also discussed. In addition, the chapter examines the fre-
quency, polarization, and power dependence of mode coupling. Finally,
the effect of modal dispersion on four-wave mixing efficiency is presented.
Chapter 4 introduces the statistical model and characterization methods
for random mode coupling. The statistical properties of the temporal dy-
namics of mode coupling, including the probability distribution function
and the autocorrelation function, are also described in detail. Chapter 5
presents a summary and future outlook. Chapter 6 briefly mentions the
main results reported in the appended papers.
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Chapter 2

Fundamentals of Multi-Core
Fibers

Over the years, the transmission capacity of optical communication sys-
tems has increased dramatically [42], driven by technological advances
such as WDM, coherent detection, and DSP. To sustain this continuous
growth, a variety of technologies have been introduced as described in
chapter 1. In this chapter, the fundamentals and types of multi-core
fibers based on their coupling regimes are presented. This chapter also
includes an overview of mode coupling in multi-core fibers, which may
be either ideal or random depending on whether the fiber is unperturbed
or perturbed. Although MCFs technology offers numerous advantages to
increase transmission capacity, it is subject to several impairments that
can limit system performance and capacity. These impairments and their
impact on high-capacity transmission systems are briefly discussed.

2.1 Multi-Core Fiber Classification

With wavelength, polarization, time, and modulation formats largely ex-
ploited, the spatial dimension of optical fibers has emerged as the remain-
ing degree of freedom to increase transmission capacity. This approach
is referred to as space-division multiplexing [43]. Unlike standard single-
mode fiber, which contains a single core embedded in a common cladding,
SDM fibers can incorporate multiple cores within the same cladding,
forming a multi-core fiber structure [44]. Depending on the core pitch,
i.e., the distance between adjacent core centers, MCFs can operate in
either the weakly-coupled or strongly-coupled regime [45] as illustrated
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Chapter 2. Fundamentals of Multi-Core Fibers

in figure 2.1. In addition to multi-core fibers, few-mode multi-core fibers
and multi-mode fibers also enable parallel spatial channels [46], but they
are not the subject of discussion in this thesis. In these fibers, higher-
order spatial modes act as independent channels for transmitting optical
data.

Multi-core fibers are classified into weakly-coupled multi-core fibers
(WC-MCFs) and strongly-coupled multi-core fibers based on the nature
of coupling between the cores [47]. The strongly-coupled MCFs are fur-
ther categorized as systematically coupled and randomly coupled multi-
core fibers (RC-MCFs). In a weakly-coupled MCF, the core pitch is
large so that the mode coupling (crosstalk) between the cores is weak,
and each core behaves as an isolated core that can be used as an inde-
pendent spatial channel. It is also compatible with existing single mode
fiber transceivers. Whereas, in a strongly-coupled MCF, the core pitch
is small, the mode coupling between the cores is strong and not negli-
gible. Depending on the transmission reach, weakly-coupled MCFs may
exhibit behavior similar to strongly-coupled fibers in long-haul transmis-
sion, as crosstalk accumulates linearly with the propagation distance [48].

Strongly-coupled MCFs are classified into systematically-coupled MCFs,
where inter-core coupling is strongest, and randomly-coupled MCFs, in
which the coupling characteristics lie between those of weakly-coupled
and systematically-coupled fibers. Systematically-coupled MCFs act as
a single coupled micro-structured waveguide, in which the guided eigen-
modes are superpositions of the local modes of individual cores, and
the modes of the entire structure are referred to as supermodes and
will be discussed in more detail in Section 2.3. In randomly-coupled
MCFs, neither supermodes nor individual core modes remain stable dur-
ing propagation, and the optical fields evolve through continuous random
mixing along the fiber length. Such fiber is modeled with concatenated
waveplate model, where each section is independent with neighboring
sections and randomly-coupled with each other. Thus, the accumulated
DGD and MDL scale with the square root of the propagation distance.
Since the modes are randomly-coupled with each other during transmis-
sion, optical properties such as propagation loss and chromatic dispersion
are averaged over the cores. Consequently, signal recovery in randomly-
coupled MCF relies on MIMO DSP, which jointly and simultaneously
processes the received signals from all coupled modes or cores to reverse
the channel mixing and compensate for transmission impairments. In
practice, the complexity of the required MIMO equalization depends on

8



2.2. Limitations of MCF Technology

(a) Weakly-coupled MCF

(b) Strongly-coupled MCF

Figure 2.1: Multi-core fibers are classified according to their coupling regime
into (a) weakly-coupled MCFs and (b) strongly-coupled MCFs.

the coupling regime. The classification of multi-core fibers is presented
in Table 2.1.

2.2 Limitations of MCF Technology

Multi-core fiber offers greater transmission capacity in optical communi-
cation systems by allowing one or more spatial channels within a single
fiber cladding, thereby significantly increasing the total data through-
put. Another major benefit is easier scalability and improved efficiency.
By delivering higher data throughput through the same fiber cable, it
drastically reduces infrastructure costs, as fewer fiber cables are required
to meet the requirements of network systems and data centers.

Despite the significant advantages of the multi-core fiber technology,
there are still several manufacturing and technical challenges that must
be addressed. These fibers are difficult to design and fabricate because
they require precise control of core spacing and uniformity along the
entire length of the fiber to minimize crosstalk and reduce modal disper-
sion effects. One of the major challenges in a multi-core fiber is inter-core
crosstalk, where signals leak into adjacent cores and degrade the qual-
ity of the transmitted data. Understanding the nature of crosstalk in
these fibers is essential for designing improved MCFs with better trans-
mission performance [49]. Section 2.4 provides a detailed discussion of
the key impairments in multi-core fibers. Another challenge is splicing of
multi-core fibers. To properly splice multiple cores, very high precision is
required in rotational alignment to ensure accurate core matching and to
achieve low splice loss. Conventional single-mode fiber splicers are not
sufficient for this purpose, so we require more advanced splicing tech-
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Chapter 2. Fundamentals of Multi-Core Fibers

niques with precise rotational control. Fan-in/fan-out (FIFO) devices
are another major hurdle that needs to be developed. These compo-
nents enable individual cores of a multi-core fiber to be connected to the
single-mode fiber, but insertion loss can become a significant concern.
In addition, FIFO devices may introduce unwanted polarization mode
dispersion, which can further degrade overall system performance. An-
other challenge is the multi-core fiber amplifier. At present, multi-core
EDFA technology is still not fully mature and remains an active area
of research [50–53]. In long-haul communication systems, optical signals
need to be periodically amplified to compensate for fiber attenuation.
In conventional multi-core fiber transmission systems, where each core
is typically amplified individually, the number of EDFAs scales with the
number of cores. This leads to increased system complexity and higher
cost per transmitted bit [54].

Fiber Type Strongly-Coupled MCF Weakly-
Coupled MCF

Systematically
Coupled

Randomly
Coupled

Core pitch Small Medium Large
Mode-
coupling

Weak between
supermodes

Strong and
random

Weak and ran-
dom over long
distance

DGD scaling
with distance

Linear Square-root
(sub-linear)

Linear

Table 2.1: Classification of multi-core fibers based on coupling regime [55].

2.3 Mode Coupling in Multi-Core Fibers

The modes in an optical fiber are the allowed spatial field distribu-
tions that are solutions of the wave equation and satisfy the appropriate
boundary conditions [56]. An optical fiber supports a number of guided
modes, commonly referred to as LPmn modes. Here, LPmn stands for
linearly polarized modes, while m (azimuthal index) and n (radial index)
describe the spatial intensity profile of light. The intensity distribution
of the LP01 mode (also called the fundamental mode) is characterized
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2.3. Mode Coupling in Multi-Core Fibers

by a single, centrally located circular intensity spot with a Gaussian-
like decay away from the center. The LP11 mode exhibits a two-lobe
structure resembling an hourglass shape, while the LP21 mode consists
of four lobes forming a cross-like pattern. In addition, optical fibers also
support a continuum of unguided radiation modes.

Coupling in an optical fiber refers to the transfer of optical power
from one core to another. When light propagates in an optical medium
such as a waveguide or optical fiber, it remains confined to the same core
or mode. However, under certain conditions, some of the optical power
can couple into another mode (mode-coupling) or into a neighboring core
in a coupled-core multi-core fiber [57]. As the cores in coupled MCFs are
placed close to each other, light in one core interacts with neighboring
cores, resulting in periodic energy transfer between them.

When two identical waveguides are placed sufficiently close to each
other, the optical mode confined in one waveguide extends beyond its
core in the form of an evanescent field. If the separation between the
waveguides is small enough, the evanescent fields overlap in the trans-
verse cross-section of the structure. This overlap enables optical power to
transfer from one waveguide to the other known as evanescent coupling.
Mathematically, the coupling strength between two cores is determined
by the overlap integral of the electric fields of the corresponding modes
in the two cores. The strength of this interaction is quantified by the
coupling coefficient, C, which is given by

C ∼ β

2

∫∫
E∗

1(x, y)E2(x, y) dx dy, (2.1)

where β is the propagation constant of the guided mode, and E1(x, y)
and E2(x, y) are the normalized transverse electric-field distributions of
the modes supported by the two waveguides. The symbol (·)∗ denotes the
complex conjugate, and the integration is done over the entire transverse
cross-section. The overlap integral measures the spatial similarity of the
two modal fields. A larger overlap corresponds to stronger coupling and
more efficient power transfer between the waveguides, whereas a smaller
overlap results in weaker coupling. Since the evanescent field decays
exponentially away from the waveguide core, the coupling coefficient de-
creases rapidly as the separation between the waveguides increases.

In the linear regime, the propagation of light in coupled MCFs is
determined by chromatic dispersion and inter-core coupling effects [58].
The transfer of optical power between cores arises from evanescent-field
overlap and depends sensitively on the fiber geometry and material pa-
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rameters. External effects such as mechanical bending, twisting, and
thermal variations locally perturb the refractive-index profile, which lead
to fluctuations in the coupling strength. These perturbations cause rapid
decorrelation of modal fields in randomly-coupled multi-core fibers giving
rise to statistically varying optical fields over time and frequency.

2.3.1 Ideal Mode Coupling

Ideal mode coupling refers to the deterministic and well-defined trans-
fer of optical power between adjacent cores of a coupled-core multi-core
fiber. The evolution of the optical field in each core is governed by a
system of coupled differential equations described by coupled-mode the-
ory (CMT), where the coupling coefficients are functions of the optical
frequency, refractive index, and core spacing.

In strongly-coupled MCFs, the propagation of the optical field is de-
scribed by the supermodes, which are approximately linear combinations
of the guided modes of the individual cores. The supermodes are the
collective field distributions of the entire coupled system and are char-
acterized by their unique propagation constants. The dynamics of light
inside the fiber are then governed by the interference between these su-
permodes. In an ideal coupled MCF, these supermodes are exact eigen-
modes of the coupled system. Therefore, they are mutually orthogonal
to each other and propagate independently without energy exchange.
For example, consider two systematically-coupled identical waveguides.
When optical power is injected into one of the cores to excite the local
mode of that core, the optical power is periodically exchanged between
the cores. In this case, the sinusoidal distribution of optical power in the
linear regime results from inter-core coupling between the cores, as shown
in Fig. 2.3(a). In the supermode picture, this excitation is equivalent
to the simultaneous excitation of the even and odd supermodes. Each
eigenmode propagates independently with its own propagation constant,
and the power transfer between the cores arises from coherent beating
between the supermodes rather than coupling between them.

