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Resumo

O crescente aumento no uso da Internet e outras tecnologias na área da
telecomunicação tem elevado significativamente o tráfego de dados em todo o mundo.
Além disso, a pandemia COVID19 é um fato recente que maximizou esse cenário devido à
transição para atividades remotas. E portanto, os sistemas de comunicações ópticos atuais,
sobretudo as redes ópticas baseadas majoritariamente em fibras monomodos (SMFs), que
estão no limite teórico de sua capacidade de transmissão, podem não ser capazes de
absorver a demanda prevista. Isso impulsiona o desenvolvimento de sistemas baseados em
multiplexação por divisão espacial (SDM), nos quais a fibra óptica de poucos modos (FMF)
tem uma importante aplicação. Além disso, o desenvolvimento de dispositivos multimodo
que podem ser implementados em aplicações de multiplexação por divisão modal (MDM)
é de suma importância para a comunidade científica. Visando recuperar informações
referentes aos diferentes modos de propagação da luz nesse tipo de dispositivos, o método
de Imageamento Espacial e Espectral (S2) foi aplicado para realizar a caracterização do
conteúdo modal da FMF em estudo. Esse método de caracterização baseia-se no princípio
de que os modos propagantes viajam com velocidades de grupo diferentes ao longo do
comprimento da fibra, logo é possível recuperá-los através do padrão de interferência gerado
devido ao atraso de propagação entre os modos. Concluída essa primeira etapa, o método
S2 também foi implementado para caracterizar o conteúdo modal na saída da fibra quando
era excitada por um acoplador integrado de três modos com o objetivo de validar a operação
do dispositivo. Esse acoplador, desenvolvido pelo Grupo de Eletromagnetismo Aplicado
e Computacional (GEMAC), foi construído em uma plataforma de silício encapsulado
(SOI). Resultados convincentes foram obtidos em ambas as abordagens experimentais.
Na literatura são listados diferentes métodos para análise de conteúdo modal. Neste
trabalho, optou-se pelo o método S2 sobretudo porque ele não impõe um conhecimento
prévio do perfil óptico modal da fibra em estudo e não exige técnicas interferométricas na
configuração experimental, simplificando a sua implementação.



Abstract

The growing increase of Internet users and others technologies related to the
telecommunication field have boosted the data traffic around the world. Moreover, the
COVID19 pandemic is a recent fact that has maximized this scenario due to the transition
to remote activities. Thus, the current optical communications systems, especially the
optical networks based mostly on single-mode fibers (SMFs), which are at its theoretical
transmission capacity limit, could not be able to absorb the forecasted demand. This
drives the development of systems based on Space-Division Multiplexing (SDM), in which
the few-mode fiber (FMF) has an important application. Furthermore, the development of
multimode devices for implementation in mode-division multiplexing (MDM) applications
plays a key role for scientific community. In order to recover different light propagation
modes information in this type of devices, we applied the Spatially and Spectrally Resolved
Imaging (S2) method to execute the modal content characterization of the FMF under test.
This characterization method is based on the principle that the propagating modes travel
with different group velocities along the fiber length, thus it is possible to recover them
from the interference pattern generated due to the differential group delay (DGD) between
the modes. After that, S2 method was also implemented to characterize the modal content
at the fiber output when is excited by a tri-modal integrated coupler in order to validate
the operation of the device. This coupler, developed by Applied and Computational
Electromagnetics Group (GEMAC), was built in a Silicon-On-Insulator (SOI) platform.
Robust results were achieved on both experimental approaches by applying the method.
In the literature are listed different methods to analyze the modal content. In this work,
the S2 method was chosen because it does not impose a prior knowledge of the optical
mode profile of the fiber under test (FUT) and do not need interferometric techniques on
the experimental setup, which simplifies its implementation.
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Chapter 1

Introduction

1.1 An overview of optical communication systems

The growing demand for data traffic around the world has driven the devel-
opment of the optical communication systems over the years. In the 1970s, the first
optical systems were built using GaAs semiconductor lasers and multimode fibers (MMFs),
operating in the spectral region near 0.8 µm [1]. After many efforts, such systems were
commercially implemented in 1980 [2]. They achieved a bit rate of 45 Mb/s with 20 dB/km
attenuation loss, leading to repeater spacing of up to 10 km, an improvement from the
existing coaxial systems that needed spacing ten times larger.

In the early 1980s, InGaAs semiconductor lasers and detectors were developed
enabling the operation in the spectral region near 1.3 µm in which the available MMFs
exhibited less attenuation losses. So that, the repeater spacing could be increased up to
25 km at a bit rate of 90 Mb/s [2] and up to few hundreds of megabits per second with
smaller repeater spacing [3]. However, the attenuation losses and dispersion in MMFs were
still the limiting factor.

The continuous improvement of the manufacturing processes allowed to over-
come the limitation caused by the dispersion with the application of single-mode fibers
(SMFs). This kind of fiber had a smaller core radius than the MMF and supported only one
propagating mode at 1.3 µm, what reduced the fiber losses to values below 1 dB/km [4, 5].
As a result, a laboratory experiment in 1981 achieved an optical signal transmission at bit
rate of 2 Gb/s over 44 km SMF link [6]. Later, in the late 1980s, when these systems were
commercially available, they operated with a repeater spacing of 50 km approximately at
bit rates of up to 1.7 Gb/s [1].

Nevertheless, the repeater spacing could not be further enhanced due to the
attenuation losses. The solution to that was to migrate to another operation region near
1.55 µm where the SMF attenuation loss is 0.2 dB/km [7]. This change was followed by
two innovations: first, the application of the dispersion-shifted fibers in some systems that
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were developed to have minimum dispersion near 1.55 µm. Second, the improvement of
the lasers that became able to operate by oscillating in a single longitudinal mode while
the previous technology operated with simultaneous oscillation of several longitudinal
modes resulting in pulse spreading [1]. With both improvements, in 1985, a laboratory
experiment demonstrated an optical signal transmission at a bit rate of 4 Gb/s over 103 km
SMF link [8]. In 1990, such systems became commercially available operating at 2.5 Gb/s.

Despite these improvements, the necessity of several electronic repeaters in the
optical link was still the biggest limiting factor to solve, because they were responsible
to increase the transmission costs. One attempt to solve this barrier was to increase the
repeater spacing by the improvement of the receiver sensitivity with homodyne and het-
erodyne detection techniques, the coherent detection for optical systems [9]. Experiments
in the 1980s demonstrated the advantages of these techniques [10], but such systems were
not commercially implemented at that time, once a revolution in the optical systems
communications happened with the advent of the fiber amplifiers and the wavelength
division multiplexing (WDM).

In 1989 [11], the erbium-doped fiber amplifier (EDFA) took an important place
in optical communications, allowing the transmission of an optical signal for long distances
with no need for optoelectronic conversions. At that time, the electronic repeater needed
to convert the input optical signal to the electronic domain, amplify it and then to convert
the eletronic amplified signal to the optical domain again, getting an amplified output
optical signal. With the advent of EDFA, all amplification process could be done in the
optical domain by using a loop of few meters erbium-doped fiber (EDF) and a laser pump,
enabling repeaterless and low cost long-haul optical transmission systems [12].

Another important achievement of the optical communication community
was the development of the WDM that has enabled to highly increase the bit rate by
exploring different spectral regions with wavelengths near 1.55 µm. Therefore, applying
both EDFA andWDM technologies allowed the optical systems to reach the intercontinental
communication. In 1996, an all optical system transmitted data at a bit rate of 5.3 Gb/s
over 11 300 km of submarine cables applying 192 concatenated EDFAs spaced in 60 km [13].
Currently, there is an undersea international optical network optical interconnecting all
continents and transmitting data over thousands of kilometers of optical fibers [14].

In order to increase the optical systems transmission capacity, the researchers
have been studying mechanisms to obtain more communication channels. They con-
sisted in extending the conventional WDM wavelength spectrum, known as the C-band
(1.53 µm-1.57 µm), on both long and short wavelength sides creating the L and S bands.
Another improvement was to decrease the channel spacing aiming to increase the operating
bandwidth spectral efficiency, defining the so-called dense wavelength division multiplexing
(DWDM). Moreover, Raman amplification schemes were getting attention due to their
potential contribution [15]. Hence, by combining both Raman amplification and DWDM
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techniques, it was demonstrated a bit rate of 10.92 Tb/s over 117 km optical fiber using
273 WDM channels, with channels spaced in 50 GHz into the L-band [16]. In the same
year, another experiment got 3 Tb/s over 7380 km using 300 channels spaced in 25 GHz
covering the C and L bands [17].

Coherent detection techniques, which were left aside with the rise of EDFAs
in 1980s, have been playing a key role to upgrade the spectral efficiency of the WDM
systems until today. Combining digital signal processing (DSP) algorithms and advanced
modulation formats [18], it became to be called digital coherent detection [19], in which not
only the amplitude of the electric field can be modulated, but also phase and polarization.
These systems have achieved higher bit rates of 64 Tb/s [20] for example, toward the
theoretical Shannon limit of spectral efficiency [21] which it is not possible to surpass using
technologies based only on SMFs.

Additionally, the massive increase in internet users, networked devices, data
center interconnect (DCI) applications and the rise of 5G technology combined with the
advances in optical wireless communication (OWC), that should boost the Internet of
Things (IoT) applications, such as smart wearables, smart homes, internet reality tools,
driverless car, etc [22], may lead a capacity crunch scenario of the ongoing optical transport
network [23,24].

As a example, the Cisco Annual Internet Report [25] projects the internet
will have 5.3 billion users, corresponding to 66% of global population by 2023. And the
number connected devices will be 29.3 billion, corresponding to 3.6 networked devices
per capita by 2023, against 2.4 networked devices per capita in 2018. In order to meet
the forecasted bandwidth demand, the Space-Division Multiplexing (SDM) is the last
remaining dimension in fiber communication system capable of overcoming the capacity
limit of the current optical networks [26]. A SDM system makes use of multiple spacial
channels exploring other available degrees of freedom when multi-core fibers (MCFs) and
few-mode fibers (FMFs) are employed so a single fiber capacity could be increased by
folds [27].

