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ABSTRACT

Résumé : Les fibres optiques légérement multimodes (FMF) sont une classe de fibres
optiques multimodes. Dans le domaine de la télécommunication, chaque mode d’une FMF
peut étre utilisé comme un canal indépendant de transmission, ainsi, des débits bien supérieurs
aux fibres optiques conventionnelles pourraient étre atteints. Cependant, des problémes
inhérents a I'utilisation de ce type de fibre sont le couplage de mode et la dispersion de mode
qui dégradent les performances de transmission. Cette thése entre dans le cadre de I’étude du
couplage de mode de différents profils de fibre. Ce travail se décompose en deux axes : i) la
modélisation du couplage de mode qui est effectué en considérant la fibre comme une
concaténation de plusieurs segments courbés, dont chaque segment est associé a un rayon de
courbure aléatoire. ii) La mesure du couplage localisé qui est basée sur la méthode
expérimentale A-S2. A I’aide de ce modéle et de ces mesures, nous pouvons confirmer
I’absence ou la présence de couplage d’une fibre exposée a des micro-courbures ou a une

perturbation aléatoire.

Abstract: Few multimode fiber (FMF) is a class of multimode fiber. Each mode of a FMF is
considered as an independent transmission channel in telecommunication field. Thus, much
higher rates than conventional optical fibers could be achieved. However, this fiber can
present the mode coupling and mode dispersion that can degrade the transmission
performance. The mode coupling over different fiber profiles is studied in this thesis. This
work is divided into two parts: i) the modeling of the mode coupling considering the fiber as a
concatenation of several curved segments, and each piece is associated with a random
bending radius R. ii) The measurement of localized coupling which is based on the
experimental method A-S2. Using this model and these measurements, we can demonstrate
the absence or the presence of coupling of a fiber exposed to micro-curvatures or a random

perturbation.
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INTRODUCTION

Optical links provide an enormous bandwidth and the optical fiber is the only medium
that can meet the communication capacity needs of our modern society. This demand of high
bandwidth involved by applications like video on-demand, cloud computing, social network,
online games amongst others is the mainstream of the constantly growing telecommunication
market which in a way is a master piece of the economic activity of our societies.

Optical fibers used in communication systems are divided into two categories: Single
Mode Fiber (SMF) for long and mid -haul communications (submarine and terrestrial
solutions) and, Multi-Mode Fiber (MMF) mainly used in short distance communication (less
than 1km), as is the case for the data-centers

Regardless of the efforts of improvements in long-haul optical communication
equipment, researchers and industry are betting on new long distance fibers based on spatial
division multiplexing, because these solutions could provide a higher capacity-distance
product. The fibers developed in this context are known as few mode fiber (FMF) and multi-
core fiber (MCF). As FMF supports multiple transmission modes in a single core, it is more
attractive from an industrial point of view because the manufacturing methods are similar to
the one developed for conventional fibers. FMF in Mode Division Multiplexing (MDM)
operation could be a possible candidate to increase the transmission capacity for long-haul
optical communication, and for satisfying the demand of short high capacity optical
transmission links. Nevertheless, the elements must be adapted to these emergent optical
fibers.

As conventional fibers, FMF capacity is restricted by linear and nonlinear effects. For
MDM operations, the mode coupling and intermodal dispersion are the main parameters to
control. The intermodal dispersion in FMF is produced when several modes propagate with
different group velocities, arriving at the reception at different times. This time delay between
the slowest and fastest modes produce a spreading of the optical pulses as they travel along
the fiber and set a limit to the maximum achievable transmission distance without distortion,
which is one of the problems to reach maximal rates. To quantify the intermodal dispersion,
the parameter known as the Differential Mode Group Delays (DMGD) — the difference
between the maximum and minimum time delay (group delay) in a given length of the optical

fiber — is generally used. This effect obviously accumulates during the propagation.



Another impairment is the mode coupling that occurs because as light is guided by the
different modes (or by the orthogonal combinations of these modes), it can be randomly
exchanged along the fiber between the spatial channels, due to perturbations in the fiber. In
some cases that will be introduced in the present thesis, the impact of this coupling is
considered as a strong drawback and must be controlled.