Efficient power transfer between the cores occurs only when the
modes are phase-matched. When the propagation constants are suf-
ficiently far from each other (phase-mismatched), the coupling between
the cores is reduced, resulting in less power transfer. The phase-matching
condition depends on the propagation-constant difference, ∆β, between
the supermodes, with the coupling period being inversely proportional
to ∆β. Phase matching is achieved when ∆β is sufficiently small.
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Coupled-Mode Theory for MCF

The interaction between the local modes of the individual cores is de-
scribed by coupled-mode theory. Let the propagation of the modal field
amplitudes in an N-coupled-core fiber be given by the vector

A(z) = (A1(z), A2(z), . . . , AN (z))T , (2.2)

where Ak(z) denotes the complex field amplitude in the k-th core. The
coupled-mode equations can then be written as

dA

dz
= iMA, (2.3)

where M is the N × N coupling matrix (and 2N × 2N with polariza-
tion degeneracy of each mode) that governs the mode propagation and
coupling dynamics of the coupled MCF [59]. For a system of identical
coupled-cores, the matrix M can be expressed as

M =


β0 C12 C13 · · · C1N

C21 β0 C23 · · · C2N

C31 C32 β0 · · · C3N
...

...
...

. . .
...

CN1 CN2 CN3 · · · β0

 , (2.4)

where β0 denotes the propagation constant of the mode in an individual
core, and Cij represents the coupling coefficient between cores i and
j. Under the weakly guiding approximation for a step-index fiber, the
coupling coefficient between the i-th core and the j-th core (or mode) is
given by [60,61]

Cij =

√
n2
1 − n2

2

n2
1

· 1
r
· U

2

V 3
· K0(Wd/r)

K2
1 (W )

(2.5)

where n1 and n2 are the refractive indices of the core and cladding,
respectively, r is the core radius, d is the core pitch, K0 and K1 are
the modified Bessel functions of the second kind and of order 0 and 1,
respectively, and V is the normalized frequency given by

V =
2πr

λ

√
n2
1 − n2

2. (2.6)

Together with U ·K0(W ) · J1(U) = W ·K1(W ) · J0(U) and U2 +W 2 =
V 2, where J0(U) and J1(U) are the Bessel functions of the first kind of
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order 0 and 1, respectively, the coupling coefficients Cij can be solved
to express the supermodes as eigenmodes of the coupled MCF [62]. For
example, Figure 2.2 shows the supermodes as linear combinations of
eigenmodes for a dual coupled-core fiber (2CCF) and a four coupled-
core fiber (4CCF). Since the coupling depends on the V parameter, the
coupling is intrinsically frequency-dependent.

For an ideal MCF, M is a Hermitian matrix and can be diagonalized
by a unitary matrix Q such that

Q−1MQ = Λ, (2.7)

where Λ is a diagonal matrix whose elements are the eigenvalues (prop-
agation constants of the supermodes),

Λ = diag(β1, β2, . . . , βN ). (2.8)

and Q corresponds to the orthonormal eigenvectors of coupling matrix,
M. The field distribution of the supermodes can be written as [63]

B = Q−1A, (2.9)

ans. the coupled-mode equation is transformed into a supermode (eigen-
mode) basis as

dB

dz
= iΛB. (2.10)

Thus, the amplitude of each supermode evolves independently as

Bm(z) = Bm(0) eiβmz, (2.11)

where Bm(z) is the amplitude of the mth supermode at position z, Bm(0)
is the initial amplitude, and βm is the propagation constant. It shows
that in the supermode basis, each mode propagates independently with-
out exchanging power with other modes.

Based on supermode analysis, two identical coupled waveguides
support symmetric and antisymmetric eigenmodes with propagation con-
stants β1 and β2, respectively. The propagation constants are given by

β1 = β0 + C, β2 = β0 − C, (2.12)

where β0 is the propagation constant of an individual core and C is
the coupling coefficient between the two cores. For a four coupled-core
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(b)

(a)

Figure 2.2: Schematic representation of the supermode in (a) a dual coupled-
core fiber and (b) four coupled-core fiber. The symbols (+) and (-) indicate
the relative phase of the optical field in each core.

fiber, there are four eigenvalues, two of which are degenerate. These
eigenvalues are given by

β1 = β0 + 2C1 + C2, β3 = β0 − C2,

β2 = β0 − 2C1 + C2, β4 = β0 − C2,
(2.13)

where C1 and C2 are the coupling coefficients between adjacent and non-
adjacent cores, respectively.

Spatial modal dispersion (SMD) in a coupled-core fiber arises because
the guided supermodes have different propagation constants, βm(ω).
Consequently, each supermode has a different group delay per unit length
τ ′m, which is given by

τ ′m =
∂βm
∂ω

=
1

vg,m
, (2.14)

where vg,m is the group velocity of the mth supermode. After propagation
over a fiber length L, the group delay of the supermode is

τm = L
∂βm
∂ω

. (2.15)

Therefore, the differential group delay (DGD) between two supermodes
m and n is [62]

∆τmn = L

(
∂βm
∂ω

− ∂βn
∂ω

)
. (2.16)

When a signal excites several supermodes simultaneously, these super-
modes arrive at the fiber output at different times. This relative delay
causes temporal pulse broadening and is referred to as spatial modal
dispersion. A larger difference between the frequency derivatives of the
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supermode propagation constants results in a greater differential group
delay and, consequently, stronger spatial modal dispersion. Degenerate
supermodes have identical propagation constants and, ideally, identical
group delays; therefore, they do not have a differential delay between
each other.

For a dual coupled-core fiber, the group delays of the two supermodes
after propagation over a length L are

τ1 = L
∂β1
∂ω

= L

(
∂β0
∂ω

+
∂C

∂ω

)
, (2.17)

and
τ2 = L

∂β2
∂ω

= L

(
∂β0
∂ω

− ∂C

∂ω

)
. (2.18)

Therefore, the differential group delay between the two supermodes is

∆τ = τ1 − τ2 = 2L
∂C

∂ω
. (2.19)

The spatial modal dispersion is governed by the frequency dependence
of the coupling coefficient. A constant C leads to a constant separa-
tion between the supermode propagation constants but no differential
group delay, whereas a frequency-dependent C results in spatial modal
dispersion.

Coupling Length

The coupling length represents the shortest propagation distance over
which all optical power launched into one core is transferred to an adja-
cent core. Using supermode theory, the coupling length can be expressed
as [64]

Lc =
π

β1 − β2
=

π

2C
(2.20)

It is inverse of the coupling coefficient. The coupling length in weakly and
strongly-coupled multi-core fibers is on the order of a few kilometers and
a few hundred meters, respectively. For two coupled waveguides with
symmetric cores, the coupling coefficients are equal, i.e., C12 = C21.
From Eq. (2.5), it can be seen that the coupling coefficient decreases
as the separation between the waveguides increases. The variation of
coupling length with frequency and normalized separation D is shown in
Fig. 2.3(b). Here, D = d/r is the normalized separation between two
waveguides.

16



2.3. Mode Coupling in Multi-Core Fibers

(a)

Distance [km]
0 20 40 60 80 100

0

2

4

6

8

10
O

ut
pu

t p
ow

er
 [m

W
]

Core 1 Core 2 (b)

C
ou

pl
in

g 
Le

ng
th

, L
c 

[m
]

10-1

10-2

185 190 195 200 205
Frequency [THz]

D=2 D=4 D=6

Figure 2.3: (a) Sinusoidal coupling of optical power in two identical coupled
waveguides, and (b) variation of the coupling length with frequency and nor-
malized separation D (see Eq. 2.5) between the two waveguides.

2.3.2 Random Mode Coupling

Unlike an ideal (unperturbed) multi-core fiber, a real MCF has imper-
fections that can originate from fabrication imperfections and environ-
mental perturbations. These perturbations induce random fluctuations
in the coupling in both the time and frequency domains.

Environmental perturbations mainly arise from variations in sur-
rounding temperature, acoustic vibrations, and fiber bending and twist-
ing. Mechanical stress and strain, including macrobending and mi-
crobending, can also physically affect the fiber. These external per-
turbations can degrade optical fiber performance by altering the proper-
ties of the fiber, such as its refractive index and attenuation, as well as
the properties of the propagating light, including its phase and state of
polarization (SOP). Fabrication imperfections in multi-core fibers arise
from inherent deviations and errors during the manufacturing process.
These include variations in core geometry such as core-diameter and
core-eccentricity, core-pitch fluctuations, refractive-index variations, and
structural asymmetries along the fiber length. In addition, non-uniform
stress induced in MCFs during the fiber drawing process can also affect
the optical properties.

In coupled-core multi-core fibers, optical power is transferred ef-
ficiently only when the propagation constants of the cores are phase
matched. Inefficient coupling in real MCFs can happen due to phase
mismatch induced by imperfections. The randomness of the coupling
arises from the random distribution of these imperfections along the fiber.
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Such a non-ideal fiber geometry leads to variations in the propagation
constants and fluctuations in the coupling coefficients along the fiber. As
a result, the symmetry of the multi-core fiber is broken which causes per-
formance degradation such as increased crosstalk, differential group delay
spread, and mode dependent loss. These structural imperfections may
also induce random birefringence, resulting in polarization-mode disper-
sion (PMD) and polarization crosstalk. These perturbations in optical
fibers also cause group-delay mismatches between the supermodes, which
typically dominate the overall impulse response of the coupled system.

Transfer Matrix Representation of Mode Coupling

The propagation of optical fields in a multi-core fiber can be conveniently
described using a transfer matrix formalism. Instead of the continuous
evolution of modal amplitudes along the propagation direction z, the sys-
tem is represented as a linear input-output relation between the complex
modal field vectors at the fiber input and output as

Aout = T(ω, t) ·Ain, (2.21)

where, column vectors Ain and Aout represent the complex modal am-
plitudes (or core fields) at the input and output of the fiber, respec-
tively. The frequency and time-dependent transfer matrix, T(ω, t), fully
describes the linear propagation of the optical fields and captures slow
variations induced by environmental effects such as temperature fluctu-
ations, mechanical stress, and fiber bending. The general form of the
transfer matrix for an N -core MCF can be written as

T(ω, t) =


m11(ω, t) m12(ω, t) · · · m1N (ω, t)
m21(ω, t) m22(ω, t) · · · m2N (ω, t)

...
...

. . .
...

mN1(ω, t)mN2(ω, t) · · · mNN (ω, t)

 , (2.22)

where each element mij(ω, t) represents the complex field transfer co-
efficient from the jth input core to the ith output core. The diago-
nal elements of the transfer matrix, mii, describe field transmission and
propagation loss within the same core, while the off-diagonal terms mij

(i ̸= j) represent inter-core coupling induced by evanescent field overlap
and perturbations along the fiber.

The frequency dependence of the transfer matrix comes from the
fact that optical propagation is inherently dispersive. The refractive in-
dex n(ω) of the optical fiber is frequency dependent and described by
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the Sellmeier equation [65], which describes material dispersion in the
optical medium. During propagation, different optical frequencies accu-
mulate different phase shifts, β(ω) = n(ω) · ω/c. The structure of the
waveguide (core and cladding geometry) also contributes to making the
propagation constant frequency dependent. In coupled-core multi-core
fibers, the coupling is inherently frequency dependent, as described in
Section 2.3. Since the coupling coefficients also depend on frequency,
the coupling matrix becomes frequency dependent, and consequently so
does the transfer matrix [66].

The explicit time dependence of the transfer matrix, T(ω, t), arises
from changes in the optical properties of the fiber over time, such as vari-
ations in the refractive index due to the thermo-optic effect and thermal
expansion, as well as slight deformations of the fiber caused by mechan-
ical stress and strain, as discussed above. These random perturbations
induce slow temporal drifts in the effective propagation constants and
coupling coefficients. As a result, even under stationary excitation of the
input core, the output fields evolve slowly with time.