The first idea of using SDM dates back to 1979, when researchers made a single
fiber with multiple cores, known as MCF [28]. The alternative approach, in which different
optical modes define spatial channels within a MMF, dates back to 1982 [29]. However,
only in recent years SDM have received serious attention to be the most promising approach
to further increase fiber data transmission capacity beyond the single-mode limit [21] by
tapping into the spatial diversity of MCFs and FMFs to multiply the transmission capacity
of the optical systems [30,31].

As a result, the FMFs, the focus of study of this work, open a possibility for
SDM systems implementation, among the ones listed in this chapter. FMF is an optical
device able to carry information exploring different transverse modes for light propagation,
thus it plays a central role in application of the mode-division multiplexing (MDM) [32]. In
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contrast to a conventional MMF, capable of guiding tens to hundreds of modes, a FMF has
a particular geometry to provide control of propagating modes so that only a few higher-
order modes (HOMs) are guided as well the fundamental mode. In general, the refractive
index contrast of those fibers is small so the weakly guiding approximation is satisfied
and the supported modes are referred as linearly polarized (LP) modes [33]. Overall, its
core area is larger than SMF and the refractive index distribution has a parabolic profile,
like a graded-index fiber. Its intermodal crosstalk is limited, since only a few modes are
propagating, enabling multiple-input multiple-output (MIMO) decoding [34].

In the last ten years, many reports have demonstrated transmission systems
based on MDM through FMFs links [35–40], with each mode being used as an independent
data channel and MIMO techniques applied to reverse the modes overlapping issue. To
highlight some of them, in 2012, three spatial modes over two different polarization were
used as a channel to transmit simultaneously 240 Gb/s over 96 km of FMF [35]. The
evolution of this technology was fast enough so that only five years later another experiment
demonstrated the transmission of 138 Tb/s over 650 km of FMF using six spatial modes
over two polarizations [36]. In 2020, a weakly-coupled MDM system employed ten spatial
modes with dual polarization, totaling twenty modes used as data channels [40].

Another technology belonging optical systems is the Silicon Photonics (SiPh).
Its potential was recognized still in 1980s, when researches reported the optical guiding
on a single crystal silicon [41] as well as the tight optical confinement obtained when
crystalline silicon (Si) is surrounded by lower index claddings, such as silicon dioxide (SiO2)
giving rise to the Silicon-On-Insulator (SOI) wafer [42,43]. That is a useful structure to
build photonic integrated circuits (PICs) for operation at telecommunication wavelengths.

Moreover, one of SiPh main advantages is its compatibility with complementary
metal-oxide semiconductor (CMOS) technology fabrication process, resulting in high-
volume production at low cost. Furthermore, integrated optics could achieve high data
densities and transmission over longer distances with lower power consumption [44]. As
a result, the suitable integration with microelectronics as well as the cost and power
efficiencies provided by SiPh, makes it a key solution of miniaturizing optical devices for
the next generation of the optical communication systems [45].

Following the development of transmission over optical fibers, the PICs, capable
of operating MDM systems have been widely investigated, such as multimode waveguides
and low inter-modal crosstalk bends [46, 47], junctions [48], directional couplers and
microring resonators [49], efficient grating couplers [50,51], (de)multiplexers [52–54], etc.
Recently, an article has integrated WDM, MDM and SiPh technologies to demonstrate
a 4.36 Tb/s transmission link over a FMF [55]. In this experiment, a PIC built in a SOI
platform was used to excite different transverse modes and couple them into the FMF to
be used as independent data channels.
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1.2 Mode characterization

A key step towards the development of more complex and efficient multimode
devices is the characterization technique employed in order to understand the behavior of
propagating modes. Hence, distinct methods for modal content characterization have been
explored in the literature. Among them, one technique consists in evaluating the laser
by its beam quality factor, M2 [56], with highest values assumed to be a few higher or
equal to one. In that case, the beam is considerable stable and equivalent to single-mode
propagation condition.

However, as the output power of fiber lasers increases, nonlinear processes
become a limiting factor and, consequently, a large-mode-area (LMA) fiber, can be used
to mitigate this problem [57, 58]. On the other hand, the higher effective area allows
the propagation of HOMs, degrading the output beam quality and the evaluation of M2

parameter should be done in the presence of several modes [59].
This analysis is not always efficient because, in some situations, even though

the measured M2 values are low and close to one, meaning single-mode operation and
thus a good beam quality, there is a large amount of power distributed in HOMs [60].
This results in modal interference which causes beam fluctuations so the output beam is
actually degraded. Therefore, M2 parameter evaluation is good mainly for single mode
operation. Furthermore, this technique does not provide information about the phases of
the excited modes.

In order to improve the characterization of optical fibers and assess its applica-
bility at MDM systems, Shapira et al. [61] have demonstrated the first complete modal
decomposition method based on a phase retrieval algorithm. This technique enables the
acquisition of the propagating modes characteristics, both intensity and phase. However,
it requires a prior knowledge of the field distribution of the fiber under test (FUT) optical
modes.

To overcome this limitation, some methods apply the Fourier optics as a tool for
modal decomposition. Some of them are based on optical correlation analysis [62, 63] and
apply holographic optical elements (HOEs) to measure the intermodal weights and phases
of the supported modes by a MMF. Other techniques apply optical reflectometry [64,65] to
measure the differential mode delay and the power coupling between the modes. However,
these techniques are not able to retrieve profile information data from each mode.

The scientific community’s efforts to develop methods capable to perform a
complete modal discrimination of waveguides, optical fibers in particular, including field
profile information of each mode, from a direct experimental measurement of modal content
without needing previous knowledge of its eigenmodes led to new measurement techniques.
These techniques are based on the principle that non-degenerate fiber modes travel at
different group velocity along the fiber length.
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A well-known method that relies on this principle is the Cross-correlated
Imaging (C2) [66]. It works using an optical low-coherence interferometry and its analysis
is performed from the interference between an external reference arm beam and the
fiber output that contains the information about the modes excited in the FUT. After,
modal profiles, group delays, dispersion and their relative weights can be obtained for all
supported modes. Nevertheless, alike all methods listed so far, it requires interferometric
techniques on its experimental setup.

Multi-Path Interference (MPI) is a well-known phenomenon caused by the
beating between the signals and their weak replicas that strongly degrade the performance
of the optical communications systems [67]. In FMFs, as a consequence of fiber modes
travelling at different group velocities, the coherent MPI is caused by the beating of signals
as a result of the group delays of the modes and can lead to a slow time-scale power
fluctuations [68]. In order to measure and extract information from these oscillations,
Nicholson et al. [68, 69] have proposed the Spatially and Spectrally Resolved Imaging (S2),
a method for modal content characterization in LMA fibers.

The S2 allows to identify the excited modes in the fiber and determine their
optical power and relative phases by a direct measurement of the spectral interference
pattern generated by the spatial beating between the propagating modes. The S2 is
interferometrically based on the fundamental mode propagating through the FUT at the
probe arm, so an external reference arm is not necessary.

In addition to characterize different types and MPI levels of the modes, the
method could also measure beam instabilities caused by fluctuating phases between the
modes. As a drawback, it was only applied to LMA fibers because the large core makes
it feasible to move a SMF probe in both perpendicular axes to the beam propagation
direction coming from the FUT. This process aims to make a two-dimensional scanning at
every position, x and y, of the output surface of the LMA fiber.

The scanning is time consuming what hinders the excitation and measurement
of HOMs because they are sensitive to disturbances in the experiment. With the goal of
speeding up this process, Nguyen et al. [70] have proposed a change to the conventional
S2 method that consists in replacing the two-dimensional spatial scanning by the one-
dimensional wavelength scanning. As a result, the experiment becomes much faster, it
is not limited to LMAs fibers and there is no moving part at the FUT output, thus the
optical alignment is straightforward.

Furthermore, the conventional S2 method does not take in consideration the
spectral interferences generated by the spatial beating between two HOMs. It assumes
the power of these modes are low, so the beating contribution can be neglected. However,
this is not always valid because the beating between HOMs can occur, and its relative
power can be considerable in comparison of a beating between the fundamental mode
and one HOM. Therefore, all contributions should be counted [70], and the mathematical
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description that considers all terms will be presented in chapter 2.
Applying the aforementioned improvements to the S2 method, a hollow-core

photonic crystal fiber (HC-PCF) was characterized by Lamilla Rubio [71]. In order to also
recover the highly-dispersive surface modes supported by the FUT, an external free-space
arm with the fundamental mode was added to the experimental setup. This was needed
because the highly-dispersive modes only interacted with the fundamental mode in a region
in the middle of the transmission spectrum where the fundamental mode was strongly
attenuated. Since the fundamental mode was not dominant, the characterization results via
S2 method was not precise and the addition of the reference arm aforementioned was the
solution found. As a result, this modification has enabled a more complete characterization
of the fiber analyzed [72].

In this work, the S2 method is applied with one-dimensional scanning of the
wavelength. The FUT is a FMF developed by Corning Incorporated. Unlike the HC-PCF
that supports surface modes, the FMF only supports weakly-guiding modes. Therefore, a
complete discrimination of modal content is demonstrated with no need for an external
reference arm. All transverse modes supported by the FMF under test are recovered. The
group delay value and modal profile including intensity distribution and relative phase
of each mode are presented. To better interpret and validate the achieved results, an
approximate geometry of the fiber is simulated using Finite Element Method (FEM) to
calculate its propagating content.

Furthermore, after developing the know-how for modal content characterization
in optical fibers, the method is employed to characterize an integrated multimode coupler
for FMFs that was developed by Applied and Computational Electromagnetics Group
(GEMAC). In the literature, this is the first application of S2 method for modal content
discrimination of integrated couplers, which could pave the way for the development of
more complex integrated multimode devices that are useful for MDM applications and
thus require a more precise characterization.

1.3 Objectives

In the interest of clarifying the central idea of this work, our objectives are to:

• explain the principle of operation by a theoretical and mathematical discussion of
the S2 method as well as the particularities of its experimental implementation;

• perform the modal content characterization of the FMF under test by applying the
studied method;

• validate the experimental results by executing the mode analysis of the FUT;
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• perform the characterization of the fiber when excited by a silicon integrated tri-
modal coupler, demonstrating the decomposition of its modal content and validating
its operation.