By employing a multiple-input multiple-output (MIMO) equalization digital signal
processing (DSP) at the receiver, mode dispersion and mode coupling can be mitigated.
However, the complexity of the MIMO equalizer results in a quadratic growth with the
number of spatial channels. For instance, for the optical fibers that support 10 spatial modes
like the ones theoretically studied in this thesis, the size of the MIMO should be 20x20 if we
consider the polarization, which is a 100 times larger than the ones used for SMFs (2x2).
Additionally, the equalizer complexity can also be affected by long values of the DMGD. If
we consider a 4x4 MIMO (two spatial mode and two polarizations), the equalization filter
windows (or taps) needed to cover the time delay between two modes, has to be longer than
the delay between these modes. Thus, this window can be reduced by controlling the coupling
or by reducing the DMGD. Hence, the FMF design can be adapted to decrease the constraints
on the MIMO equalizer or its complexity. As we will show in this thesis, a step refractive
index profile can be adopted in order to reduce the coupling, whereas a graded refractive
index profile can be used to reduce the DMGD. Moreover, we will see later that the highest
capacity per distance is reached by using graded-index FMF. Consequently, we studied 10-
mode fibers applying a coupled-mode model based on random perturbations to estimate the
impact of different coupling regimes on the DMGD.

In a second part of this work, to validate our model, we developed an experimental
method combining spatially and spectrally resolved images (S2) with a wire-mesh approach
to produce different coupling states. S2 is a powerful technique that can measure the modal
content and mode-coupling quantitatively in a simple experimental setup. Mode coupling in
two types of 2-mode step-index fibers has been experimentally observed.

This thesis is organized as follows:

Chapter 1 focuses on the history of SMF and MMF and on the impairments and
constraints associated to light transmission in SMF. Then, we will present the emergent
optical fibers, called FMF and MCF that today appear as possible candidates to overcome the

capacity limits of SMF.



In chapter 2, we will introduce the wave equations and the scalar wave equations from
the Maxwell’s equations and present the notion of optical modes, either vector modes and LP
(Linearly Polarized) modes. Here, we will study two types of fiber with well-known refractive
index profiles: the step-index and the graded-index profiles. For step-index profile, we will
analytically obtain the eigenmodes whereas, for graded-index profiles, we will use a semi-
analytical model based on the Laguerre-Gauss or Hermite-Gauss functions. Besides, we will
include the notion of weakly-guided and radiative modes and will describe the different 6-LP
modes fibers used in the simulation of Chapter 3.

In chapter 3, we will compare the main coupling-models and describe the multi-
segment coupling model developed for the FMFs studied in this Thesis. Indeed, we will
compute the group operator and find its eigenvectors that are the principal modes. The
principal modes are potential candidates as data carriers instead of the conventional ones
(especially the LP modes) as they are robust against modal dispersion. Besides, we will
simulate six 10-spatial-mode fibers with trench-assisted graded-index-core profiles in order to
study the dependences of the group delay on the fiber bending and length in different coupling
regimes (weak and strong coupling). Finally, we will demonstrate that the fibers with a large
difference of effective index between modes (Aneff) are more resilient to the strong-coupling.

In chapter 4, we will describe the different methods to measure the coupling, and will
develop a method based on S2 imaging and the wire-mesh. Finally, we will prove that a 2-
mode step-index fiber with a large index difference between modes (Aneff) does not present

coupling under the conditions of the experiment.






Generalities of the optical communication transmission

1 Generalities of the optical communication

transmission

This chapter will briefly review the fundamental capacity limit in the optical transmission
using single mode and multimode fiber, and some proposal based on spatial division
multiplexing (SDM) to overcome the capacity crunch of conventional systems. | will start by
some general concepts and carry on with some of the emerging solutions (new optical fibers),
as Few Mode Fiber (FMF).

1.1 A brief history of optical fiber

Our ancestors used smoke and fire to relay messages between cities separated by
mountains. Such communication systems were limited in distance and not secured, because
anyone could see the message, decipher it or worse intercept it and alter it. Throughout the
years, the transmission of data was possible over radius (Marconi, 1901), copper cable and
optics (1920), allowing to substitute the archaic communication systems and services by more
sophisticated techniques, such as the telegraph (Morse, 1799), telephony (Graham Bell,
1876), television (Logie, 1925), the internet (ARPANET, 1960), cellphones (Cooper, 1973)
and videoconference.

To date, optical communication systems reach a higher throughput than the others. This
dates back to 1961 and 1964 when Elias Snitzer published a theoretical description of a fiber
with a core so small that it could carry light with only one waveguide mode. Later, Dr.
Charles Kao established that the light loss (10 or 20dB/km) can be reduced in a purer form of
glass [ITU-T, 2009].