It is important to distinguish between the two time scales that ap-
pear in the transfer matrix formulation. In transfer matrix T (ω, t), the
variable ω denotes the optical angular frequency and describes the spec-
tral response of the multi-core fiber, whereas t represents a slow time
variable that captures the temporal evolution of the fiber caused by en-
vironmental perturbations such as temperature fluctuations, mechanical
stress, and bending. This dependence reflects the fact that the propaga-
tion constants and coupling coefficients are not strictly static, but drift
slowly with time as the physical state of the fiber changes. Since T (ω, t)
is defined in the frequency domain, the corresponding time-domain repre-
sentation is obtained by taking the inverse Fourier transform with respect
to ω. The resulting matrix impulse response can be written as

H(τ, t) = F−1
ω→τT (ω, t), (2.23)

where τ denotes the fast time (or delay) variable associated with optical
signal propagation and should not be confused with the slow environ-
mental time variable t. The solution of the coupled-mode equation in
Eq. 2.3 can also be expressed as

T(ω, t) = exp
{
iM(ω, t)z

}
. (2.24)

Thus, the transfer matrix representation of CMT provides a powerful
way to analyze time-varying random perturbations and random coupling
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Figure 2.4: Illustration of (a) optical power launched into one core being
redistributed among neighboring cores due to inter-core coupling, and (b) the
measured frequency dependence of the inter-core coupling coefficients.

dynamics in a coupled-core multi-core fiber links. It is very convenient
to use the matrix representation to study the statistical properties of
random power fluctuations and crosstalk behavior in coupled MCFs, as
done in paper [B].

2.4 Impairments in MCF Systems

Several physical impairments limit the performance of the multi-core
fiber systems, including inter-core crosstalk, differential group delay (DGD),
mode coupling and random mode mixing, mode-dependent loss (MDL)
and polarization-related impairments such as polarization mode disper-
sion. These effects degrade overall channel transmission performance.
In this section, we discuss each of the impairments that occur in the
coupled-core multi-core fiber systems.

2.4.1 Inter-core Crosstalk

Crosstalk refers to unwanted leakage of optical power between cores or
modes and constitutes a fundamental limitation in the multi-core fiber
transmission, particularly in high-capacity optical communication sys-
tems [67]. It is defined as the ratio of the output power leaked into the
adjacent core to the output power remaining in the launched core, where
the power is injected [68]. Mathematically, it is expressed as

XT =
P2

P1
, (2.25)
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where P2 is the measured output power in the neighboring core due to
inter-core coupling, and P1 is the optical power remaining in the excited
core, as shown in Fig. 2.4(a).

In weakly-coupled homogeneous multi-core fibers, structural pertur-
bations such as bending and twisting cause longitudinal variations in
the local propagation constants of the cores. As a result, inter-core
crosstalk is generated mainly at randomly distributed phase-matching
points, where the propagation constants of adjacent cores become locally
phase matched [69,70]. The total crosstalk is the cumulative sum of the
crosstalk contributions at these phase-matching points, weighted by the
random phase shifts and propagation delays along the optical fiber. As
a result, the crosstalk appears as a noise-like optical signal with random
amplitude and phase characteristics. The intrinsic frequency dependence
of the coupling causes the crosstalk signal to depend on the frequency,
as shown in Fig. 2.4(b).

2.4.2 Group Delay Spread

In optical fibers, the frequency dependence of the refractive index causes
different colors of light to travel at different speeds, resulting in time
delays. The group delay (GD), τq is defined as the time delay experienced
by different frequency components of an optical signal as they propagate
through an optical fiber. The GD of the q-th principal propagation mode
at each frequency is equal to the negative slope of its phase response,
ϕq(ω) with respect to that frequency.

τq = −∂ϕq(ω)

∂ω
. (2.26)

The broadening of the pulse in the time domain leads to signal degrada-
tion in high-capacity communication systems.

The group delay spread (GDS), στ in a strongly-coupled multi-core
fiber is the standard deviation of the group delays associated with the
principal propagation modes [71]. It measures the temporal dispersion
of modes by quantifying the variation in their propagation times.
Mathematically, the GDS can be calculated as [72]

στ =

√√√√ 1

N

N∑
q=1

τ2q , (2.27)
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where the group delay τq corresponds to the eigenvalues of the group
delay operator D(ω). The group delay operator is defined as

D(ω) ≡ T (ω)−1∂T (ω)

∂ω
(2.28)

T (ω) represents the frequency-dependent transfer matrix describing inter-
core coupling in the multi-core fiber, and the eigenvalues τq is the group
delays of the principal states (supermodes) of the MCF link. In multi-
core fibers, different cores experience different group delays due to fab-
rication variations and coupling effects, leading to group delay spread
(GDs), which is a key impairment in high-capacity transmission system.

Another metric that quantifies the delay between principal polariza-
tion modes is the differential group delay (DGD). Each spatial mode
of an optical fiber supports two orthogonal polarization states. In a
birefringent medium, these orthogonal polarization modes propagate at
different speeds due to random birefringence of the optical fiber, which
introduces a relative delay between them. The difference in propagation
delay between the two polarization modes is known as the differential
group delay. It quantifies the strength of polarization-mode dispersion
(PMD) per unit length.

To compensate for the relative delays between polarization states in
a multi-core fiber transmission system, MIMO DSP employs adaptive
equalizers. The computational complexity of the MIMO DSP is propor-
tional to the DGD, as larger delays require a greater number of equalizer
taps to effectively compensate for the resulting temporal dispersion [73].
The DGD is directly related to the width of the impulse response func-
tion (i.e., the temporal response of the channel when an ideal Dirac delta
impulse is launched at the input) of the system.

2.4.3 Mode-dependent Loss

In a strongly-coupled multi-core fiber, light propagates through differ-
ent spatial paths (super-modes). These modes may experience different
levels of attenuation due to fiber bending and imperfections. Mode-
Dependent Loss (MDL) in multi-core fibers quantifies the variation in
optical attenuation among different spatial modes or cores. MDL effec-
tively reduces the number of propagating modes, resulting in a propor-
tional decrease in overall channel capacity and data rates. In randomly-
coupled multi-core fibers, complete mode mixing reduces the accumula-
tion of MDL from being linear with distance to scaling with the square
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root of the propagation distance [74].
In an ideal SDM system without MDL, the transfer matrix is uni-

tary. Therefore, MDL leads to a non-unitary channel transfer matrix
and, when combined with mode mixing, results in signal distortion and
noise enhancement, which reduces the overall system capacity [75]. The
effects of MDL are commonly mitigated using MIMO DSP combined
with specialized MDL equalization techniques, such as long-period grat-
ings, which selectively attenuate specific modes more than others in order
to balance the loss across all channels. For the strongly coupled regime,
the MDL of an SDM system is defined as

MDLdB = 20 · log10
(
|λmax|
|λmin|

)
, (2.29)

where λmax and λmin denote the largest and smallest eigenvalues ob-
tained from the singular value decomposition of the measured transfer
matrix, respectively. In a dual-polarization single-mode system, MDL is
equivalent to polarization-dependent loss (PDL).
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Chapter 3

Nonlinear Interactions in
Coupled MCFs

There are several nonlinear effects that occur in optical fibers. In this
chapter, we will mainly focus on wavelength conversion based on four-
wave mixing process and nonlinear coupling due to self-phase modulation
in coupled-core multi-core fibers. The efficiency of wavelength conversion
strongly depends on the phase-matching condition. As the phase mis-
match accumulates along fiber length, the effect of coupling strength on
the phase matching condition becomes an important parameter to con-
sider, which is briefly discussed. When working with high power, optical
power back reflection from optical fiber becomes a critical issue, so we
need to mitigate it by suppressing stimulated Brillouin scattering (SBS),
and methods for increasing the SBS threshold are also presented in this
chapter. In the last section, we discuss the effect of modal dispersion on
four-wave mixing efficiency.

3.1 Stimulated Brillouin Scattering

Stimulated Brillouin Scattering is a nonlinear scattering phenomenon
in optical fibers that arises from the interaction of light with acoustic
phonons in silica. Along with Stimulated Raman Scattering (SRS), it is
one of the major nonlinear effects in optical fibers. Unlike SRS, which
involves optical phonons (quantized vibrational modes) and can occur
in both forward and backward directions, SBS predominantly generates
backward-scattered light. The Stimulated Brillouin Scattering occurs
through the process of electrostriction, where the optical field creates
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periodic density variations in the fiber. These density variations form
an acoustic wave that acts as a moving grating, scattering the incident
light backward and producing a frequency-shifted Stokes wave. As the
Stokes wave grows, it strengthens the acoustic wave, resulting in en-
hanced backscattering [76] and efficient power transfer from the pump
light to the Stokes light. In contrast, the anti-Stokes wave is generated
when the scattered photons gain energy from the acoustic phonons, re-
sulting in a frequency higher than that of the pump wave as shown in
Fig. 3.1. Its intensity is typically weaker because this process requires
the annihilation of thermally excited phonons, which are less populated
under normal conditions. The emission of the anti-Stokes wave is typi-
cally weaker than that of the Stokes wave [77].

The SBS threshold is the input power level at which the Stokes wave
power increases rapidly and becomes comparable to the pump power [78].
Once the Brillouin threshold is reached, most of the input optical power
is carried away by backward-propagating Stokes waves. Because SBS ef-
ficiently reflects optical power back toward the source, it is one of the im-
portant nonlinear effects limiting power transmission in narrow-linewidth
optical systems and high-speed long haul-optical communication net-
works [79]. The SBS threshold strongly depend on the fiber length, as
longer fibers reduce the threshold power due to increased interaction
length. As a result, SBS becomes more significant in long optical fibers
than in short-reach optical fibers.

Quantum mechanically, SBS can be viewed as a scattering process
in which the annihilation of an incident photon simultaneously creates
a scattered photon (or Stokes photon) and an acoustic phonon. The
conservation of energy and momentum of the interacting quanta leads to
relations between the frequency and wave vector of the incident photon,
the Stokes photon, and the acoustic phonon, which are given by [80]

ΩB = ωp − ωs, kA = kp − ks (3.1)

where ωp and ωs are the frequencies, and kp and ks are the wave vec-
tors of the incident pump photon and the back-scattered Stokes wave,
respectively. The frequency ΩB and wave vector kA of the acoustic
phonon satisfy [77]

ΩB = νA|kA| ≈ 2νA|kp| sin(θ/2), (3.2)

where νA is the velocity of the acoustic phonon. The efficiency of Bril-
louin scattering strongly depends on the angle θ between the incident
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Figure 3.1: (a) Schematic illustration of light scattering from a scattering
medium. (b) Frequency-domain representation of the scattered light, showing
the stimulated Brillouin scattering signal and Raman-scattered light compo-
nents relative to the incident optical frequency.

pump and Stokes waves. The frequency shift ΩB is maximum in the
backward direction (θ = π) and approaches zero in the forward direction
(θ = 0). As optical fibers support only forward and backward propagat-
ing guided modes, SBS predominantly occurs in the backward direction
due to phase-matching conditions.

The Brillouin-gain spectrum describes the frequency variation of SBS
gain, which peaks at the Brillouin shift ΩB. The narrow Brillouin
linewidth is determined by the short lifetime (typically less than 10 ns)
of the acoustic phonon, which leads to a Lorentzian-shaped gain profile
of the form [80]

gB(Ω) =
gp(ΓB/2)

2

(Ω− ΩB)2 + (ΓB/2)2
. (3.3)

The peak value of the Brillouin gain at Ω = ΩB is given by [80]

gp =
4π2γ2efA

npcλ2ρ0νAΓB
(3.4)

where γe is the electrostrictive constant of silica, fA is the acoustic-
optical mode overlap factor, np is the refractive index of the fiber at the
pump wavelength, c is the speed of light in vacuum, λ is the pump wave-
length, ρ0 is the material density of silica, νA is the acoustic velocity,
and ΓB is the linewidth (full width at half maximum) of the Brillouin
gain spectrum. The lifetime of the phonon is the inverse of the Bril-
louin linewidth. The Brillouin linewidth varies approximately as 1/λ2

with the pump wavelength, so the narrowing of the gain spectrum com-
pensates for the reduction in gain. Hence, the peak Brillouin gain is
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Figure 3.2: Schematic of the experimental setup for the measurement of
stimulated Brillouin scattering in a dual coupled-core fiber.

nearly independent of the pump wavelength. The spectrum and peak
gain also depend on fiber properties such as acoustic damping, material
composition, and doping of the optical fiber.