1.4 Work organization

This document is organized in five chapters. The Chapter 1 is the Introduction,
where an overview of the optical systems is presented, since the first multimode system
operating in the wavelength region near 0.8 µm, covering the advent of WDM and EDFA,
until the most advanced systems that employ different techniques to achieve high bit
rates and the ones employing the SiPh technology. Chapter 2 presents the explanation
about the S2 method principle of operation of according to the improvement mentioned in
section 1.2 and the implementation of the experimental setup. The achieved results from
the FMF under test characterization, as well as its validation are presented and discussed
in Chapter 3. Chapter 4 demonstrates the implementation of S2 method to recover the
modal content of the FMF under test when excited by a silicon integrated tri-modal
coupler in order to validate the proper operation of the device. Finally, in Chapter 5, there
are the final considerations and future perspectives for this work.
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Chapter 2

Spatially and Spectrally Resolved
Imaging Method

As mentioned in section 1.2, the S2 method is one that relies on the principle that
the fiber modes propagate at different group velocities, what creates spectral interferences
due to the group delay between the fundamental mode, the fastest mode, and the HOMs,
that travel at slower velocities. Thus, the measurements of differential group delay (DGD)
reveal the modal content. In addition to measure relative optical power of transverse
modes, similar to methods previously cited [64,65], this technique also allows the extraction
of the modal profiles, intensity and relative phase, of each mode.

The description of S2 method proposed by Nicholson et al. [68] only considers
the interference between the fundamental mode and HOMs, because it assumes the power
of HOMs is too low compared to the power of fundamental mode, and the interference
between two HOMs could be then neglected. This simplification is valid for several cases,
but it is not the most generalized approach. So, as an improvement, Nguyen et al. [70]
demonstrated theoretically that the interference between HOMs always appear in the S2

technique when the FUT supports two or more HOMs. Therefore, the algorithm used to
perform the technique calculation should consider all those kinds of interferences.

The presence of different transverse modes into a optical fiber generates spectral
interferences due to the propagation delay between the HOMs and the fundamental mode.
The S2 imaging technique executes the measurement of these interferences observed in
the near-field images captured at the output of the FUT, and then the processing of the
spectrally and spatially solved interference images.

The images contains information of the beam shape captured at the output
of the FUT for different wavelength values. One then can measure the optical spectrum
at a single pixel of the set of images as presented in fig. 2.1a. It is possible to see an
interference pattern due to the presence of modes, which are more clearly observed in
the Fourier transform of the spectrum, fig. 2.1b, where the spectral interferences lead to
different mode beats at different time delays, represented by the peaks on the curve. The
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peaks are the beating mode of many modes supported by the fiber.

Figure 2.1: (a) Optical spectrum measured at a single pixel and its Fourier transform in
(b), where the peaks occur as a result of beating between the modes.

2.1 Theoretical discussion

This section presents the mathematical basis of the algorithm to perform the
S2 method, according Nguyen et al. [70]. Additionally, an explanation about the principle
of operation of the S2 method will be also presented. First consider that the output of
a light source is launched into the optical fiber input and the electric field at the fiber
output, Eout(x, y, ω), is given as the superposition of the propagating modes through the
waveguide.

Eout(x, y, ω) =
n∑
j=0

Ej(x, y, ω). (2.1)

The quantity Ej(x, y, ω) represents the electric field of different propagating modes for a
fiber that supports n+ 1 modes. The amplitude of the fundamental mode is represented
by E0(x, y, ω), that will be used as reference due to its power level, field distribution
profile and propagation on the fast axis of the fiber. The amplitude of each mode can be
related to the amplitude of fundamental mode by a constant alpha, α(x, y), that is weakly
dependent on λ considering a small wavelength window.

Ej(x, y, ω) = αj(x, y)E0(x, y, ω)eiωτj . (2.2)

Where τj is the period of the beat frequency between the corresponding HOM and the
fundamental mode. Since the fundamental mode is the reference, τ0 = 0 and thus
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α0(x, y) = 1. Now, taking the squared modulus of the output electric field:

|Eout(x, y, ω)|2 = |E0(x, y, ω)|2
∣∣∣∣∣∣
n∑
j=0

αj(x, y)eiωτj

∣∣∣∣∣∣
2

= |E0(x, y, ω)|2
 n∑
j=0

n∑
k=0

αj(x, y)α∗k(x, y)eiω(τj−τk)

 . (2.3)

The terms in the double summation can be separated into:

1. For j = 0, k = 0⇒ α0.α
∗
0.e

iω(τ0−τ0) = |α0|2 e0 = 1;

2. For j = 0, k 6= 0⇒ ∑n
k=1 α0α

∗
ke
iω(τ0−τk) = ∑n

k=1 α0α
∗
ke
−iωτk ;

3. For j 6= 0, k = 0⇒ ∑n
j=1 αjα

∗
0e
iω(τj−τ0) = ∑n

j=1 αjα
∗
0e
iωτj ;

4. For j 6= 0, k 6= 0and j = k ⇒ ∑n
j=1

∑n
k=j αjα

∗
je
iω(τj−τj) = ∑n

j=1 |αj|
2 ;

5. For j 6= 0, k 6= 0and j 6= k ⇒ ∑n−1
j=1

∑n
k=j+1

[
αjα

∗
ke
iω(τj−τk) + αkα

∗
je
iω(τk−τj)

]
=∑n−1

j=1
∑n
k=j+1 2R{αjα∗keiω(τj−τk)}.

Note the terms in 3 are the complex conjugate of those in 2. Substituting
all terms in (2.3) and considering the optical intensity, Iout(x, y, ω), is proportional to
|Eout(x, y, ω)|2, it follows that:

Iout(x, y, ω) = I0(x, y, ω)
1 +

n∑
j=1
|αj|2 +

n∑
j=1

2R{αjeiωτj}+
n−1∑
j=1

n∑
k=j+1

2R{αjα∗keiω(τj−τk)}


= I0(x, y, ω)

1 +
n∑
j=1
|αj|2 +

n∑
j=1

2 |αj(x, y)| cos(ωτj + θj)+

n−1∑
j=1

n∑
k=j+1

2 |αj(x, y)| |αk(x, y)| cos(ωτj + θj − ωτk − θk)
 .

(2.4)

Where I0(x, y, ω) is the optical intensity distribution of the fundamental mode.
The first and the second terms inside the brackets represent the sum of optical intensities
of all propagating modes. In the third term, τj is the period of the beat frequency between
the fundamental mode and HOMs and thus this term represents the sum of spectral
interference patterns due to the DGD between j-th HOMs and the fundamental mode.

Finally, the last term represents the sum of spectral interference patterns caused
by the DGD between two HOMs, one represented by j and the other by k, so τk is similar to
τj and it is used to refer to the other HOM. The parameters θj and θk in cosine arguments
represent the relative phases of the correspondings HOMs with respect to the fundamental
mode.
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The Inverse Fourier Transform (IFT) of the optical intensity is calculated by:

Ĩout(x, y, τ) = F−1{Iout(x, y, ω)} = 1
2π

∫ ∞
−∞

Iout(x, y, ω)eiωτdω

= 1
2π


∫ ∞
−∞

I0(x, y, ω)eiωτdω +
∫ ∞
−∞

n∑
j=1
|αj|2 I0(x, y, ω)eiωτdω

+
∫ ∞
−∞

n∑
j=1
|αj| I0(x, y, ω)

[
ei(θj+ωτj) + e−i(θj+ωτj)

]
eiωτdω (2.5)

+
∫ ∞
−∞

n−1∑
j=1

n∑
k=j+1

|αj| |αk| I0(x, y, ω)
[
ei(θj−θk+ωτj−ωτk)

+ e−i(θj−θk+ωτj−ωτk)
]
eiωτdω

.
Therefore,

Ĩout(x, y, τ) = Ĩ0(x, y, τ)
1 +

n∑
j=1
|αj(x, y)|2

+
n∑
j=1

αj(x, y)Ĩ0(x, y, τ + τj)

+
n∑
j=1

α∗j (x, y)Ĩ0(x, y, τ − τj) +
n−1∑
j=1

n∑
k=j+1

αj(x, y)α∗k(x, y)Ĩ0(x, y, τ + τj − τk)

+
n−1∑
j=1

n∑
k=j+1

α∗j (x, y)αk(x, y)Ĩ0(x, y, τ − (τj − τk)), (2.6)

in which Ĩ0(x, y, τ) represents the IFT of the optical intensity of the fundamental mode.
From (2.6), it is possible to find the time domain spectral intensity at different

values of τ and therefore to establish a relation between the amplitudes of the fundamental
mode and the propagating HOMs. The amplitude ratio, defined as fj(x, y), is generated
by the interference between the corresponding HOM and the fundamental mode, and it
can be calculated as the time domain spectral intensity at the DGD of interest divided by
the time domain spectral intensity at group delay zero, as follow.

fj(x, y) = Ĩout(x, y, τ = τj)
Ĩout(x, y, τ = 0)

=
α∗j (x, y)

1 +∑n
j=1 |αj(x, y)|2

(2.7)

Similarly, it is possible to define the amplitude ratio, fjk(x, y), due to the interferences
between HOMs at the time delay |τj − τk|, and it can be calculated as:

fjk(x, y) = Ĩout(x, y, τ = τj − τk)
Ĩout(x, y, τ = 0)

=
α∗j (x, y)αk(x, y)

1 +∑n
j=1 |αj(x, y)|2

(2.8)

The spectral interferences between propagating modes lead to peaks in the
Fourier transform of the optical spectrum as previously shown in fig. 2.1. The peaks
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generated as a result of the beating between j-th HOMs and the fundamental mode have
the modal content of the optical modes that are propagating in the fiber. The peaks
generated by the beating between two HOMs can be named as spurious peaks. The
appearance of these last peaks in Fourier transform of the optical spectrum is not desirable,
but since can appear it is necessary to understand that the recovered information represent
a beating between two HOMs propagating in the FUT. In Chapter 3, we will observe this
kind of peak in the experimental results.