In 1970, Corning glass researchers invented an optical fiber with loss of 17dB/km at
633 nm by adding titanium into the fiber core. Two years later, this group invented a
multimode germanium-doped fiber with a step index profile and 4dB/km of loss. Not satisfied
with the low bandwidth of the multimode index fiber, researches concentrated on multi-mode
fibers with a gradual refractive index increase between the core and the coating, and core
diameters of 50 or 62.5 micrometers. In 1974, they succeeded in massive manufacturing of
high quality optical fiber by the modified chemical vapor deposition MCVD [MacChesney

and Bell Labs].
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In 1977 in Long Beach, California and later in Chicago, the telephony company used
fibers with loss around 2dB/km and GaAlAs laser diodes at 850 nm. Afterwards, an InGaAsP
laser at 1300 nm was used and an improvement of fiber attenuation was reached as low as
0.5dB/km, likewise the dispersion of the pulse was reduced to 850 nm. At the beginning of
the 1980s, the world networks began to use single-mode fiber at 1300 nm.

For years, researchers have worked on improving the single-mode fiber properties
because it could transmit higher data rates over longer distances, especially at wavelengths of
1550nm, where the attenuation is lower. In 1985 the dispersion shifted Fiber (DSF) was
introduced allowing the minimum attenuation in the 1550 nm window with zero dispersion at
the same wavelength.

In the early 1990, the Erbium-doped fiber (EDFA) seemed to revolutionize the optical
system thanks to the capability to amplify light and raise the speed limitation imposed for
electronic regeneration. Likewise, it allowed the development of the wavelength division
multiplexing (WDM) technique, currently used.

The deployment of these new technologies brought with it nonlinear effects in the
transmission as a consequence of the extra power that the fiber had to carry through the use of
several amplifiers with a larger number of wavelengths. One of the most damaging effects to
appear is the four-wave mixing, because multiple wavelengths combine to create new
wavelengths that can potentially interfere with the transmission. The effect is more noticeable
when the dispersion is close to zero. Thereby, the development of the non-zero dispersion
fiber industry (NZDSF) was a direct response to the non-linear effects of propagation. Later,
the effective mode area was increased to reduce the nonlinear effects in the fiber design.

Even if studies on the Raman amplification started around the 1970°, it was not
industrially used before the development of suitable high power pumps. Since 2000, most of
the submarine fiber-optic transmission systems (typically, above 800km) use Raman
amplification.

In the 1980s, the coherent detection became more attractive, principally in a WDM
configuration, because it enables higher spectral efficiency through electrical domain channel
selectivity, compared to direct detection in the optical domain and it also allows a higher
sensitivity. Finally this technique provides access to modulation schemes with more bits per

symbols. However, the coherent detection is more complex to implement.
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Multimode mode optical fiber evolution Optical technology evolution
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Figure 1-1: MMF system evolution. [ISO/IEC 11801, 2011] [IEC 60793-2-10, 2011]
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Single mode optical fiber evolution Optical technology evolution
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Figure 1-2: SMF system evolutions

Recently SMF fibers with ultra-low losses (losses less than 0.2dB/km) and low bends
radii have been introduced on the optical network market especially for metro-access,
FTTH/P networks (Local Area Network). Likewise, MMF has evolved on bend-insensitive
fiber to enhance macro-bending performance and thus to eliminate the cable bending
challenges of the installations (standards: OM3, OM4).
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The fiber and optical technology evolutions is shown in the Fig. 1.1 and 1.2 for MMF
and SMF fibers. Although the optical communication systems can have higher capacity (40
and 100 Gb/s), the new services and traffic requirements are reaching its limitation suggesting
to the researchers the use of new technologies and fibers based on spatial division
multiplexing (SDM).

1.2 Single mode fiber optical transmission system

A digital optical transmission system consists of a transmitter and a receiver connected
between them by a single mode fiber (SMF). The transmitter converts binary data into a
modulated optical signal with a particular bit rate (~100Gb/s +) on a given wavelength
channel. Once the signal is modulated, it is sent through an optical link, often composed of
several spans of optical fiber cascaded with other optical elements (fiber optical, add-drop
devices and amplifiers) in order to overcome the attenuation signal without optoelectronic
signal regeneration. In the end, the receiver recovers the binary signal over long distances
(more than 1000km) by using a digital signal processing (DSP) and error correction
techniques. An overview of the optical transmission system and its bit rate evolution per

channel is shown in Fig. 1.3.