Experimental Implementation

When high optical powers are transmitted through an optical fiber, stim-
ulated Brillouin scattering can become significant. Once the SBS thresh-
old is exceeded, a large portion of the launched optical power may be
backscattered unless appropriate mitigation techniques are employed.
Therefore, it is important to increase the SBS threshold to reduce the
impact of SBS. Several techniques have been introduced for this pur-
pose, such as the use of cascaded optical isolators to block the reflected
light, applying a temperature gradient along the fiber, and increasing
the spectral bandwidth of the input light. One such technique to in-
crease the linewidth of the input light is phase modulation, which can be
implemented using several sinusoidal tones [81]. Phase modulation with
a single sinusoidal tone can theoretically achieve up to 4.8 dB of SBS
suppression [82]. To achieve higher SBS suppression, multiple radio fre-
quency (RF) tones with the required RF power can be used at the input
of the phase modulator. These RF tones should be selected such that
their frequencies do not overlap with any harmonic frequencies of each
other. The frequency of the phase-modulating tones must be greater
than the SBS bandwidth of the fiber under test.

In Paper [A], the pump phase modulation technique is used to sup-
press stimulated Brillouin scattering by broadening the optical spectrum
of the pump laser. The experimental setup is shown in Fig. 3.2. It con-
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Figure 3.3: (a) Back-reflected power spectrum of the DCF, and (b) SBS
threshold power measured with and without phase modulation.

sists of a tunable pump laser in C-band. The output of the pump laser is
fed into a phase modulator. Since the phase modulator is sensitive to the
state of polarization (SOP) of the input light, a polarization controller is
used to align the input SOP before the phase modulator to achieve opti-
mum output power. The electrical drive signals for the phase modulator
are generated using RF generator. The generated RF tones also contain
higher-order sidebands, which are undesirable. An RF filter is used to
remove these unwanted higher-order RF components. Phase modula-
tion does not directly change the optical power; instead, it modulates
the instantaneous phase of the optical field. As a result, the optical fre-
quency becomes time-dependent, leading to the generation of frequency
sidebands around the original carrier. This process effectively broadens
the optical spectrum of the laser. When two RF tones centered around
95 MHz and 305 MHz are applied, the phase modulator imposes a multi-
tone modulation pattern on the optical signal. This results in a comb-like
spectrum containing multiple frequency components. Consequently, the
pump power is distributed over a wider bandwidth, which reduces the
effective spectral power density.

The RF tones are amplified using an RF amplifier before being ap-
plied to the phase modulator. The phase-modulated optical signal is
then amplified using a high-power EDFA and launched into a dual-core
fiber (DCF) through an optical circulator. The back-reflected light gen-
erated by SBS is recorded using an optical spectrum analyzer and a
power meter. An optical isolator is used in the setup to prevent high-
power back-reflected light from the dual-core fiber from reaching the laser
source, thereby protecting the pump laser from potential damage.

The SBS threshold power can be measured by sweeping the input
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pump power and simultaneously recording the total back-reflected power
from the dual-core fiber. This can be done with the help of a circulator,
which allows the back-reflected power from the DCF to be received by a
power meter or an optical spectrum analyzer (OSA). The back-reflected
power spectrum contains both Rayleigh and Brillouin peaks, as shown
in Figure 3.3(a). The SBS threshold of core 1 of the dual-core fiber with-
out phase modulation, with single RF tone (95 MHz) modulation, and
with two RF tones (95 MHz and 305 MHz) modulation are shown in
Figure 3.3(b). The SBS threshold of the pump increases from 18.5 dBm
to 23 dBm and 27.5 dBm with one-tone and two-tone modulation, re-
spectively.

3.2 Four-Wave Mixing

In the linear regime, propagation of optical fields is primarily governed
by propagation loss and dispersion. The nonlinear interaction between
light and matter in an optical medium, whose response is a nonlinear
function of the electromagnetic field, can be described in terms of induced
nonlinear polarization. The electric polarization field P of a nonlinear
material is dependent on the applied electric field E as

P = ϵ0

(
χ(1)E+ χ(2)EE+ χ(3)EEE+ . . .

)
, (3.5)

where, ϵ0 is the vacuum permittivity and χ is the electric susceptibility
of the medium. For simplicity, assuming linearly polarized light and
neglecting the tensor nature of the electric susceptibility, the nonlinear
polarization can be written as [80]

Ptot(ω) = ϵ0χ
(1)E(ω) + 2ϵ0χ

(2)E(ω)E(0)

+3ϵ0χ
(3)|E(ω)|2E(ω) + · · ·

(3.6)

The second and third terms in Eq. 3.6 represent the nonlinear effects
on the propagation of light in an optical medium. Optical fibers are
made of silica, which is amorphous and possesses inversion symmetry.
The χ(2) nonlinearity vanishes in isotropic media and is practically zero
in standard optical fibers. In such media, all second-order nonlinear
processes are forbidden by symmetry. The χ(3) material [83] enables
nonlinear effects such as two-photon absorption [84, 85], third-harmonic
generation [86,87], Kerr nonlinear refraction [88,89], and four-wave mix-
ing [90–93]. When the optical medium is exposed to high-intensity laser
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light, the refractive index of the material starts to change. This intensity-
dependent variation in the refractive index along the fiber is referred to
as the Kerr effect (or Kerr nonlinearity). It is expressed as [94]

n = n0 + n2I, (3.7)

where n0 is the linear (low-intensity) refractive index, n2 is the nonlinear
refractive index coefficient, and I is the optical intensity.

Four-wave mixing (FWM) is a third-order nonlinear optical process
that arises from the Kerr nonlinearity of a medium, where optical waves
interact to generate new frequency components. The main characteris-
tics of FWM can be explained by the third-order nonlinear polarization
term in Eq. 3.5. The interaction among four linearly polarized electric
fields at frequencies ω1, ω2, ω3, and ω4, due to the third-order nonlinear
polarization, can be expressed as [80]

P3rd term =
1

2
x̂

4∑
j=1

Pj exp {i(kjz − ωjt)}+ c.c., (3.8)

where kj is the propagation constant of the j-th component of the electric
field. Pj contains many terms consisting of products of electric fields,
and one such term is

P4 =
3ϵ0
4

χ(3)
xxxx

[
|E4|2E4 + 2

(
|E1|2 + |E2|2 + |E3|2

)
E4

+2E1E2E3e
iθ1 + 2E1E2E

∗
3e

iθ2 + · · ·
] (3.9)

where,

θ1 = (k1 + k2 + k3 − k4)z − (ω1 + ω2 + ω3 − ω4)t

θ2 = (k1 + k2 − k3 − k4)z − (ω1 + ω2 − ω3 − ω4)t
(3.10)

The first four terms describe self-phase modulation (SPM) and cross-
phase modulation (XPM), while the remaining frequency-combinations
represent four-wave mixing. The number of effective terms contributing
to FWM depends on the phase-matching condition among them.

3.2.1 Phase Matching Condition

Quantum mechanically, FWM can be thought of as the annihilation of
photon pairs to create new photon pairs at different frequencies, such that
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Figure 3.4: Schematic illustration of (a) degenerate and (b) nondegenerate
four-wave mixing processes in an optical fiber, and (c) the corresponding four-
wave mixing representation in the frequency domain [95].

energy and momentum are conserved. The terms in θ2 correspond to the
process in which two photons at frequencies ω1 and ω2 are annihilated
to produce two new photons at frequencies ω3 and ω4 such that

ω1 + ω2 = ω3 + ω4, (3.11)

and, the phase matching is given as

∆k = k1 + k2 − k3 − k4. (3.12)

FWM is classified as degenerate and non-degenerate based on the fre-
quencies of the interacting waves, as illustrated in Figure 3.4(a) and (b).
When ω1 = ω2, only one pump is required to initiate FWM. This is
called degenerate FWM. In this case, a strong pump at frequency ω1

symmetrically generates two sideband frequencies ω3 and ω4, as shown
in Fig. 3.4(c). Whereas, in the non-degenerate case, two pumps at fre-
quencies ω1 and ω2 are required for FWM. The frequency detuning, Ω
of the side bands are

Ω = ω1 − ω3 = ω4 − ω2, ω3 < ω1 < ω2 < ω4. (3.13)

The lower-frequency sideband is referred to as the Stokes wave, whereas
the higher-frequency sideband is called the anti-Stokes wave. They are
also termed as the signal and idler, respectively. For the common de-
generate case, where two pump photons at frequency ω1 interact with a
signal photon at ω3, an idler is generated at [95]

ω4 = 2ω1 − ω3. (3.14)
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3.2. Four-Wave Mixing

In this, the transfer of energy occurs from the pump to two sidebands that
are frequency-shifted by Ω. With only one pump, the signal and idler
can be generated from noise if the phase-matching condition is satisfied.
On the other hand, when a weak signal is launched together with the
pump into an optical fiber, an idler wave is generated while the signal
is simultaneously amplified. This process is referred to as parametric
amplification [96,97], and the resulting gain is called parametric gain.

3.2.2 Wavelength Conversion in Multi-Core Fibers

The evolution of the slowly varying electric field envelopes A1 and A2

in two identical linearly coupled waveguides is governed by the coupled
nonlinear Schrödinger equations (NLSEs) [98].

∂A1

∂z
= i

∞∑
n=2

inβn
n!

∂nA1

∂tn︸ ︷︷ ︸
Dispersion

+ iγA1|A1|2︸ ︷︷ ︸
Kerr nonlinearity

+ iCA2︸ ︷︷ ︸
Coupling

− α

2
A1︸︷︷︸

Loss

,

∂A2

∂z
= i

∞∑
n=2

inβn
n!

∂nA2

∂tn
+ iγA2|A2|2 + iCA1 −

α

2
A2.

(3.15)

Here, the first term represents the dispersion effect in the optical fiber,
where βn are the dispersion coefficients and the summation accounts for
higher-order dispersion effects. The second term describes the nonlinear
contribution arising from the Kerr effect, where γ is the nonlinear coeffi-
cient of the fiber and the term accounts for self-phase modulation. The
third term present in the equation represents the coupling between the
two cores, where C is the coupling strength that governs power exchange
along the propagation direction. The last term accounts for propagation
loss, where α is the attenuation coefficient of the fiber.

To achieve efficient wavelength conversion (high conversion efficiency
with wide bandwidth) based on parametric interaction, the following
conditions should be satisfied [95]:

(a) The pump wavelength should be near the zero-dispersion wave-
length (ZDW);

(b) variations in chromatic dispersion (β2 and β4 coefficients) along
the fiber length should be minimum; and

(c) pump and signal must have the same polarization state.
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The coupled NLSEs (Eq. 3.15) are numerically solved using the split-
step Fourier method (SSFM). In this method, the linear and nonlinear
operators are defined as [98]

Dk = i
∞∑
n=2

in
βn
n!

∂n

∂tn
− α

2
, Nk = iγ|uk|2.

Where, k represents the core index. The output fields A1(z + dz) and
A2(z + dz) at each propagation step dz are obtained by first applying
the dispersion and nonlinear operators to each core independently over a
half step, then applying the full nonlinear step, followed again by a half
dispersion step, and finally the two fields are coupled using a 2x2 coupler
transfer matrix R(dz), neglecting the linear and nonlinear operators. The
coupler matrix is defined as [99]

R(dz) =

[
cos(Cdz) i sin(Cdz)
i sin(Cdz) cos(Cdz)

]
. (3.16)

The numerical propagation of Eqs. 3.15 can be expressed in terms of the
field evolution as[

A1(z + dz)
A2(z + dz)

]
≈ R(dz)

[
eD1dz/2eN1dzeD1dz/2A1(z)

eD2dz/2eN2dzeD2dz/2A2(z)

]
. (3.17)

The solution is valid under the condition that the step size dz is much
smaller than the characteristic coupling, nonlinear, and dispersion lengths
of the dual coupled-core fiber.