Following the mathematical development, from (2.7) it is possible to find an
equation to calculate the value α that relates the amplitudes of the HOMs and the
fundamental mode. The value α for each HOM will be used to recover its modal profile.
The equation for αj(x, y) is:

α∗j (x, y) = fj(x, y)
1 +

n∑
j=1
|αj(x, y)|2

 (2.9)

To isolate αj, we take the squared modulus and apply the summation, such as:

n∑
j=1
|αj|2 =

n∑
j=1
|fj|2

∣∣∣∣∣1 +
n∑
i=1
|αi|2

∣∣∣∣∣
2

If x = 1 +∑n
i=1 |αi|

2, it implies that:

x− 1 =
n∑
j=1
|fj|2 x2

n∑
j=1
|fj|2 x2 − x+ 1 = 0

x =
1±

√
1− 4∑n

j=1 |fj|
2

2∑n
j=1 |fj|

2 (2.10)

Combining (2.9) and (2.10):

α∗j (x, y) = fj(x, y)
1±

√
1− 4∑n

j=1 |fj(x, y)|2

2∑n
j=1 |fj(x, y)|2

 (2.11)

Finally, it is possible to evaluate both the optical intensity of the fundamental mode,
Ĩ0(x, y), and the optical intensity of the HOM at the DGD of interest, Ĩj(x, y, τj), as
follows [68]:

Ĩ0(x, y) = Ĩout(x, y, τ = 0)
 1

1 +∑n
j=1 |αj(x, y)|2

 (2.12)
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Ĩj(x, y, τj) = Ĩout(x, y, τ = 0)
 |αj(x, y)|2

1 +∑n
j=1 |αj(x, y)|2

 (2.13)

2.2 Experimental implementation

In this work, the experimental setup follows the approach proposed by Nguyen
et al. [70], in which a tunable laser source (TLS) and an InGaAs camera are used to
perform an one-dimensional scanning of the wavelength. The other approach employs a
broadband source, instead of the TLS, a 2-axis scanning stage and an optical spectrum
analyzer (OSA), instead of the camera, to perform a two-dimensional scanning at every
position of the output surface of the fiber [68, 71]. The first implementation has the
advantages of accelerating the measurement process, it is not limited to a specific type of
optical fiber and the optical alignment at the FUT output is straightforward. Figure 2.2
shows the scheme of the experimental setup to execute the modal characterization of the
FMF under analysis developed by Corning.

Figure 2.2: Scheme of the experimental setup.

The TLS is set to perform a continuous sweep inside a pre-defined wavelength
window at a speed of 0.5 nm/s, which results in a wavelength step of about 10 pm. The
coming light from the source passes through a beam expander (BE) and the resulting colli-
mated beam is filtered by the λ/4 and λ/2 waveplates, where the appropriate polarization
is reached to ensure that only one state of polarization (SoP) of the fundamental mode is
excited in the FMF.

The beam then passes through a 10× objective lens, with 5.5 mm working
distance, to be focused into the FMF input, that is positioned on a 3-axis optical alignment
stage. The fiber output beam is magnified by a 20× objective lens, with 20 mm working
distance, connected to a 12× microscope tube. The magnified beam passes through a
linear polarizer (P) to filter rotated versions of the output electric field, that can occur as
a result of fiber birefringence. Finally, the near-field images are captured by the InGaAs
camera and the information is recorded by the computer.
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2.2.1 Data acquisition and post-processing steps

The data acquisition process is performed by means of an one-dimensional
scanning of the laser source wavelength. While the wavelength of the TLS is swept across
a pre-defined window, the incoming light beam from the FMF is captured by the camera.
One image is recorded for each wavelength set by the TLS. The recorded data are then
post-processed to calculate the IFT curve and recover the modal profiles and relative
phases according to section 2.1.

The data acquisition and post-processing steps are illustrated by fig. 2.3. The
images are captured by the camera and recorded as two-dimensional pixels matrices,
where x and y axes are the columns and rows of each matrix. The beam profiles are
not symmetric: the complex shape is due to the interference between different modes
supported by the fiber. While the laser source wavelength is scanned, the captured images
are recorded for each wavelength, thus composing the third axis of the matrix data that
will be post-processed.

Figure 2.3: Representation of the three-dimensional matrix data obtained during measure-
ment used to perform the IFT computation process for S2.

Since the scanning continuous, the wavelength values for each captured image
are not necessarily equally spaced. The scan could be done with equally spaced wavelengths,
but this would take much longer time, which is adverse to the measurement process, because
since excitation of HOMs is very sensitive to any disturbance, the longer it takes, the
worse the measurement becomes. In order to overcome this issue is used the continuous
sweep, that is faster. Then, the wavelength values are interpolated in order to obtain an
uniform grid in this third axis of the matrix data. After it, the post-processing algorithm
performs the IFT calculation. The transformation is calculated at each given coordinate
pixel, denoted as (xp, yp) in fig. 2.3, for all images along the interpolated frequency axis.

After performing the IFT calculation, the three-dimensional matrix of interest,
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Ĩout(x, y, τ), is obtained. It contains information about optical intensity for all propagating
modes in the time domain. From that, it is possible to determine the IFT of the spectral
intensity for different values of group delay τ and establish the amplitude ratio, f(x, y), to
calculate the constant alpha, α(x, y), for each group delay value where occurs a spectral
interference between the propagating modes, also called as beating tone. The beating
tones are recognized as peaks in the IFT curve. This curve is calculated from the three-
dimensional matrix of interest, as the average of absolute values of all pixels from each
image.

Pavg(τ) =
∫∫ ∣∣∣Ĩout(x, y, τ)

∣∣∣ dxdy (2.14)

Thus, the plot of Pavg versus τ , illustrated in fig. 2.4, allows to identify peaks
that represent the beatings between different fiber modes. The mode recovery should be
executed for the DGD corresponding to each peak to recover the modal content. In fig. 2.4
only one HOM is represented. More peaks would appear if two or more HOMs are excited
in the experiment, some of them can be a beating between the fundamental mode and one
HOM as well as it can be a beating between two HOMs.

Figure 2.4: The typical IFT curve of the optical spectrum. In general, the average optical
power (y-axis) is normalized in dB and the DGD (x-axis) is normalized in ps/m.

After the identification of the peaks in the IFT curve, the algorithm executes
the mode recovery according to the equations shown in section 2.1, so that the electric field
is calculated from the optical intensity and α at the DGD of interest. Finally, it possible
to obtain the mode profile, intensities and relative phases of the propagating modes.

In fig. 2.5, the tasks executed are presented in a steps diagram for the S2

method implementation. The data acquisition step is the measurement process. All the
next tasks are part of the post-processing and they are executed by the S2 algorithm. The
one-dimensional and three-dimensional matrices resulted at the end of each task are also
shown in the diagram.

The experimental data is organized in the Iout(x, y, λ) matrix after the mea-
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Figure 2.5: Diagram of the steps executed for the S2 method implementation.

surement process ends. It contains information about the spatial beating pattern captured
by the camera. Therefore, the interpolation of the data is performed to obtain a frequency
uniform grid, thus resulting in the Iout(x, y, ω) matrix. The IFT is then calculated to
obtain the matrix of interest, Ĩout(x, y, τ), which contains information about the optical
intensities in the time domain.

After then, the average of absolute values of all pixels from each image is
calculated to produce the Pavg(τ) function, and the IFT curve is plotted. After the
identification of peaks on the curve, the output electric field is calculated for the DGD
values (τ) corresponding to identified peaks, thus resulting in the Eout(x, y, τ) matrix. The
squared modulus and the phase of Eout(x, y, τ) are, respectively, the optical intensity and
the relative phase of the modes in comparison of the reference, the fundamental mode.

2.2.2 Experimental limitations

S2 method is an advantageous and powerful tool because it performs modal
content characterization by a direct measurement of the spectral interference pattern
generated due to the beating between the propagating modes with no assumption about
the FUT and no necessity of previous knowledge of its eigenmodes. On the other hand,
this method has some limitations that will be explained in this section.

The first limitation is due to the computational memory consumption. The
experimental data contains about 2000 images of 512 × 640 pixels each, for a typical
measurement with wavelength window of 40 nm in steps of about 10 pm. Thus resulting
in a large three-dimensional matrix that even gets bigger when the wavelength window is
increased to improve the temporal resolution after the IFT calculation. For our computer,
this wavelength window could be at most 80 nm.

Another limitation is related to the signal sampling frequency that arises from
the fact that the frequency domain experimental measurements are reconstructed in the
time domain by applying the IFT. Since the experimental signal is band-limited according
to the wavelength window set on the laser source, reconstruction of this signal will be
exact if the Nyquist criteria is attended.

Since the DGD of the propagating modes is directly proportional to the fiber
length, the beating frequency, in which a spectral interference occurs between the prop-



32

agating modes, will be determined by the signal bandwidth, the source sweep step and
the fiber length too. Keeping both laser parameters fixed, the peaks in the IFT curve,
called beating tones, will be resolved by the fiber length chosen according the Nyquist
limit. Thus, it necessary to choose the proper fiber length for a signal reconstruction with
no loss of information.

Figure 2.6 shows two possible situations for different fiber lengths while the
signal bandwidth and the source sweep steep remains fixed, a wavelength step of about
10 pm which gives a frequency step of about 1 GHz. It was observed that for about 2 m of
the FMF under analysis, the sampling rate of the signal was enough to satisfy the sampling
theorem, with a beating frequency (∆v = 1/τmax) of about 2.6 GHz, thus resulting in a
well-defined peak in the IFT curve, as shown in fig. 2.6a, after the transform calculation.

Figure 2.6: Influence of the FUT length as respect of sampling rate. (a) Representation
of an ideal experimental condition. (b) Aliasing effect resulting from an inappropriate
experimental condition.

On the other hand, for long fiber samples, around hundreds of meters, the
sampling rate was not enough to satisfy the sampling theorem because the points per cycle
were insufficient to reconstruct the optical signal, thus generating aliasing. Therefore, the
peak in the IFT curve was not located at the correct position τ , but at the wrong position
τ
′ on the time window, as shown in fig. 2.6b.

Another limitation is related to the temporal resolution, that relies on how
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accurate the DGD value of a specific peak on the IFT curve is. The resolution in the time
window can be a problem when the fiber length is short, a few centimeters, or when two
propagating modes have DGD values very close to each other. For short fibers, the peak on
the IFT curve can be wide and poorly defined, thus making it impossible to determine the
group delay precisely. This can be managed by increasing the wavelength window set on
the laser if there is computational memory available and α(x, y) remains λ-independent.