Transmitter Transmission Receiver

SMF SMF
A, Bit rate ((. » p ((' A, Bit rate

Per-channel

Pitrate ) 5Gb/s 10 Gb/s 40 Gb/s -

Figure 1-3: Optical transmission system (top) and evolution of per channel bit rate as a function
of years (bottom)
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1.2.1 Transmitter

An optical transmitter generates the optical signal using light-emitting diodes (LEDs)
or LASERS. The generated optical light by LEDs or LASERS can be later modulated. The
light generation depends on the recombination process in semiconductor materials; the light
interacts with the material by absorption, spontaneous and stimulated emissions. Therefore,
LED converts electrical energy in optical energy through the spontaneous emission resulting
from spontaneous recombination of the excess carriers, whereas LASER does it by stimulated
emission. These two different mechanisms of interaction between an atom and a photon for
LED and LASER respectively are shown in Fig. 1.4. Here, hv is photon energy and
corresponds to the Planck constant (h) multiplied by the optical frequency (v) which is
proportional to the energy difference between the energy levels E2 and E1.

More specifically, the spontaneous emission occurs when an electron drops from an
excited state to ground state without any external mechanism. Lasers begin by spontaneous
emission, and then work by stimulated emission. In stimulated emission, a photon interacts
with an electron in excited state that drops to ground state to emit a photon coherent with the

entrance photon.

Excited state, N2 < E2 < E2
h hy hv
v >
> hv
Ground state, N1 El y __E1
SPONTANEOUS EMISSION STIMULATED EMISSION

Figure 1-4: Spontaneous and stimulated emission.

One of the drawbacks of LED is that the emitted radiation is spontaneous and

incoherent. LED have a spectral width of AA = 50-60 nm, with powers below 100 pW and
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beam directivity lower than laser, making them impractical to use for long distance
communications. Although the lasers are more complex devices than LED, their
characteristics are the most used in communications at high speeds and long distances. The
radiation is coherent which cause their spectral width to be much narrower and their
directivity higher. As a matter of fact, they are 10 times more efficient than a LED (Pout~ 100
mW) [Djafar, 2001] and can be modulated directly at higher rates. In this way optical
transmitters for long haul distance are based mostly on semiconductor lasers (VCSELs in the
MMF case), and optical modulators.

Lasers can be divided into three main categories: continuous wave (CW), pulsed and
ultrafast. The continuous-wave lasers produce a continuous beam of light, ideally with a very
stable output power. A pulsed laser (produce pulses of 0.5 ns to 500 ns) is a system that will
emit light in the form of optical pulses, rather than a continuous wave (CW). Ultrafast lasers
are a special case of pulsed laser generally defined as lasers that produce pulses in the range
of 5fs to 100ps.

For many applications, pulsed laser systems are advantageous compared to CW lasers,
because they generate extremely high radiation intensities, even at moderate average laser
power. However, the VCSELs (CW and Quantum-CW) or laser diode have a truly massive
use throughout telecommunications and data storage (DVDs, CDs), because of the high beam
quality and that they can be modulated with high frequencies.

Some transmitters implement a modulation stage to manipulate the output power in
accordance to an input triggering signal. In the section below, the modulation will be

presented.

1.2.2 Modulator

e Modulation format

Modulation makes the information signal more compatible with the medium (optical
fiber). This process can be used to transmit coded information in binary format, because the
optical fiber can recognize the absence or presence of light. In addition, the complex
modulation format can increase the capacity. Thus, an optical communication system can

have two modulations, the simple and complex modulation.
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The first one is known as simple modulation because signal is directly proportional to
the LED or laser response via amplitude modulation, and therefore the optical and electrical
signal are modulated as a function of the transmitted data. Three types of base modulation are
possible in optical communication systems: the format Return to Zero (RZ), Non Return to
Zero (NRZ) and optical duobinary. In NRZ, a bit of logical value 1 (a pulse of light) changes
its value from 1 (light) to 0 (no-light) or vice versa on a bit period. By contrast, the pulse of
light in RZ is narrower than the bit period which allows less energy than a NRZ format (See
Fig. 1.5). Like RZ, duobinary transmission are transmitted in a reduced bit period, and it can
be understood as a multilevel transmission with phase encoded bits that are produced by

adding one-bit-delayed data to the present data bit to give levels 0, 1, and 2.