The wavelength conversion efficiency (CE) is defined as the ratio of
the idler output power to the input signal power. When only one core
of the DCF is excited, the CE for core 1 and core 2 is given as

CEcore1 =
|ui1(L)|2

|us(0)|2
CEcore2 =

|ui2(L)|2

|us(0)|2
(3.18)

Here, |ui1(L)|2 and |ui2(L)|2 are the idler powers at position z = L in core
1 and core 2, respectively, and |us(0)| is the input signal power at z = 0.
Under the undepleted pump approximation [94] for single mode fiber,
the coupled equations can be solved analytically and one obtains [95]

CE = γ2P 2
pL

2 sinc2 (gL) , (3.19)

The phase mismatch is defined as

∆β = 2

(
β2
2
Ω2 +

β4
24

Ω4

)
, (3.20)
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where β2 and β4 represent the second and fourth-order dispersion coeffi-
cients, respectively, and Ω denotes the frequency detuning. The nonlin-
ear interaction is characterized by the gain parameter g as

g =

√
1

4
∆β (∆β + 4γPp), (3.21)

where γ is the nonlinear Kerr coefficient and Pp is the pump power. It
accounts for the combined influence of chromatic dispersion and nonlin-
ear phase accumulation. In multicore or multimode fibers, optical fields
propagate in different spatial modes or cores. Nonlinear interaction be-
tween them can lead to the generation of new frequency components
through intermodal four-wave mixing, where phase matching between
different modes or cores governs the efficiency of the process.

3.2.3 Experimental Implementation

Several wavelength conversion techniques have been proposed, among
which parametric conversion based on optical fiber four-wave mixing of-
fers two key advantages: (a) high conversion speed and (b) simultaneous
conversion over a broad wavelength range.

In Paper [A], wavelength conversion in a highly nonlinear dual coupled-
core fiber (DCF) is demonstrated. The schematic of the experimental
setup is shown in Fig. 3.5(a). The setup consists of a pump and a tun-
able signal laser. The pump laser is phase modulated to suppress the
effects of SBS in the coupled DCF, as explained earlier in Section 3.1.
The phase-modulated pump is amplified using a high-power EDFA. An
optical isolator is placed before the input of the WDM coupler to block
back-reflected light from the DCF, which could otherwise damage the
optical components. The strong pump with power of about 24 dBm is
combined with a weak signal using a WDM coupler before launching
into one of the cores of the DCF. In addition, the WDM coupler helps
filter out the unwanted amplified spontaneous emission (ASE) noise gen-
erated by the high-power EDFA during the amplification process. The
DCF output is recorded using an OSA through a 1% tap coupler, while
a power meter is used to monitor the total output power.

As we have seen, the coupling is wavelength dependent and varies
randomly due to geometric imperfections in the coupled-core multi-core
fiber. The aim of this experiment is to understand the behavior of idler
power transfer from one core to another when only one core is excited.
Since the input signal wavelength is swept to investigate the wavelength
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Figure 3.5: Schematic of the experimental setup for wavelength conversion in
a coupled dual-core fiber, (b) the corresponding output spectrum showing idler
generation, and (c) the measured conversion efficiency when both the pump
and signal are launched into a single core.

conversion efficiency, the idler wavelength experiences different coupling
strengths. As a result, fluctuations in the idler power give rise to varia-
tions in the conversion efficiency, as shown in Fig. 3.5(c). The reduction
in the bandwidth of core 1 can be attributed to the PMD, and the fact
that the zero-dispersion wavelength fluctuates along the fiber [100,101].
The FWM spectrum is shown in figure 3.5(b).

3.3 Power-Dependent Mode Coupling

The nonlinear coherent coupler extends the conventional directional cou-
pler by incorporating Kerr nonlinearity into the coupling dynamics [102].
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It is based on the coherent interaction of two optical waveguides placed
near each other. When low optical power is launched into one of the
waveguides, the optical fields interact through the overlap of their evanes-
cent fields, resulting in periodic power transfer between the two waveg-
uides. In the nonlinear regime, as the input optical power increases,
Kerr nonlinearity significantly modifies the power exchange dynamics
between the waveguides. The resulting intensity-dependent refractive
index induces nonlinear phase shifts that modify the propagation con-
stants, thereby reducing the coupling efficiency and suppressing power
transfer between the waveguides. As a result, optical power tends to
remain confined within the launched waveguide [103]. These effects give
rise to strong nonlinear transmission characteristics that can be exploited
for all-optical switching, signal processing, and high-speed optical com-
munication applications.

The response of a medium can be decomposed into perturbed and un-
perturbed polarization components. The unperturbed part corresponds
to the linear response of a single isolated waveguide, while the perturbed
part includes linear contributions from modal-field overlap with a neigh-
boring waveguide and nonlinear contributions arising from the nonlinear
response of the material, as described analytically in [102].

Mode coupling in the nonlinear regime is simulated using the coupled
NLSEs presented in Section 3.2. For low input power, the coupled waveg-
uides act as a conventional phase-matched coupler, where optical power
switches from one core to another when Cz = π/2. Here, for a weakly
coupled waveguide, the coupling strength C is taken as 4.5× 10−4 m−1,
and z denotes the propagation length. The characteristic length z = LC ,
at which light transfers back and forth between the two waveguides, is
termed as coupling length. At critical power, the phase detuning induced
in both waveguides becomes equal; consequently, there is no net detun-
ing, and the power starts to remain trapped in the same waveguide. At
high power, nonlinear effects modify the coupling length and reduce the
amount of light coupled between the waveguides. At sufficiently high
power, the detuning induced by the nonlinear refractive index becomes
so large that it prevents a 50/50 power distribution, and phase matching
is never achieved. As a result, most of the optical power remains con-
fined to the input waveguide. The linear and nonlinear light propagation
along the dual coupled-core fiber when one core is excited is shown in
Figure 3.6(c).
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The mode coupling in an ideal (unperturbed) MCF is described by a
constant coupling coefficient between the modes. However, real MCFs
have several perturbations, as discussed in Chapter 2, which can cause
the coupling coefficients to vary along the propagation direction. To
model the effect of longitudinally varying coupling strength on power
suppression in coupled MCFs, we assume a coupling coefficient C1 in the
first half of the fiber and C2 in the second half of the fiber, which is the
simplest model for longitudinally varying coupling strength as shown in
Fig. 3.6 (a). For an unperturbed fiber, the coupling coefficient C re-
mains constant throughout the fiber length, as shown in Fig. 3.6(b).
This accounts for longitudinal fluctuations in the coupling strength due
to fabrication imperfections and random perturbations.
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Efficient power transfer between cores occurs when the phase-matching
condition is satisfied. As the optical power increases, nonlinear phase
shifts modify the phase-matching condition, reducing the efficiency of
inter-core power transfer. Consequently, a large fraction of the optical
power remains confined within the launched core, resulting in suppres-
sion of power coupling to the adjacent core. At sufficiently high power
levels, however, the interplay between the linear coupling and nonlin-
earity can break the phase-matching condition, leading to a change in
the power-transfer dynamics. The constant coupling strength results
in sharp inter-core crosstalk suppression. However, when longitudinal
variations in the coupling strength are introduced along the fiber by
considering two different coupling coefficients, C1 = 0.34 km−1 and
C2 = 0.20 km−1, the phase-matching condition is disrupted. This leads
to an abrupt change in the inter-core crosstalk suppression behavior,
as shown in Fig. 3.6(d). Phase matching can also be altered by the
presence of random wavelength-dependent coupling variations along the
fiber. Since crosstalk is highly sensitive to the coupling coefficients, dis-
crepancies between idealized theoretical predictions and experimental
measurements can be understood by a longitudinally varying coupling
coefficient.

Experimental Implementation

The experimental setup for measuring power and polarization-dependent
coupling is shown in Figure 3.7. The setup consists of a tunable laser
and a high power EDFA with a maximum power output of about 2.5 W.
At high optical powers, SBS limits system performance by reflecting a
significant fraction of the total input optical power once the SBS thresh-
old is reached. To mitigate SBS, the input laser is phase-modulated,
as described in Section 3.1. The modulated signal is then amplified us-
ing an EDFA and passes through an isolator, which helps protect the
optical components from damage by blocking back-scattered light from
the DCF. Since crosstalk is polarization-dependent, as demonstrated in
Paper [A], a polarization controller is used to align the state of polariza-
tion of the input signal before injecting to one of the cores of DCF. To
measure nonlinear crosstalk, the input power is swept from 0 dBm to 30
dBm, and the output powers from both cores of the DCF are simultane-
ously measured using two power meters (PM).

The effect of polarization on nonlinear coupling is shown in Fig. 4 of
Paper [A]. The experimental results show that varying the input state of
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Figure 3.7: Schematic of the experimental setup for the measurement of
power-dependent crosstalk in a dual-core fiber.

polarization of the launched signal causes significant changes in the lin-
ear crosstalk, as discussed in Paper [A]. The power-dependent coupling
measurements are performed for two different input SOPs which corre-
sponds to the minimum and maximum crosstalk in the linear regime.
Different input SOPs exhibit different coupling behaviors in the coupled
MCF due to variations in the effective coupling strength arising from
randomly distributed perturbations along the fiber. Furthermore, even
in an ideal MCF, the coupling strengths of the two orthogonal polariza-
tion states are not identical, giving rise to polarization-mode coupling,
as discussed in detail in Paper [C].

In single-mode fibers, polarization mode dispersion and nonlinearity
together influence the SOP of the propagating wave [104]. However, in
coupled-core multi-core fibers, another interacting effect arises from lin-
ear coupling. In the nonlinear regime, as the pump power increases, the
influence of PMD which primarily affects the input SOP corresponding
to minimum crosstalk, diminishes due to the enhanced self-polarization
effect of the pump. When the pump power exceeds a certain threshold,
cross-polarization terms, which are sensitive to phase mismatch induced
by birefringence, become comparatively negligible. Consequently, both
SOPs converge toward the same crosstalk level.

3.4 Modal Dispersion-Induced FWM

Serena et al. [105] presented an ergodic Gaussian-noise (GN) model for
strongly-coupled space-division multiplexed fibers, where optical chan-
nels evolve under the combined influence of Kerr nonlinearity, random
mode coupling, and spatial modal dispersion (SMD). The optical fiber
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Figure 3.8: Schematic representation of the evolution of two optical frequency
channels under (a) Kerr nonlinearity, (b) linear crosstalk (XT), and (c) SMD.
Each circle denotes a channel localized in time, frequency, and mode space [105].

which supports multiple strongly-coupled spatial and polarization modes,
signal propagation can be described by the multi-component Manakov
equation, which accounts for fiber attenuation, chromatic dispersion,
Kerr nonlinearity, mode coupling, and SMD. In the strong-coupling regime,
modes continuously exchange energy due to random perturbations, while
small differences in their group velocities introduce spatial modal disper-
sion. The transmitted WDM signal is represented as a collection of or-
thogonal channels distributed across time, frequency, spatial mode, and
polarization dimensions. During propagation, these channels experience
Kerr nonlinear interactions, linear crosstalk between modes, and SMD-
induced temporal spreading, as illustrated in Fig.3.8.