The temporal resolution can also be an obstacle even if the fiber length is
suitable. Because two propagating modes in this fiber with group delay values close to
each other can appear as a single peak on the IFT curve, being interpreted as a single
mode. This is illustrated in fig. 2.7. The frequency window shows two signals of almost
equal frequencies. When executing IFT calculation, these signals will generate two defined
peaks at τ1 and τ2 values in time window if the temporal resolution is sufficient. However,
if the temporal resolution is insufficient, it will not be possible to distinguish the signals,
thus generating an only peak at τ ′ value.

Figure 2.7: Temporal resolution in S2 method. (a) Representation of two similar frequency
signals. (b) Time window obtained after the IFT calculation, in (i) the temporal resolution
is sufficient to distinguish two peaks but in (ii) does not.

The solution for this problem is to increase the signal bandwidth, by increasing
the pre-defined window set on the laser, since the larger the wavelength window, the
better the temporal resolution after the IFT calculation. However, in addition to the
larger required memory, explained before, a large wavelength window will extend the
measurement duration, increasing the experiment susceptibility to instabilities and external
disturbances that affect the measured data.

Another possible route to improve the temporal resolution is to use a longer
fiber, but it is necessary to be careful because the aliasing can be generated if the fiber
is too long. Therefore, in order to achieve proper experimental conditions, given the
limitations of the S2 method, it is necessary to establish a correlation and dependance
between the signal bandwidth, the measurement duration and the fiber sample length.

For characterization of the FMF studied in this work, two samples of about 0.9
and 1.66 m were used. The laser source was set to execute the wavelength scanning inside
a window of 40 nm, that generates a temporal resolution enough to determine the correct
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positions of the peaks and recover all propagating modes. Some experimental measures
with larger wavelength windows of 60 nm to 80 nm (maximum computational limit of our
machine) were done to obtain an even better temporal resolution. Nonetheless, as the
measurements has took longer than expected, instabilities have affected the experiment
negatively, thus making it impossible to recover all propagating modes specially the
highly-dispersive LP02 mode.
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Chapter 3

Few-mode fiber characterization via
S2 method

This chapter presents the results obtained from the characterization of the FMF
under analysis via S2 imaging method. We will present the experimental setup implemented,
the best results achieved and an important discussion topic that it is associated to the
laser source. The TLS has an intrinsic modulation of power with respect to wavelength
that leads to a peak in the IFT curve. Furthermore, we present a mode analysis simulation
of an approximate geometry of the FUT. The simulation is performed using FEM and it
is an useful tool to better understand and interpret the experimental results.

3.1 Experimental setup and results

The experimental setup for S2 method application was assembled in Optical
Communications Laboratory (LCO) at the Photonics Research Center (Photonicamp) at
UNICAMP, according to the description presented in section 2.2. Figure 3.1 illustrates
the experimental S2 setup implemented as well as the equipments and optical components
used. The TLS is a Laser model Keysight from Agilent Technologies model 8164B. It has
a linewidth of 10 kHz and it is set to perform a wavelength scan inside a pre-defined range
from 1500 nm to 1540 nm.

The light beam from the TLS is guided by a SMF to a beam expander. The
expanded and collimated beam passes through two beam attenuators that adjust the
optical power to avoid the camera saturation. Then, the beam passes through the quarter
and half-wave plates and it is focused into the FMF input by a 10× objective lens. The
FUT sample length is 1.66 m. The fiber output beam is magnified by a 20× objective lens
connected to a 12× microscope tube and passes through a linear polarizer. Finally, the
beam profiles are captured by the camera. The InGaAs camera is a charge-coupled device
(CCD) from Photonic Science.
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Figure 3.1: Picture of the experimental setup assembled at LCO/Photonicamp to execute
the characterization of the FMF via S2 method. (1) - Laser source (TLS), (2) - beam
expander, (3) - beam attenuators, (4) - quarter and half-wave plates, (5) - 10× objetive
lens, (6) - FUT sample, (7) - 20× objetive lens, (8) - 12× microscope tube, (9) - InGaAs
camera and (10) - linear polarizer.

While the laser executes the wavelength scan, the magnified fiber output beam
profile is detected by the camera sensor. These images are recorded for each wavelength
set by the TLS during the data acquisition step. As explained in section 2.2.1, the beam
profiles are not symmetric due to the interference between different modes supported by
the fiber. So, the complex shape of the output beam is resulted of the modal overlap that
occur while the light travels along the fiber sample.

Therefore, the images that contain information about the overlap of the modes
are recorded and organized in a three-dimensional matrix, Iout(x, y, λ), where the coor-
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dinates (x, y) correspond to the image for each wavelength (λ) swept by the TLS. The
interference pattern generated due to the propagation of different modes along the fiber
can be detected in a specific pixel of all images as the wavelength is swept, as shown
in fig. 3.2. This signal is proportional to the optical power at that pixel and, thus, the
amplitude fluctuations arise as the supported modes interfere spectrally. The different
beating periods in the interference pattern in a single pixel are due to the presence of
different HOMs.

Figure 3.2: Optical spectrum measured at an arbitrary pixel.

After obtaining the experimental results with respect to wavelength, the data
were interpolated for angular frequency and the IFT was then calculated to obtain the
three-dimensional matrix of interest, Ĩout(x, y, τ). This matrix contains information about
optical intensity for all propagating modes in the time domain. Afterwards, the average of
absolute values for all pixels of each image is calculated to obtain the typical IFT curve,
as shown in fig. 3.3a. It shows the amplitude oscillations as a function of DGD. The peaks
on the IFT curve indicate the beating tones in which the interference pattern generated
has a higher optical power. Each peak contains modal information of about the one HOM
supported by the fiber that suffers a spectral interference, at a specific group delay, with
the fundamental mode or, possibly, with another HOM.

The combination of a 40 nm wavelength window and a 1.66 m fiber length
results in a temporal resolution of 0.12 ps/m that is enough to locate five peaks on the
IFT curve (fig. 3.3a). These five peaks are highlighted because their normalized amplitude
are higher than any other, it means for those DGD values a strong spectral interference
occurs between the propagating modes. Thus, when executing the mode recovery step in
that peaks, it is possible to recover the mode profiles, intensities and relative phases, of
different propagating modes, as show in fig. 3.3b.
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Figure 3.3: S2 mode recovery in a 1.66 m FMF sample. (a) IFT curve of the optical
spectrum measured. The inset in (a) shows the mode intensity profile of the peak (i) that
refers to the LP01 which is the reference of the experiment. (b) Mode profiles recovered
(intensity and relative phase) at the peaks identified in (a) where (b.ii) refers to LP11,
(b.iii) is a spurious peak that does not represent a fiber mode, (b.iv) refers to LP02 and
(b.v) is a peaks resulted from the beating between two HOMs.
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The FMF index contrast is 0.55 %, that is considered much less than 1, so
the weakly guiding approximation is satisfied and the supported modes by this fiber can
be referred to as LP modes. Therefore, the peak (i) with DGD equal to zero refers to
the fundamental mode, LP01, that is the reference of the system, so its relative phase is
zero. The intensity profile of this mode is shown in the inset of fig. 3.3a. The beam shape
recovered is a little flat. This deformation can be attributed to some misalignment of the
optical components located between the FMF output and the camera.

The peak (ii) results from the beating tone at a DGD of 0.93 ps/m. By
recovering the mode information at this peak, the mode profile shown in fig. 3.3b.ii is
obtained. Note the spatial distribution refers to the LP11 mode that is supported by the
fiber. This HOM overlaps strongly with the fundamental mode so its relative amplitude,
of about −6 dB, is considerably high in comparison with other peaks.

The peak (iii) is not a propagation mode. Which was discovered after measure-
ments by using different lengths of the same fiber. It was observed that the group delay of
peak (iii) always changes when the fiber length was different. However, if this peak results
from a beating tone between the fiber modes, its DGD in ps/m should remain constant
independently of the fiber length. So, it can be concluded that this peaks does not refer
to a fiber mode.

By investigating the output power of TLS used in the experiment whilst
performing a wavelength scan, it was discovered that an intrinsic modulation of the laser
power with respect to wavelength leads to the observed peak in the IFT curve. In order
to demonstrate how it happens, the S2 measurement was performed without a fiber,
so the coming light from the laser source was directly focused on the camera display
using a combination of objective lenses. Figure 3.4 illustrates the experiment executed to
demonstrate the peak generated by the laser source.

The result obtained from this measurement is shown in fig. 3.5. Here, it is only
presented the IFT curve generated by the S2 post-processing, where one peak is highlighted.
Although there is no optical fiber in this experimental setup, the curve presents a peak
at time delay axis equals to 4.62 ps with relative amplitude of about −10 dB. The reason
is that this peak is generated due to the intrinsic modulation of the laser power with
∆λ = 2λ2/cτ = 3.33 nm.

In the results obtained by the characterization of the FMF via S2 method,
the peak generated by the laser power modulation is the peak (iii). On the IFT curve
(fig. 3.3a), it has a DGD equals to 2.79 ps/m. The normalized DGD is calculated by τ ,
that is 4.63 ps, divided by the fiber length, that is 1.66 m. The result of this division is
equal to 2.79 ps/m, that is exactly the same value of the DGD of the peak (iii). As it does
not refer to a fiber mode, its intensity and phase profiles can be dismissed for the fiber
characterization.

The peak identified as (iv) refers to a beating tone generated by a spectral
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Figure 3.4: Picture of the experimental setup assembled to execute S2 measurement
without a fiber. (1) - Laser source (TLS), (2) - beam expander, (3) - beam attenuators,
(4) - 10× and 20× objective lenses, (5) - 12× microscope tube, (6) - InGaAs camera.

Figure 3.5: IFT curve generated from the S2 measurement without a fiber. On the curve,
it is highlighted the spurious peak.
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interference at DGD equals to 3.25 ps/m with a relative amplitude of −14 dB, what means
that this mode does not overlap strongly with the fundamental mode as like as the LP11

mode. The mode profiles obtained by executing the modal recovery step at this peak are
shown in fig. 3.3b.iv. Note that the spatial distribution refers to the LP02 mode that was
also excited in the fiber.

The peak identified as (v) refers to a beating tone generated by the spectral
interference between two HOMs. By observing the spatial distribution in fig. 3.3b.v, it can
be concluded that this interference was caused by the beating between the LP11 and LP02

modes, and leads to a peak at 4.1 ps/m on the IFT curve which corresponds approximately
to the DGD of LP11 mode plus DGD of LP02 mode. Therefore, the appearance of this peak,
that is resulted of an interference between these two HOMs, demonstrates experimentally
what was discussed in the theoretical description of the S2 method (section 2.1).

3.2 Simulation step

In this section, the results obtained from the simulation of an approximate
geometry of the FMF under analysis will be presented. The simulation is executed using
FEM and consists of solving Maxwell’s equations by performing the mode analysis under
the boundary conditions defined at the fiber cross section. The approximate geometry was
defined by means of reverse engineering based on some parameters provided by the fiber
manufacturer.

The parameters provided were: core radius, effective index, group index and
chromatic dispersion of the LP01, LP11 and LP02 modes at 1550 nm. Hence, at this point,
the objective is to promote a better approximation of the function that governs the fiber
refractive index distribution by comparing the given parameters with the results of the
simulation. The effective indices and the propagation constants are directly obtained from
the mode analysis simulation. Since the propagation constant (β(ω)) is known, the group
index (Ng) and the chromatic dispersion (σ) of each fiber mode can be calculated as [73]:

vg =
(
dβ

dω

)−1

(3.1)

Ng = c

vg
(3.2)

σ = −ck
λ

d2β

dω2 (3.3)

In which vg is the group velocity, c is the speed of light in vacuum and k is the wavenumber.
A three-point numerical differentiation algorithm was used to calculate the derivative
and its details are presented in appendix A. Therefore, the refractive index distribution
is a function that depends on two arguments, the wavelength and the fiber radius. The
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variation of the silica refractive index with respect to the wavelength was modeled using
the Sellmeier coefficients [74].

The radial dependence exists because the core refractive index distribution of
this type of fiber has a parabolic profile, like a graded-index fiber. In order to fit the
geometry better, a ring was inserted between the core and the cladding with a refractive
index lower than the refractive indices of the core and cladding. This lower refractive index
ring, also called trench, plays an important role on the chromatic dispersion that is directly
related to the group delay of the modes. The trench region was modeled by a normal
distribution. The equations (3.4) and (3.5) describe the refractive index distribution
modeled for different regions of the fiber cross section.

n(r) = ncore + (nclad − ncore)
( r
rcore

)a
, 0 ≤ r ≤ rcore (3.4)

n(r) = nclad + (ntrench − nclad)e−
1
2( r−u

u )2

, rcore < r ≤ rclad (3.5)

The terms a and u were fitted after several simulation rounds until the results
matched with the parameters provided by the fiber manufacturer. Figure 3.6 shows the
approximate geometry of the fiber cross section and the refractive index profile modeled.

Figure 3.6: Simulation model of an approximate geometry of the FUT. Fiber cross section
in (a) and its refractive index distribution in (b).

The fiber core is made of silicon dioxide (SiO2), also known as silica, doped
with a material that increases its refractive index, for example the germanium [74], aiming
to allow the optical guiding. As well as the core radius and the index profile, the dopant
concentration differentiates the construction features of a specif fiber, determining, for
example, its refractive index contrast between the core and the cladding. In the cladding
region there is no doping, thus it is built of pure silica that has a lower refractive index
than the core. The region between the core and cladding has the lowest refractive index.
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This trench region is obtained by doping the silica with a material that decreases its
refractive index, for example fluorine [75].

The mode analysis simulation of this fiber geometry was executed to obtain the
effective indices and the propagation constants of all supported modes for each wavelength
along the simulation frequency range. The fiber supports four LP modes at both SoP, a
total of eight propagating modes, that are the fundamental mode, LP01, and two HOMs,
the LP11 and LP02 modes, presented in fig. 3.7. Note the simulation has returned both
polarization modes of the LP11, they are LP11a and LP11b, and are degenerate.

Figure 3.7: Electric field norm at 1550 nm for horizontal polarization and its direction
indicated by the arrows. (a) LP01 mode. (b) LP11a mode. (c) LP11b mode. (d) LP02 mode.

The next step is to evaluate the group indices and the chromatic dispersions of
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the modes at 1550 nm by applying the equations (3.1), (3.2) and (3.3). Afterwards we will
compare the parameters calculated by the simulation with those parameters provided by
the manufacturer. The parameters of interest, effective index, group index and chromatic
dispersion, calculated from the simulation results were compared with those provided by
the fiber manufacturer by means of relative error evaluation between them, assuming the
fiber parameters provided by the manufacturer as the real values.

The relative errors between the real and the calculated values of effective and
group indices and chromatic dispersions are lower than 1.5 % for all propagation modes.
Since the relative errors between the real and the calculated values are minimal, the fiber
geometry modeled in this simulation is considered a good approximation of the real FMF
under analysis.

The objective of this simulation is to calculate the theoretical DGDs for all
propagating modes to compare this values with the experimental DGDs obtained from the
characterization via S2 method. The DGD between modes m and n with group velocities
vg,m and vg,n, respectively, travelling in a fiber section with length L is calculated by:

DGD = L

vg,m
− L

vg,n
(3.6)

Since the fundamental mode is the reference, the calculation of the DGD of
each HOM is executed with respect to the transit time of fundamental mode. It means
that, in eq. (3.6), the m index refers to the LP01 and the n index refers to the each HOM.
The theoretical and experimental values of DGD are shown in table 3.1.

Table 3.1: Comparison of the differential group delay values

Mode Calculated
DGD [ps/m]

Experimental
DGD [ps/m]

LP11 0.83 0.93
LP02 3.59 3.25

For the first HOM, the LP11 mode, the theoretical DGD is 0.83 ps/m and the
experimental DGD is 0.93 ps/m, therefore the relative error between these values is about
12 %. For the other HOM supported by this FMF, the LP02 mode, the theoretical DGD is
3.59 ps/m and the experimental DGD is 3.25 ps/m, therefore the relative error between
these values is about 9.5 %. In the literature, it is demonstrated the application of the S2

method to recover HOMs of a photonic-bandgap fiber, obtaining relative errors between
the theoretical and experimental DGD values of 8 % and 12.5 % for the LP11 mode [69].

Therefore, it can be conclude the results obtained from the FMF characterization
are validated and the simulation reflects an adequate fitting of the real FUT. The differences
between the results are due to the fact that all simulation, even when well fitted, is an
approximation. Moreover, some fabrication aspects can impact the optical characteristics
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of the fiber such as eccentricity and geometrical variations along the fiber length. These
aspects will have a direct impact in the final values, particularly considering quantities
that depend on the first or second derivatives of the fiber dispersion characteristics.
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Chapter 4

Coupler characterization via S2

method

This chapter presents the results obtained from the modal characterization of
a photonic coupler developed by GEMAC team. The device was designed to perform the
coupling interface between SMFs and the FMF under study in this work. After performing
the modal characterization of the FMF as exposed in Chapter 3, we apply the S2 method
to characterize the PIC in order to analyze and show its operation.

Initially, the main features, design and principle of operation of the device will
be describe based on the paper published by Ruiz et al. [76], that explains the development
of the coupler. After that, we will explain the experimental setup employed to recover
the HOMs excited by the device into the FMF. Finally, the experimental results obtained
from the characterization using the S2 method will be present and discussed.

4.1 Tri-modal coupler overview

The device proposed by Ruiz et al. [76] was developed to couple the light
between the PIC and the FMF under study. It was built in a SOI platform compatible
with CMOS technology. The SOI chip is composed of three layers: a device layer of
250 nm thickness, a buried silicon dioxide layer of 3 µm thickness and a silicon dioxide
cladding layer of 1 µm thickness. The coupling interface between the chip and the fiber is
performed through grating couplers that are periodic structures able to diffract the light
that propagates in the same plane of the waveguide to free-space, out-of-plane of the SOI
chip [77].

The device was designed to couple three transverse modes of light propagation.
The fundamental mode, LP01, and two HOMs, LP11a and LP11b, that are supported modes
by the FUT at wavelength of 1550 nm, as shown in section 3.2. It couples the light to
the FMF oriented in the orthogonal direction to the chip plane through a bidirectional
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nonuniform diffraction grating. Its capacity to diffract light in the vertical direction has
the advantage of eliminating any polishing angle on the fiber, making the alignment
straightforward [76].

In addition to the grating mentioned before, the tri-modal coupler consists of
two identical in-plane modal multiplexers, connected at both sides of the bidirectional
grating using two adiabatic tapers. The two adiabatic tapers have a 22 µm× 250 nm cross
section and are responsible to excite the TE0 and TE1 waveguide modes that are coupled
into the LP01x, LP11ax and LP11bx propagation modes of the FMF [76].

The design of the bidirectional nonuniform grating coupler just enables the
coupling of the modes at a single SoP due to its structural limitation. Nonetheless, its
design could be extended to a two-dimensional grating configuration by superimposing
two identical structures [78] to perform the coupling at both SoP, thus becoming able to
address six modes of light propagation.

In addition to the grating/port in which the FMF is coupled vertically, the
device has other four grating couplers that are used to couple light coming from SMFs.
These gratings/ports are connected to the inputs of the two modal multiplexers. The
excitation port will excite different waveguide modes that will be coupled into the FMF
at the output. The single-mode grating couplers at these inputs ports were optimized to
perform the light coupling in a 10° angle.

Figure 4.1: Representation of the tri-modal coupler. (a) Device schematic with the
identification of the gratings/ports. (b) Microscope image of one side of the fabricated
coupler. (c) Microscope detailed image of the bidirectional nonuniform grating.

Figure 4.1 is a graphic representation of the device under analysis including
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microscope images. Figure 4.1a is a computer aided design (CAD) schematic of the device,
where is possible to observe the two modal multiplexers, that are connected at the ports
identified from 1 to 4, where SMFs are coupled. Moreover, it shows the two adiabatic tapers
that connect the modal multiplexers to the bidirectional nonuniform grating, identified as
port O.