In a coupled-core multi-core fiber, excitation of an individual core re-
sults in the optical field being distributed across all cores through inter-
core coupling. When uncorrelated signals are transmitted through a
coupled MCF, the averaging of nonlinear effects across coupled-cores
leads to lower effective nonlinear impairments than in an equivalent
SMF [106, 107]. Spatial modal dispersion is the temporal spread of an
optical signal caused by differences in the group delays of the spatial
modes, or supermodes, supported by a coupled MCF. It arises because
frequency-dependent coupling leads to different propagation constants
and group velocities for the supermodes, as discussed in Section 2.3.1.
Small core-to-core variations in refractive index, together with bending,
twisting, and temperature fluctuations, further modify the group delays.
Consequently, signal components propagating in different spatial modes
may arrive at the fiber output at different times [48, 108]. In coupled
MCFs, SMD can be significantly larger than the PMD of conventional
SMFs, depending on the fiber design and external perturbations.
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Figure 3.9: Schematic of the experimental setup for modal-dispersion-induced
four-wave mixing.

3.4.1 Experimental Implementation

The randomly-coupled multi-core fiber used in this measurement is a
69.3 km four coupled-core fiber, which is field deployed in the city of
L’Aquila, Italy [109, 110]. The SMF of 74.1 km is also deployed in the
same tunnel together with the four coupled-core fiber. The propagation
losses of the MCF and SMF are 0.227 and 0.246 dB/km, respectively,
while their corresponding second-order dispersion parameters (β2) are
−24.4 ps2/km and −21.7 ps2/km, respectively [111].

Paper [D] discusses the impact of modal dispersion on FWM ef-
ficiency and estimates the nonlinear coefficient in a randomly-coupled
multi-core fiber. The experimental setup used for the characterization
of the nonlinear coefficient in a coupled-core multi-core fiber is shown in
Fig. 3.9. The setup consists of four tunable lasers, each frequency-offset
by ∆fch. Using a 4× 4 coupler, the outputs of the four continuous-wave
(CW) laser tones are combined and split into four output port each car-
ries an identical copy of the four CW tones. Before launching the signals
into the coupled-core multi-core fiber, the tones in three of the branches
are passed through delay arms of 40 m, 60 m, and 80 m, respectively, to
decorrelate the signals injected into each core. The output of the coupled
MCF is combined using a 4 × 1 coupler, and the resulting spectrum is
recorded using an OSA. The measured spectral components are normal-
ized to the average received peak power of the CW tones, such that the
received power values are compensated for propagation loss and normal-
ized relative to the input power. The total insertion loss, including the
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laser output coupling, patch cords, and fan-in/fan-out devices, is approx-
imately 3 dB. For measurements using an SMF, only one output port
of the 4× 4 coupler is used to maintain approximately the same launch
power per core as that used in the multi-core fiber measurements. The
response of FWM is measured at 193 THz using four CW tones posi-
tioned at frequency offsets of ±1∆fch and ±2∆fch with respect to the
channel under test.

3.4.2 Enhanced FWM by Modal Dispersion

In Paper [D], we experimentally demonstrated enhanced FWM efficiency
induced by modal dispersion, together with a four-fold reduction in non-
linearity, in a field-deployed four coupled-core fiber. Paper [D] demon-
strates that nonlinear effects in coupled-core multi-core fibers are gov-
erned not only by the material nonlinearity of the silica glass, but also
by the spatial-mode dynamics created by inter-core coupling and modal
dispersion. The experimental observation of a modal-dispersion-induced
increase in four-wave-mixing efficiency shows that propagation differ-
ences between the guided supermodes can modify the phase-matching
condition and enhance nonlinear frequency conversion. Consequently,
modal dispersion should not be regarded only as a transmission impair-
ment; it can also provide an additional design parameter for controlling
nonlinear interactions in multi-core fibers. The presence of SMD en-
hances four-wave mixing efficiency in MCFs relative to the dispersionless
condition [112], an effect well described by the ergodic GN model. The
reduction in efficiency caused by core count is independent of the config-
uration, whereas the SDM-induced enhancement becomes dominant at
large channel spacings.

Paper [D] also characterize the effective nonlinear coefficients of field
deployed coupled MCF to evaluates its real performance. A lower ef-
fective nonlinear coefficient may reduce nonlinear transmission penal-
ties and permit higher launch powers, whereas dispersion-assisted phase
matching can selectively enhance four-wave mixing at particular wave-
lengths. This suggests that coupled-core multi-core fibers can be de-
signed to suppress unwanted nonlinear distortion while improving non-
linear processes. The average nonlinear interaction across N-cores of a
coupled MCF, arising from the dynamics of 2N spatial and polarization
modes, is represented by κγ̄, where κ is a dimensionless parameter and
γ̄ is the effective nonlinear coefficient, which depend on the fiber pa-
rameters and modal structure. For a coupled MCF, γ̄ and κ are given
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by [107]

γ̄ =
2πf0n2

cNAeff
, κ =

4

3

(
2N

2N + 1

)
, (3.22)

where f0 is the central frequency of the fundamental mode, n2 is the
Kerr nonlinear refractive index, and Aeff is the effective area of the core.

The findings presented in Paper [D] have important implications
for the development of future space-division-multiplexed communication
systems, in which multi-core fibers can increase transmission capacity
by transmitting several spatial channels within a single cladding. They
may also support applications such as wavelength and supermode con-
version [113], parametric amplification, broadband light generation [114],
and nonlinear optical signal processing [115]. More generally, the re-
sults show that the linear and nonlinear properties of coupled-core multi-
core fibers must be considered together when designing practical high-
capacity SDM systems.
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Chapter 4

Statistical Model for Random
Mode Coupling

The nonlinear effects in coupled-core multi-core fibers were discussed in
the previous chapter. In this chapter, a statistical model for random
coupling is presented. The input–output relationship of a multi-core
fiber can be described by its transfer matrix. In an ideal coupled MCF,
the elements of the transfer matrix remain constant over time. However,
due to fabrication imperfections and environmental perturbations, the
transfer matrix elements fluctuate with time. These fluctuations lead to
temporal variations in the optical power of the spatial and polarization
modes, which are discussed in detail in this chapter. For a three coupled-
core fiber, the coupled power can be represented on a two-dimensional
simplex using a barycentric coordinate representation, as discussed in
Paper [B]. In addition, a theoretical model is presented that describes
the temporal drift of random mode coupling. Finally, the statistical
properties of the coupled power fraction, including its probability density
function and autocorrelation function, are analyzed.

4.1 Temporal Dynamics of Random Coupling

The spatial coupling, together with polarization-mode interactions, strongly
influences system performance in the presence of birefringence, fabrication-
induced asymmetries, and environmental perturbations. This section
distinguishes the coupling dynamics of the spatial and polarization modes
in the coupled MCF and investigates the temporal behavior of these ran-
dom coupling fluctuations through experimental measurements.
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4.1.1 Spatial and Polarization Mode Coupling

Spatial mode coupling refers to the transfer of optical power between dif-
ferent spatial channels (cores) as light propagates along a coupled-core
multi-core fiber [116]. When light is launched into one core, coupling
causes a fraction of the optical field to transfer to neighboring cores.
The propagation of the optical fields is described by coupled-mode the-
ory as discussed in chapter 2, where the field amplitude of each core
also depends on the coupling from neighboring cores. The strength of
interaction between cores is determined by the coupling coefficients. In
an ideal coupled MCF, the power transfer is deterministic and periodic.
However, in a real MCF, fabrication imperfections and environmental
perturbations continuously modify the coupling coefficients. As a result,
the optical power becomes randomly distributed among the cores over
time, and the resulting output in one core is a mixture of the fields from
all cores [48].

Each spatial mode (or core) supports two orthogonal polarization
states. Polarization mode coupling is the transfer of optical power be-
tween orthogonal polarizations due to birefringence induced by fiber im-
perfections such as micro- and macro-bending, refractive index varia-
tions, core ellipticity, and core pitch variation along the fiber, as well as
environmental perturbations caused by surrounding temperature vari-
ations, mechanical strain, and stress [117, 118]. Random variations in
birefringence cause the state of polarization to vary continuously along
the fiber and over time [119]. It can be intra-core or inter-core, depend-
ing on whether the orthogonal polarization states couple to each other
within the same core or to neighboring cores. In a coupled N -core fiber,
the total number of spatial modes is N and the number of polarization
modes is 2N . For the 4CCF, this gives eight modes, corresponding to
two orthogonal polarization modes per core. The spatial and polariza-
tion coupling dynamics for a 4CCF are shown in Fig. 4.1.

In coupled-core multi-core fibers, both spatial and polarization mode
coupling occur simultaneously. Therefore, the optical field is distributed
among multiple cores as well as multiple polarization states. Over a suf-
ficiently long time under strong coupling regime, the optical field evolves
toward a statistical equilibrium in which all spatial and polarization
modes become statistically equivalent. Understanding these dynamics
is essential for the design and optimization of robust MCF-based polar-
ization transmission and signal-processing systems.
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Figure 4.1: Coupling dynamics of spatial and polarization modes in coupled-
core multi-core fibers.

Consider a symmetric N -coupled-core fiber in which power transfer among
the cores can be modeled using a scalar model. The optical-field in the
system is described by a complex transfer matrix T(ω, t) ∈ CN×N , whose
matrix elements are denoted by mij(ω, t). Assuming that the transfer
matrix is unitary, it satisfies T†(ω, t)T(ω, t) = I, which ensures that the
total power is conserved. If only one of the core of coupled MCF is
excited, the input field is uin = u0(1, 0, . . . , 0)

T , and the corresponding
output field is

uout(ω, t) = T(ω, t)uin = u0


m11(ω, t)
m21(ω, t)

...
mN1(ω, t)

 . (4.1)

The total output power is defined as the squared Euclidean norm of the
output field,

Ptot(t) = ∥uout(ω, t)∥2 = u†
outuout. (4.2)

Substituting Eq. (4.1) into Eq. (4.2) gives

Ptot(t) = |u0|2
(
m∗

11 m
∗
21 · · · m∗

N1

)


m11

m21
...

mN1


= |u0|2

N∑
i=1

|mi1(ω, t)|2 = |u0|2,

(4.3)

where the last equality follows from the unitarity of the transfer matrix,
which implies that each column of T has unit norm. More generally, for
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an arbitrary input field

uin =


uin1
uin2
...

uinN

 ,

the output field is
uout(ω, t) = T(ω, t)uin,

whose ith component is

uouti (ω, t) =

N∑
j=1

mij(ω, t)u
in
j .

Therefore, the optical power at the output of core i is

Pi(t) =

∣∣∣∣∣∣
N∑
j=1

mij(ω, t)u
in
j

∣∣∣∣∣∣
2

. (4.4)

The total output power can be written as

Ptot(t) =
N∑
i=1

Pi(t)

= u†
inT

†(ω, t)T(ω, t)uin

= u†
inuin,

(4.5)

The temporal evolution of the transfer matrix elements mij(ω, t) mani-
fests as temporal fluctuations in the output power distribution among the
coupled-cores. Therefore, by continuously monitoring the output power
of each core, the temporal drift of the transfer matrix and hence the cou-
pling dynamics of the coupled MCF can be experimentally characterized.

4.1.2 Experimental Implementation

To measure the temporal drift of the coupled power induced by differ-
ent types of external and internal perturbations in the coupled MCF, as
discussed in Section 2.3.2. The experimental setups for measuring the
temporal drift of spatial mode and polarization mode coupling are shown
in Fig. 4.2(a) and Fig. 4.2(b), respectively. Paper [B] discusses only the

48



4.1. Temporal Dynamics of Random Coupling

TLS
PCVOA

M
U
X

3CCF

D
E
-M
U
X

OSC OSC

PD

D
E
-M
U
X

PBS

PD

(a) (b)

Figure 4.2: Schematic of the experimental setup for measuring the temporal
fluctuations of (a) spatially coupled optical power and (b) orthogonal polariza-
tion modes over time in a strongly-coupled three-core fiber.

spatial mode coupling dynamics in a three coupled-core fiber, whereas
Paper [C] investigates both the spatial mode coupling dynamics and the
polarization mode coupling dynamics in a four coupled-core fiber.