Figure 4.1b and 4.1c are microscope images of the fabricated coupler, detailing
the grating where the FMF is coupled. The two adiabatic tapers, that connect the both sides
of the FMF grating to the two modal multiplexers, are 703 µm long by 930 nm wide. The
inputs/outputs waveguide cross sections of both modal multiplexers are 450 nm× 250 nm
with a gap separation of 200 nm.

The device was designed to allow the addressing of the FMF propagating modes
that are coupled into the waveguide modes (on the SOI chip) and directed towards the
single-mode gratings. The modal multiplexers execute the mode selection and direct them
to their corresponding port. It means the LP01x and LP11bx modes are directed toward
the ports 1 and 3, and the LP11ax mode is directed towards the ports 2 and 4, according
to fig. 4.1a. Since the device is reciprocal, the reverse path is also valid.

Ruiz et al. [76] have performed an experimental setup at LCO/Photonicamp
to characterize the coupling efficiencies of the fabricated coupler. In the experiment, the
device was fed by the FMF positioned out-of-plane and vertically to the bidirectional
grating. A spatial light modulator (SLM) was also applied in order to excite the FMF
propagating modes independently. Each mode, LP01x, LP11ax and LP11bx, was coupled
into the device at a time and its power was measured by a power meter connected in the
SMFs positioned on the single-mode grating output ports.

To measure the coupling efficiency of the LP01x mode, the corresponding phase
mask was imprinted on the SLM display and the powers measured at the ports 1 and 3
were added, normalized according to the input power, and discounted the coupling loss
of the single-mode grating. The coupling efficiency of the LP11bx was measured following
the same process, just changing the phase mask on the SLM. For the measurement of the
LP11ax mode, the corresponding phase mask was inserted on the SLM and the output
powers were measured at the ports 2 and 4 [76].

Table 4.1: Coupling efficiencies of the modes.
Mode Coupling efficiency (dB)
LP01x -3.0
LP11ax -3.6
LP11bx -3.4

Table 4.1 shows the maximum coupling efficiencies measured by the exper-
iment [76]. As mentioned before, the device was designed for the maximum coupling
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efficiencies at 1550 nm. However, due to manufacturing errors, it was observed a wave-
length shift to values near 1520 nm for which the device is more efficient. Another point
to be highlighted is the FMF grating coupler was optimized to couple all the three LP
modes with similar efficiencies. From the table 4.1, we can infer a mode-dependent loss
(MDL) of 0.6 dB.

Due to its reciprocity, the coupling efficiency values are the same for both
direction of operation, with the light coming from the FMF to the chip, as used at the
mentioned experiment, and for the light coming from the chip to the FMF [76]. The last
was the direction applied in the S2 experiment performed in this work in order to recover
the modal content at the output of the FMF when we change the excitation ports of the
device.

4.2 Experiment including the coupler

In this section, we present the experiment implemented to perform the modal
content characterization via S2 method at the FMF output when is excited by the tri-
modal coupler developed by our research group. The experimental setup was assembled
in the Laboratory of Applied and Computational Electromagnetics (LEMAC) located at
Photonicamp.

Figure 4.2 presents the scheme of the experimental setup implemented in order
to include the tri-modal coupler. The setup is similar to that present in section 2.2,
when the FUT was excited by a SMF, and follows the same approach already applied to
characterize the FMF individually. The change was to use the SOI chip to excite the LP
modes of the fiber.

Figure 4.2: Experimental implementation for modal characterization including the coupler.
(a) Scheme of the experimental setup. (b) Microscope images of the coupler with the
identification of the ports, and the positioning of the optical fibers over the grating couplers
in detail.
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The TLS, fig. 4.2a, is a Continuously Tunable Laser from Toptica Photonics
and is used to perform the wavelength scan inside a pre-defined spectral window. The light
coming out of the laser is coupled to a fiber splitter (FS) to divide the input power equally
to two output SMFs. A polarization controller (PC) is used to adjust the appropriate
orientation of the electric field at the inputs of the device.

The SMFs are aligned over the single-mode gratings, the maximum coupling
efficiency occurs when the SMFs are positioned at 10° angle with respect to the normal to
chip plane. The light is then coupled to the chip that is positioned on a rotation stage.
The output grating of the device diffracts the light that is then coupled to the FMF,
vertically aligned. The FMF length is 1.53 m.

Figure 4.3: Picture of the experimental setup assembled at LEMAC/Photonicamp to
execute the S2 characterization of the FMF when is excited by the tri-modal coupler. (1) -
TLS, (2) - fiber splitter, (3) - polarization controllers, (4) - Microscope, (5) and (6) - SMFs
holders, (7) - FMF holder, (8) - 20× objective lens, (9) - 12× microscope tube and (10) -
InGaAs camera.

The FMF output beam is then magnified by a 20× objective lens connected
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to a 12× microscope tube. Finally, the beam profiles are captured by the InGaAs CCD
camera from Photonic Science. The data are recorded in a three-dimensional matrix
containing the pixels matrices of the images for each wavelength set by the TLS.

Figure 4.2b shows microscope images taken during the experiment, detailing
the alignment of the SMFs over the ports 1 to 4 (same identification shown at fig. 4.1a),
and the FMF over port O. Initially, the experiment was performed only exciting the chip
by one input port at a time. After, two sets of measurements were carried out and, in both
of them, two input ports of the device were excited simultaneously. In one measurement
both ports 1 and 3 were excited, and in the second, both ports 2 and 4. The ports 3 and 4
are located at the other side of the coupler.

A power meter is also employed to measure the optical power at the FMF output
to help us during the alignment of the system. When the power measured is maximum,
the FMF output beam is then directed to the InGaAs sensor and the wavelength scan
starts. Figure 4.3 illustrates the experimental setup, identifying the equipment used. The
alignment stage on the SOI chip is assembled inside an acrylic box due to the system
sensitivity to external disturbances.

A microscope equipped with a 5× objective lens and a visible light camera,
and a digital USB microscope are used during the positioning of the optical fibers over the
grating couplers. Specific acrylic holders were fabricated due to the need to approximate
three fibers over the SOI chip in a limited space. The fibers are also held by 3-axis
alignment stages with piezoelectric controllers.

4.3 Experimental results

This section presents the experimental results achieved by the modal content
characterization of the FMF output when is excited by the tri-modal coupler. A TLS is
also used to perform a wavelength scan inside a pre-defined spectral window. Hence, the
first step is to find the proper wavelength spectral window to execute the S2 experiment.

The spectral window is defined according to the wavelength range of the best
operation of the device. In order to find the best wavelength range, we employ the
experimental setup shown in fig. 4.2 with a power meter at the FMF output instead of the
CCD camera. So that, the optical power could be measured while the TLS was executing
the wavelength scan. The best operation was achieved inside a wavelength window from
1520 nm to 1540 nm.

The first S2 measurement was performed by exciting the device by only one
input at a time. To do this, the outputs of the fiber splitter were uncoupled of the
SMFs inputs alternately, thus controlling the excitation port of the coupler. The results
obtained by exciting the ports located at one side of the device, i.e. the inputs of one
modal multiplexer, are similar to that obtained by exciting the inputs of the other modal
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multiplexer, located on the other side of the chip. Therefore, we present the results
obtained when the device is excited by the ports 1 and 2 (see the identification of the
ports in fig. 4.2b.ii).

Figure 4.4: S2 mode recovery at the FMF output when the coupler is fed by a single input
port. (a) IFT curve and mode profiles of the peaks for excitation port 1. (b) IFT curve
and mode profile of the peak for excitation port 2.

Figure 4.4 shows the results obtained from the first implementation of the S2

method including the coupler, by using a single input at a time. As mentioned before,
the wavelength window extends from 1520 nm to 1540 nm. Therefore the combination of
the 20 nm wavelength window and the 1.53 m fiber length results in a temporal resolution
of 0.26 ps/m. That is enough to place three peaks on the IFT curve when the device is
excited by input port 1, fig. 4.4a, and two peaks on the IFT curve when the device is
excited by input port 2, fig. 4.4b.

The temporal resolution is not high, which is why the peaks represented on
the IFT curve are wide. This drawback was assumed because we are interested in locating
peaks that represent some propagating mode instead of getting an extremely accurate DGD
value. Furthermore, if we set a larger wavelength window on the TLS in order to improve
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the temporal resolution, the measurement duration becomes longer, thus increasing the
experiment error due to external disturbances. Moreover, the excitation of HOMs using
the coupler becomes even more sensitive to instabilities, and then the measurement needs
to be faster. For the measurement using only one input port at a time, the continuous
sweep speed of the laser was 0.5 nm/s.

By observing the mode profiles in fig. 4.4a, the peak (a.i) with DGD equals to
zero refers to the fundamental mode, LP01, that is the reference of the system and the
fastest mode to propagate along the fiber sample. The peak (a.ii) refers to the LP11b mode
that spectrally interfered with the fundamental mode with a DGD of about 1.0 ps/m. The
peak (a.iii) does not refer to a HOM, it is actually a spurious peak. More details about it
will be explained in the following.

When performing the measurement by exciting the device on port 2, the results
shown in fig. 4.4b were obtained. The peak (b.i) is the only mode excited into the FMF.
Since the adjustment of the polarization controllers of both SMFs inputs was kept during
the two measurements performed, this peak does not refer to the same HOM recovered in
another SoP. Therefore, it refers to the LP11a mode as we expected. The peak (b.ii) is
also a spurious peak and its existence is explained by the same reason of the peak (a.iii).

Similarly to the experiment performed to characterize the modal content when
the FMF was directly excited by a SMF, the peaks (a.iii), generated when exciting the
device on port 1, and (b.ii), generated when exciting on port 2, also refer to an intrinsic
modulation of the TLS power with respect to wavelength. Both peaks (a.iii) and (b.ii)
have a DGD of about 3.1 ps/m. Since the fiber length is 1.53 m, the period of modulation
corresponds to 4.7 ps.

Figure 4.5: IFT curve generated from the S2 measurement without coupler and fiber. On
the curve, the spurious peak is highlighted .