The experimental setup consists of a tunable laser source (TLS) op-
erating in the C-band. A variable optical attenuator (VOA) is used to
adjust the optical power for the measurement in the linear regime. The
output of the VOA is connected to a polarization controller (PC), which
is used to optimize the input state of polarization such that the output
power is maximized across all coupled spatial modes when the optical
signal is launched into one of the cores of the coupled MCF. Two differ-
ent detection schemes were used to monitor the temporal drift of spatial
mode and polarization mode coupling, as shown in Fig. 4.2(a) and Fig.
4.2(b), respectively. At the output of the coupled fiber, the optical power
is distributed among the coupled spatial modes rather than remaining
entirely in the launched core. The output power distribution depends on
the propagation length and the coupling strength between the coupled
cores. Therefore, for the three coupled-core fiber (3CCF), three identi-
cal photo-detectors were used to simultaneously monitor the temporal
fluctuations of the optical power in the individual cores. The outputs of
the photo-detectors were connected to a real-time oscilloscope to record
the optical power over time.

For the measurement of the temporal drift of polarization mode cou-
pling, the output from one of the cores is separated into two orthogonal
polarization components, namely the x- and y-polarization states, using
a polarization beam splitter (PBS). As shown in Fig. 4.2(b), the two
polarization components are detected simultaneously using two identical
photodetectors. The optical power from the remaining cores is also mon-
itored to ensure that the total output power remains constant during the
measurement. The corresponding electrical signals from all photodetec-
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Figure 4.3: Instantaneously measured temporal evolution of (a) the coupled
fractional power and (b) the orthogonal polarization-mode power, together with
the total output power, in a strongly-coupled three-core fiber.

tors are recorded using a real-time oscilloscope to monitor the temporal
fluctuations of the polarization mode coupling.

The temporal evolution of the fractional coupled power in each core
of the three-coupled-core fiber, together with the total output power,
is shown in Fig. 4.3(a). The temporal variations of the x- and y-
polarization components of core 1, along with the total output power,
are shown in Fig. 4.3(b). When light is launched into one of the cores of
the coupled-core multi-core fiber, the optical field is redistributed among
all the coupled cores through the transfer matrix T(ω, t). For a single-
core excitation, the output field is determined by the first column of the
transfer matrix, whose elements mi1(ω, t) represent the complex coupling
coefficients from the excited input core to the (i)th output core. In the
absence of loss, the transfer matrix is unitary, ensuring that the total
optical power is conserved, i.e., the sum of the output powers in all cores
remains equal to the input power.

Fabrication imperfections and environmental fluctuations continu-
ously perturb the propagation constants and coupling characteristics of
the coupled-core fiber. As a result, the transfer matrix elements mij(ω, t)
become time dependent. Although the total output power remains con-
stant due to the unitarity of the transfer matrix, the magnitudes and
phases of the individual transfer matrix elements fluctuate with time,
causing a redistribution of optical power among the output cores. Con-
sequently, the fractional power measured at each core exhibits temporal
drift, which directly reflects the temporal fluctuations of the transfer
matrix.
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4.2 Time-varying Random Coupling Model

Figure 4.4: Concatenated wave-plate model for time-varying transfer matrix
for random coupling in coupled-core multi-core fibers.

As shown above, the coupling characteristics of a coupled-core multi-core
fiber are not constant over time. In practice, the fiber is continuously
subjected to various perturbations that modify the effective propaga-
tion constants and coupling coefficients of the guided modes, resulting
in temporal variations in the transfer matrix that describes the fiber.

The random coupling in a coupled MCF can be modeled using the
concatenated waveplate model, which originates from the PMD formal-
ism [72, 120]. In this, the fiber is divided into m short segments with
m = 1, 2, . . . , N . Each segment, of length Ld, represents the propa-
gation interval over which the coupling characteristics remain approxi-
mately constant. Between two successive segments, a random unitary
matrix, Um(ti) is introduced to model the effect of environmental per-
turbations such as temperature fluctuation, acoustic vibrations, and me-
chanical stress. Unlike the static random coupling model, where a single
random unitary matrix Um is used for each fiber concatenation, the dy-
namic random coupling model uses a time-varying unitary matrix Um(t)
for each fiber concatenation as done in [121]. The total transfer function
is obtained by cascading the transfer matrices of all fiber segments as
shown in Fig. 4.4. The instantaneous random unitary matrix at each
time is given by

U(ti+1) = ∆UiU(ti), (4.6)

Here, each matrix U(ti) corresponds to the ith time instance, where
i = 0, 1, 2, . . . , n− 1. The discrete time points n are uniformly separated
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by the time interval δt. The change in the unitary matrix between two
consecutive time instants, U(ti) and U(ti+1), is represented by an in-
cremental unitary matrix ∆Ui, which accounts for weak environmental
perturbations during each time interval and is given by

∆Ui = exp (jγHi) , (4.7)

where γ ≪ 1 is a dimensionless parameter that determines the strength
of the fluctuations and controls the temporal correlation between two
consecutive unitary matrices, U(ti) and U(ti+1). Smaller values of γ cor-
respond to weaker environmental fluctuations and, consequently, longer
temporal correlations. Larger values of γ result in stronger fluctua-
tions and faster temporal decorrelation. The random Hermitian matrix
Hi = H†

i is independently chosen from the Gaussian Unitary Ensemble
with expectation values ⟨Hi⟩ = 0 and ⟨H2

i ⟩ = DI, which ensures that
all states are statistically equally likely over the unitary group. Here
D denotes the dimension of the transfer matrix and I is the identity
matrix. The Hermitian property ensures that ∆Ui remains unitary,
thereby preserving the total optical power. Following the approach pre-
sented in [121], the total transfer matrix shows that temporal fluctuations
results from the cumulative effect of many independent, weak pertur-
bations. Under the assumption of strong mode mixing and statistical
isotropy, the transfer matrix of the coupled MCF can be modeled as
a random unitary matrix [122] and the real and imaginary parts of the
transfer matrix elements can be approximated by Gaussian random vari-
ables with zero mean. The real and imaginary parts of the first element,
m11 of the transfer matrix, along with their corresponding probability
density functions, are shown in Fig. 4.5(a) and (b), respectively.
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Figure 4.5: (a) Real and imaginary components of the first transfer matrix
element, m11 and (b) its probability density function.
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4.3 Probability and Correlation Functions

As discussed in paper [B], in a three coupled-core fiber the optical power
is continuously redistributed among the three cores in a random man-
ner through random mode coupling. However, the powers in individual
cores remain correlated because only a fraction of the total power is
transferred to each core. By introducing the normalized power fractions
as pi = Pi(t)/Ptot, the constraint p1 + p2 + p3 = 1 is satisfied. Since the
total optical power remains constant over time, the state of the system
is uniquely determined by the triplet (p1, p2, p3). Consequently, the nor-
malized power fractions are not independent; only two degrees of freedom
remain, with the third variable being uniquely determined by the other
two. The normalized fractional power (p1, p2, p3) can be mapped onto a
two-dimensional simplex (triangle) using barycentric coordinates [123].
This representation provides a convenient geometric way to represent the
power sharing among the three cores. It gives an intuitive visualization
of the stochastic evolution of the coupled fractional power, as described
in more detail in Paper [B].

With the concatenated fiber model described in Section 4.2, random
perturbations in coupled MCF are represented by a random unitary ma-
trix inserted between successive fiber sections to model stochastic ran-
dom mode coupling. The elements of the unitary matrix is described
by Haar distribution [124], which ensures power conservation and sta-
tistically isotropic mode mixing. Since the transfer matrix is unitary,
the squared magnitudes of the elements in each row are non-negative
random variables whose sum is unity. Consequently, these vectors are
confined to a simplex and can be naturally described by a multivariate
Dirichlet distribution [125]. Therefore, the normalized power fractions
(p1, p2, p3) follow a Dirichlet distribution. The marginal distribution of
each component of the Dirichlet distribution is a Beta distribution [126].
Consequently, the normalized optical power in each core follows a Beta
distribution, which is discussed below.

4.3.1 Symmetric Dirichlet Distribution

Consider a strongly-coupled three-core fiber in which the cores are sym-
metrically arranged at the vertices of an equilateral triangle. When op-
tical power is launched into one of the cores, strong coupling causes
the power to be continuously redistributed among all three cores during
propagation. The normalized power fractions satisfy

∑3
i=1 pi = 1 with
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pi ≥ 0, where pi denotes the fractional power in the ith core. Assum-
ing statistical symmetry among the three cores, their joint probability
density function (PDF) can be modeled using a symmetric Dirichlet dis-
tribution as [127]

f(p1, p2, p3) = C(α)pα−1
1 pα−1

2 pα−1
3 , (4.8)

where α > 0 is a free parameter and C(α) is the normalization constant
which ensures the total PDF integrates to unity. Since the total power
is constant, one of the fractional powers can always be eliminated; e.g.,
p3 = 1− p1 − p2. The joint PDF can then be expressed in terms of the
two independent variables as

f(p1, p2) = C(α)pα−1
1 pα−1

2 (1− p1 − p2)
α−1. (4.9)

To determine the probability density of the fractional power in one core,
the joint PDF is integrated over the remaining variable,

f(p1) =

∫ 1−p1

0
f(p1, p2) dp2. (4.10)

Substituting Eq. (4.9) into Eq. (4.10) gives

f(p1) = C(α)pα−1
1

∫ 1−p1

0
pα−1
2 (1− p1 − p2)

α−1 dp2. (4.11)

The integral can be simplified further using the substitution p2 = x(1−
p1), which transforms the integration limits from p2 ∈ [0, 1 − p1] to
x ∈ [0, 1]. The Equation (4.11) becomes

f(p1) = C(α)pα−1
1 (1− p1)

2α−1

∫ 1

0
xα−1(1− x)α−1dx. (4.12)

Comparing the above integral with the Beta function,

B(a, b) =

∫ 1

0
xa−1(1− x)b−1dx, (4.13)

which gives
f(p1) = C(α)B(α, α)pα−1

1 (1− p1)
2α−1. (4.14)

The normalization constant C(α) is obtained from the condition∫ 1

0
f(p1) dp1 = 1,
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which gives

C(α) =
1

B(α, α)B(α, 2α)
. (4.15)

Using the Gamma-function identity of the Beta function,

B(a, b) =
Γ(a)Γ(b)

Γ(a+ b)
, (4.16)

the normalization constant simplifies to

C(α) =
Γ(3α)

Γ(α)3
. (4.17)

Substituting Eq. (4.17) into Eq. (4.14) finally gives the marginal distri-
bution

f(p1) =
Γ(3α)

Γ(α)Γ(2α)
pα−1
1 (1− p1)

2α−1. (4.18)

Therefore, the marginal distribution of each component of a symmet-
ric three-dimensional Dirichlet distribution follows a Beta distribution.
From the symmetry of the Dirichlet distribution, the same result also
holds for p2 and p3. Consequently, each individual core power fraction
is Beta distributed, while the joint distribution of the three power frac-
tions is governed by the symmetric Dirichlet distribution. For a symmet-
ric Dirichlet distribution, the marginal distribution of each normalized
fractional power pi is characterized by a single free parameter α. The
corresponding mean and variance are given by [128]

E[pi] =
1

3
, Var(pi) =

2

9(3α+ 1)
. (4.19)

As the parameter α increases, the probability density function becomes
progressively narrower and more sharply peaked around its mean. Con-
sequently, the spread of the distribution decreases with increasing values
of α, indicating that the normalized power fractions become increas-
ingly concentrated around their mean value, as shown in Figs. 4.6(a)
and 4.6(b). The parameter α controls the spread and uniformity of the
distribution. Physically, it is related to the variance (spread) of the
normalized power fractions. To illustrate the effect of α on the power
distribution among the coupled cores, let us consider two cases with
α = 2 and α = 6. As shown in Fig. 4.6(c), the distribution is relatively
broad, with the probability density spread over a large region of the
simplex, whereas Fig. 4.6(d) shows that, as α increases, the distribution
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Figure 4.6: (a) Probability density function of the Beta distribution and (b)
the corresponding variance as a function of parameter α. (c) Examples of the
simplex representation of the Dirichlet distribution for α = 2 and (d) α = 6.

becomes increasingly concentrated and shrinks toward the center of the
simplex. The case α = 1 corresponds to a uniform distribution over the
simplex, whereas larger values of α leads to more peaked distributions
around the mean. In this sense, α governs the statistical distribution
of power among the three cores by controlling the magnitude of fluc-
tuations in the normalized power fractions. In Fig. 4.7(a), we can see
that, over the short time period (∼5 hours), the measured PDF of the
y polarization is slightly shifted relative to that of the x polarization,
whereas in Fig. 4.7(b), over the longer duration (∼50 hours), both PDFs
converge toward symmetric distributions. The asymmetric distribution
of polarization mode coupling is nontrivial in the sense that we expect
both polarization modes to couple identically in the coupled MCF, but
experimentally it was observed that the PDF of the temporal varia-
tion is an asymmetric distribution for short times of measurement. In
an ideal MCF, the two orthogonal polarization modes are expected to
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Figure 4.7: The measured probability distribution functions of the two or-
thogonal polarization modes, (x-pol and y-pol) in the 4-CCF for a short time
interval (∼ 5 hours) and (b) a longer period (∼ 50 hours).

couple identically. However, in a real MCF, perturbation-induced bire-
fringence breaks the symmetry of the fiber. As a result, over short time
intervals, the coupled-core multi-core fiber exhibits a bias toward one
polarization mode over the other. A possible explanation is that, during
the fabrication of the coupled-core multi-core fiber, residual mechanical
stresses may be introduced in a non-uniform manner across the fiber
cross-section and along its length. These stress inhomogeneities can in-
duce local birefringence variations in each core, thereby modifying the
polarization propagation constants and the coupling behavior between
the orthogonal polarization modes. As a result, the polarization-mode
coupling may no longer remain fully symmetric, which can give rise to
the observed asymmetry in the polarization-mode statistics. Another
reason is that, over a short time period, the Jones vector is not isotropi-
cally distributed over a 2N -dimensional hyper-sphere, since the state of
polarization does not have sufficient time to explore all possible polar-
ization states. As a result, one polarization component may exhibit a
biased behavior relative to the other.

The asymmetry in the probability distribution function of the polar-
ization modes can also be reflected in the total probability distribution
function of the spatial modes over short time intervals, where the param-
eter α characterizes the degree of asymmetry. A general model extending
the Dirichlet distribution to account for this behavior is still under in-
vestigation and is left for future work.
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Figure 4.8: (a) Analytical autocorrelation functions for spatial modes with
different correlation time and (b) measured autocorrelation functions for both
the spatial and polarization modes of the 3CCF.

4.3.2 Autocorrelation function

The correlation coefficient between two random variables X and Y , with
expectation values µX and µY and standard deviations σX and σY , re-
spectively, is defined as [129]

corr(X,Y ) =
E[(X − µX)(Y − µY )]

σXσY
. (4.20)

Here, E[·] denotes the expectation operator, and corr(X,Y ) represents
the correlation coefficient between X and Y . In the case of autocorrela-
tion, the two random variables correspond to two realizations of the same
stochastic process evaluated at different time instants, i.e., X = X(t) and
Y = X(t′). The autocorrelation function therefore quantifies the corre-
lation between the signal values at times t and t′, and is given by [130]

Rtt′ =
E[(X(t)− µX)(X(t′)− µX)]

σ2
X

. (4.21)

The autocorrelation function (ACF) measures the correlation of a signal
with a time-shifted version of itself. It quantifies the similarity of the
signal at two different time instants separated by a time lag. The ana-
lytical expression for the autocorrelation function of the random power
fluctuations of the spatial modes is given by [121]

Rtt′ = exp

(
−|t− t′|

τcorr

)
(4.22)
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where τcorr denotes the correlation time of the signal, defined as the time
lag at which the normalized autocorrelation decreases to 1/e of its maxi-
mum value. The equation shows that the temporal corelation caused by
perturbations between the signal at two different time decays exponen-
tially with increasing time lag |t− t′|, attains its maxima at t = t′, where
the signal is perfectly correlated with itself. Physically, the correlation
time τcorr represents the characteristic time scale over which causes the
system to decorrelate. In other words, A smaller value of τcorr indicates
rapid channel variations and faster decorrelation due to stronger or more
rapidly environmental drifts. whereas, a large value of τcorr implies a
more slow decorrelation which the system remains correlated over longer
time intervals as shown in Fig. 4.8 (a). Therefore, the correlation time
provides a quantitative measure of the temporal stability of the coupled-
core multi-core fiber and is an important parameter for characterizing
the dynamic behavior of the channel under realistic conditions.

The ACF of the spatial modes is found to decorrelate faster than
that of the polarization modes in the three coupled-core fiber, as shown
in Fig. 4.8(b). A model for the autocorrelation of the polarization modes
is still under investigation and is left for future work.
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Chapter 5

Summary and Future
Outlook

This thesis focuses on the linear and nonlinear characterization of cou-
pling dynamics in coupled-core multi-core fibers [131,132]. The interplay
between linear coupling and Kerr nonlinearity has a significant impact
on the performance of SDM systems [133], and there is a need to un-
derstand the coupling dynamics in coupled-core multi-core fibers for the
robust design of SDM transmission systems [134, 135] and SDM-based
photonic devices. The results presented in this work open many follow-
up questions and several directions for future research that need to be
addressed. We discuss some of the most relevant research gaps high-
lighted by this work.

Paper [A] investigates wavelength and polarization-dependent cou-
pling, as well as the effect of coupling strength on parametric interactions
such as wavelength conversion in weakly-coupled dual-core fibers. The
results showed that the nonlinear response depends sensitively on the
longitudinally varying coupling in a real (perturbed) coupled-MCF. The
extension of this work is therefore to study the effect of coupling on the
parametric gain spectrum. As theoretically demonstrated in [136,137] for
parametric amplification in dual-core fibers, coupling can compensate for
chromatic dispersion [138] and lead to a flat gain spectrum. Extending
the analysis of Paper [A] in this direction could provide valuable insight
into the role of random coupling on the gain characteristics of optical
parametric amplifiers (OPAs) based on coupled-core multi-core fibers.

Paper [B] investigates the statistical properties of time-varying spatial-
mode coupling in a randomly-coupled three-core fiber. In the linear
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regime, the probability distribution function of the fractional coupled
power follow a symmetric Dirichlet distribution [139, 140] characterized
by a single free parameter, α. An interesting direction for future re-
search is to investigate the impact of pump power on the parameter α
in the non-linear regime. As shown in Paper [A], at high optical power,
non-linear suppression of optical power happens in coupled-cores which
causes the optical power to remain localized within the same core. There-
fore, it would also be interesting to study the strength of the temporal
fluctuations and characterize their statistical properties in the nonlinear
regime.

Paper [C] investigates the statistical characteristics of spatial and
polarization-mode coupling in a randomly-coupled four-core fiber. The
results show that, for short-time measurements, the fiber does not ex-
hibit isotropic behavior, and the probability distribution functions of
the two orthogonal polarization modes are asymmetric. However, for
long-term measurements, the fiber tends toward isotropic behavior, and
the PDFs gradually converge to a symmetric distribution. There is a
need to develop a unified statistical model [141] that can capture the
short-term and long-term behavior of the fiber in a single model. Such a
model would provide a more complete description of the spatial and po-
larization coupling dynamics across all time scales. Furthermore, to our
knowledge, there have been limited theoretical and experimental studies
on the statistical distribution of spatial and polarization-mode coupling
in randomly coupled MCFs operating in the non-linear regime [142],
which provides an opportunity to extend the work of Paper [B] and [C].

Apart from coupled-core multi-core fibers, another promising direc-
tion is the study of coupling dynamics in hollow-core optical fibers [143],
where light propagation occurs predominantly in air rather than sil-
ica [144]. With reduced non-nonlinearities, low latency [145–147], and
distinct sensitivity to environmental perturbations, hollow-core fibers
provide a fundamentally different propagation medium compared to con-
ventional solid-core fibers. Investigating spatial and polarization cou-
pling in such structures may offer new insight into the role of bire-
fringence, perturbation-induced mode mixing, and temporal stability in
next-generation fiber-based transmission and signal-processing systems.

Finally, the concepts implemented in this thesis may also be extended
beyond coupled MCFs to integrated photonic devices. One of the main
limitations of coupled-core multi-core fibers is that the coupling strength
is determined by the core pitch and fiber geometry during fabrication,
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which gives limited flexibility for design optimization. In contrast, in-
tegrated photonic platforms offer substantially greater freedom in dis-
persion engineering, waveguide separation, coupling length, and device
geometry, which provides more control to tune coupling dynamics. This
gives an opportunity to use the concepts of coupling studied in coupled-
core multi-core fibers to integrated photonic circuits. In particular, a
promising research direction is to exploit the dynamics of non-linear
coupling to demonstrate the all-optical switching in coupled spirals on
silicon nitride platforms [148, 149]. Such devices could find important
applications in all-optical signal processing, optical communication sys-
tems, high-speed photonic interconnects for data centers and quantum
photonic computing.
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Chapter 6

Summary of Papers

Paper A

Investigation of Nonlinear Coupling and Parametric Interac-
tions in Coupled Multi-Core Fibers,
European Conference on Optical Communications (ECOC), IEEE, 2025.

In this paper, we experimentally investigated the linear and non-
linear coupling characteristics of a coupled MCF showing that the
nonlinear response of a perturbed coupled MCF is highly sensitive to
longitudinal coupling variations. At high power, most of the optical
power remains in the same core, suppressing inter-core power transfer.
The paper also studied the effect of coupling on wavelength conversion
efficiency.

Contributions: I performed the measurements and simulations,
wrote the paper with support from the co-authors, and presented the
work at ECOC 2025.

Paper B

Statistical analysis of the temporal dynamics of coupling in
strongly coupled multi-core fibers,
Optics Express, 34, 25321–25333, 2026.

The paper is devoted for the characterization of the temporal
dynamics of coupling in a strongly-coupled multi-core fiber. It shows
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that the statistical distribution of the fractional coupled power follows
a beta distribution, which is a marginal distribution of the Dirichlet
distribution.

Contributions: I performed the measurements and simulations,
wrote the paper with support from the co-authors.

Paper C

Statistical Characterization of Spatial and Polarization Mode
Coupling in Field-Deployed Coupled-core Multi-core Fibers,
European Conference on Optical Communications (ECOC), 2026.

The paper describes the time behavior of the four-core coupled-core
fiber. It shows that the fiber at short time is not isotropic and the
distribution tends to be asymmetric, whereas with sufficiently long
time, the isotropy is restored. The polarization modes are shown
to decorrelate faster than the spatial modes, which explains the two
different time scale of coupling dynamics in these types of fiber.

Contributions: I performed the measurements and simulations,
wrote the paper with support from the co-authors.

Paper D

Experimental Observation of Modal-Dispersion-Induced FWM
Efficiency Increase and Non-linearity Coefficient Characteriza-
tion in Deployed Coupled-Core Multi-Core Fibers,
European Conference on Optical Communications (ECOC), 2026.

The paper is devoted to the experimental study of effect of modal
dispersion on four-wave mixing in a field-deployed randomly coupled
multi-core fiber. It shows that the FWM efficiency is enhanced by the
presence of spatial mode dispersion. The nonlinear coefficient is also
measured experimentally, showing a four-fold reduction in the effective
nonlinearity of the randomly-coupled multi-core fiber compared with
the co-deployed standard single-mode fiber.

Contributions: I assisted the author with the experimental mea-
surements.
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