In order to evaluate the intrinsic modulation of the laser from Toptica Photonics,
we execute the S2 experiment without the coupler and fiber, as well as it was done for
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the laser from Agilent Technologies, used in section 3.1. The result obtained confirms the
existence of an intrinsic modulation of this laser that leads to a peak on the IFT curve
with time delay equals to 4.9 ps and it is highlighted in fig. 4.5. The difference of 0.2 ps is
irrelevant, and can be attributed to some small difference of the order of centimeters in
the fiber length.

After executing this first experimental implementation, it was already possible
to confirm the proper operation of the device according to the its design, explained in
section 4.1. The LP01 and LP11b modes could be recovered at the FMF output when the
coupler was fed individually by the SMFs gratings identified as ports 1 and 3. The LP11a

could be recovered when the coupler was fed individually by the SMFs gratings identified
as ports 2 and 4. Therefore, three light propagation modes could be recovered at a single
SoP as we expected.

So far, the operation of the device was analyzed using only one input port
at a time by alternating the active output of the fiber splitter. Now, the objective is to
implement the full experiment by exciting two input ports simultaneously. The excitation
ports are defined according to the design of the coupler, in such way, that one measurement
is taken by exciting both ports 1 and 3, and other is taken by exciting both ports 2 and 4,
following the identification of the ports shown in fig. 4.1.

Some points observed during the alignment of the fibers to execute the new
measurement should be highlighted. The difference of phase between the two SMFs inputs
leads to experimental instabilities, especially when we excite the device by the ports 1
and 3. When these two inputs are in-phase, a constructive interference is generated, and
the LP01 mode is excited into the FMF. When they are out-of-phase, the LP11b mode is
excited.

As no phase control method of the inputs was applied, the FMF output beam
monitored by the CCD camera was unstable. The beam fluctuation has impacted the
measurement directly, because the S2 method needs the reference of the system to be
stable. Therefore, the solution to this problem was to accelerate the continuous sweep
speed of the laser. Previously, the speed used was 0.5 nm/s, now we set 5 nm/s. Since the
wavelength window is 20 nm, the measurement took only four seconds.

Figure 4.6 presents the results obtained from the S2 measurements while the
coupler was excited by combining two input ports. It was possible to identify two peaks
on the IFT curve when the device was excited by both ports 1 and 3, as illustrated in
fig. 4.6a. By recovering the modal content for these DGD values it could be observed the
mode profiles of the LP01, represented by peak (a.i), and LP11b modes, represented by
peak (a.ii), what agrees to the expected device behavior. The DGD value of the HOM
recovered is of about 1.0 ps/m too.

In fig. 4.6b, when the excitation ports were switched for ports 2 and 4, only
one peak appeared on the IFT curve. As the polarization controllers adjustment was kept,
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this peak refers to another HOM. Therefore, peak (b.i) represents the LP11a mode that
was the only one excited by the coupler into the FMF, what confirms the proper operation
of the device.

A point to be highlighted is for the TLS continuous sweep speed of 5 nm/s, the
spurious peak was not observed. This happened because a faster scan speed affects the
resolution with respect to wavelength, because it increases the sweep step. Therefore, the
intrinsic modulation of the laser cannot be perceived with fewer wavelength values being
captured during the experiment.

Figure 4.6: S2 mode recovery at the FMF output when the coupler is fed by two input
ports simultaneously. (a) IFT curve and mode profiles of the peaks for combined excitation
of ports 1 and 3. (b) IFT curve and mode profile of the peak for combined excitation of
ports 2 and 4.

Although the resolution with respect to wavelength has been affected, it was
possible to solve the phase instability problems to enable the recovery of the light propaga-
tion modes at the FMF output when the coupler were excited by two ports simultaneously.
Therefore, the operation of the device could be validated from the S2 results by observing
the modal content of the FMF while the coupler excited it. Note the fiber also supports
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the LP02 mode as we demonstrate experimentally in Chapter 3. However, this mode was
not recovered, because the coupler was not designed to excite this HOM into the FMF.

Another important consideration is about the DGD values measured in all
experiments including the coupler. The DGD axis on the IFT curve is not so accurate. In
these experiments, the DGD does not depend only on the FUT, as in the case of the S2

method applied to characterize optical fibers, because the propagation constants of the
modes into the PIC waveguides affect these values.

In addition to the contribution in the group delay of the fiber, the contributions
of propagation delays inherent to the phase shift of the electric field into the coupler
waveguides must be considered. Therefore if a precise DGD value is required, these
contributions also should be considered together with the fiber length. In this work, the
most relevant point is to demonstrate the application of the S2 method to recover the
field profiles of the optical modes to perform a complete modal content characterization
including PICs.
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Chapter 5

Conclusion

This work has address the subject of the Optical Communications, especially
the technologies embedded in SDM systems. The focus was given around optical devices
that has been research subject of the scientific community to support the implementation
of MDM systems, in which the transverse modes of light propagation are employed as
data transmission channels.

A type of these devices was studied in this work, the FMFs that are optical
fibers developed with a special geometry in order to support the propagation of few optical
modes. And multimode photonic couplers, especially those built in SOI platform, in our
case a device capable of coupling three modes was developed by our research group to be
the interface coupling between a chip and the FMF under analysis.

In order to characterize the modal content of these devices, different methods
proposed in the literature were listed. One of those methods based on the Fourier Transform
was choose due to its robustness. The S2 method demands a relatively simple experimental
setup in comparison with others employed to perform modal content characterization.
Nonetheless, the algorithm used to implement the experimental data post-processing is
complex and has demanded a long time to be understood.

A detailed explanation about the theory, principle of operation and experimental
implementation of the S2 method was accomplished. The basic mathematical equations of
the method were exposed according to the literature, showing how the group delay between
propagation modes lead to a spectral interferences between the HOMs and the fundamental
mode. These interferences can be seen as peaks in a curve generated on the time domain
after the application of Inverse Fourier Transform. In addition, an improvement focused
on detailing mathematically the spectral interferences that occur between two HOMs was
demonstrated.

After the theoretical discussion, we present the known experimental setup
employed by other works in the literature to characterize the modal content of optical
fibers. All steps were detailed individually in order to expose the measurement process and
the post-processing performed by the S2 algorithm. Then, the experimental limitations of
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the method were described. They are related to the computational memory consumption,
signal sampling frequency and temporal resolution.

A correlation and dependance between the experimental limitations was estab-
lished in order to achieve proper experimental conditions for the characterization of the
FMF under test. Considering this, robust experimental results were obtained and it was
demonstrated a complete recovery of all LP modes supported by the FUT, that were the
LP01, LP11 and LP02 modes. Furthermore, it was shown a beating tone generated by the
spectral interference between two HOMs.

In addition, a spurious peak that appeared on the IFT curve was investigated.
This peak did not have a fixed group delay, in fact its position with respect to the DGD
axis changed with the fiber length. Therefore, we discovered that an intrinsic modulation
of power of the TLS with respected to the wavelength was generated whilst it performed
the sweeps during the measurements. This modulation caused a beating tone that led to
a peak on the IFT curve.

To better interpret the achieved results from the FMF characterization, an
approximate geometry of the FUT was modeled using the FEM. After find an adequate
fitting for the refractive index distribution, the effective and group indices, chromatic
dispersions and DGD values of the modes were calculated by applying a three-point numer-
ical differentiation algorithm. Some fabrication aspects and calculation approximations
influenced the calculated DGD values that diverged a little from the experimental values.
The maximum relative error between the experimental and calculated DGD values for LP11

mode is about 12 %. This value is in agreement with similar published in the literature,
therefore the experimental results are validated.

Finally, for the best of our knowledge, we proposed the implementation of the
S2 method to characterize the modal content of the FMF when it is excited by a tri-modal
coupler that was developed by our research group. The PIC was built in a SOI platform
and enabled the coupling of LP modes from chip to fiber by employing integrated devices,
e.g., a bidirectional nonuniform grating, modal multiplexers and other devices.

The S2 method was able to recover the modal profiles of the propagation modes
expected for each one of the input ports of the coupler that was being excited, as well
as for their combination, thus validating the proper operation of the device. However, in
this experimental scenario, the DGD values are not so accurate due to the contribution of
propagation delays added by the coupler waveguides. A dedicated study about the impact
of an external excitation device in the DGD values measured by the S2 method at the
output of the fiber can be approached in the future.

Furthermore, a phase control method can be employed in the experimental
setup to solve the instability problems arising from the phase difference of the inputs
when the coupler is excited by two ports simultaneously. With a more stable experimental
condition, it will be possible to improve both the wavelength resolution, by using a slowest
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continuous wavelength sweep speed, and the temporal resolution, by defining a larger
wavelength window on the laser.
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Appendix A

Numerical differentiation at three
points

A.1 Calculation of the first derivative

The function β(ω) is not known, but the values of this function at specific
points are in a such way that β(ω1) = β1, β(ω2) = β2 and β(ω3) = β3. Applying Taylor
series, it follows that:

β1 = β2 − β′(ω2)∆ω21 + β′′(ω2)∆ω2
21

2 +O(∆ω3) (A.1)

β3 = β2 + β′(ω2)∆ω32 + β′′(ω2)∆ω2
32

2 +O(∆ω3) (A.2)

∆ω21 = ω2 − ω1, ∆ω32 = ω3 − ω2

Where β′ = dβ/dω is the first derivative of β with respect to ω, and β′′ =
d2β/dω2 is the second derivative of β with respect to ω. Eliminating terms with β′′(ω2)
and isolating β′(ω2), it follows that:

β′(ω2) = β′2 = [∆ω2
21(β3 − β2) + ∆ω2

32(β2 − β1)]
[∆ω32∆ω21(ω3 − ω1)] +O(∆ω2) (A.3)

The term O(∆ω2) is the truncation error.

A.2 Calculation of the second derivative

Doing the same initials considerations and using the expanded Taylor series
eq. (A.1) and eq. (A.2). Now, eliminate terms with β′(ω2) and isolate β′′(ω2), such that:

β′′(ω2) = β′′2 = 2 [β1∆ω32 − β2(∆ω21 + ∆ω32) + β3∆ω21]
[∆ω21∆ω32(∆ω21 + ∆ω32)] +O(∆ω2) (A.4)
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