Data 0

+V
NRZ O
-V
+V

bipolar 2 0 l_l_ll_l‘l_l‘l_l‘m_\"l_l‘\_l‘_\_l_l‘

+V —
Duobinary

° M |

Figure 1-5: Schematic of NRZ, RZ and duobinary codes

Note that scheme signal in RZ does not need to send a separate clock along with the
signal, because it has more transition than the NRZ. However, RZ signals involve a periodic
return to a zero signal value and thus signal bandwidth is cut in half because half of the
bandwidth is used to this return the signal to zero volts. That is, RZ decreases the symbol rate
of the transmission.
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In other words, as the data rate increases, the NRZ and RZ signals could gradually
achieve the bandwidth limit, and the duobinary signals can be an appropriate alternative
because of the efficient utilization of the bandwidth and the increase of the spectral efficiency.
More specifically, [Phogat, 2013] demonstrated that on the simple modulations et at 10 Gbps,
the duobinary is a much more resilient modulation format as compared to NRZ and RZ,

because of its higher dispersion tolerance.

e External modulation

The first modulation format discussed above typically used the simplest modulation
system called on-off keying (OOK), where the light beam is simply "turned on or off"
depending on whether the information bitisa 1 or a 0 (binary information).

This type of modulation can be performed in two ways, by direct modulation or by
external modulation. To avoid the frequency variation of the signal or chirp, an external
modulation is recommended. The chirp is a phenomenon where the frequency and phase of
the carrier of transmitted pulses varies with time generating a greater dispersion during its
transmission. At speeds above 10 Gbps the chirp is so high that the direct modulation of
semiconductor lasers is very seldom used [Agrawal, 2000].

In optical long-haul transmission systems, coherent continuous-wave lasers (CW) with
external Mach—Zehnder modulators are used. These modulators are based on Mach—Zehnder
interferometer between two waveguides with adjustable phase shifts. Consequently, an
external electric field will generate changes in the refractive index of the material. Here, two
cases are possible depending on the absence or presence of an external field. In the first case,
the interference contributes constructively, because the optical field of the signal from the
laser will have an equal phase change in the two arms. In the second case, the interference
contributes destructively because the phase shift between the both arms can be equal to 7.

e  High-order modulation for optical fiber transmission

Even more sophisticated modulation schemes are used to increase the capacity by
using multilevel modulation formats with M=2" bits per symbol. Thereby, we transmit more
bits on an optical symbol by coding n bits through a sequence of 1 and 0. In this case, the
amplitude and phase modulation can be used to obtain symbols with 2" different forms.
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Phase shift keying (PSK) modulates the optical signal by changing the phase of the
signal. The PSK constellation symbols are positioned with uniform spacing around a circle
and its performance decays as the number of symbols increases around the circle, because the
effect of noise is more visible between each other due to their near position. To avoid that the
symbols be located all around the circle, we can use the constellations based in quadrature and
amplitude modulation (QAM) whose symbols can be more spaced. Here, the symbols in
QAM can be distributed in amplitude and phase, by using | and Q orthogonal components
separated 90 degrees between them (See Fig. 1.6).
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Figure 1-6: Schematic constellations of advanced multilevel modulation formats.

Figure 1.7 shows the block diagram of an optical transmitter adapted to QPSK
modulation. In the transmitter, the laser signal is fed by the electrical signal current which
allows to generate modulated light power. The transmission is ensured by the phase electrical-
optical modulator MZM that allows the amplitude and phase modulation. Each MZM has 2
levels of voltage that give 2 points in the constellation; however one of the arms should be

shifted in phase 2 to allow moving the others points of constellation around 90°.
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Figure 1-7: QPSK modulator.
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1.2.3 Receiver (coherent detection)

At the reception, the optical signal is converted back into an electrical signal. The
nature of the receiver depends on the modulation format. For example to detect modulated
signal in OOK, it can be sufficient to use a simple photodiode, because it is not necessary to
follow the signal phase. A photodiode gives only information about the intensity of the optical
field making impossible the recovery of phase information, this modulation is well-known as
direct modulation. However, sophisticated modulation schemes use coherent detections that
allow the detection of the amplitude and phase of the incoming optical signal by using the
polarization diversity receive. Such detectors use interferometric methods.

Figure 1.8 shows a coherent receiver scheme. Here, an optical input signal interferes
with an unmodulated or laser local oscillator (LO) by using a coherent mixer. Note that each
arm in the coherent mixer has a polarizer that is positioned to have the same field in the x and
y axis. In addition, the wave-plate A/4 produces a phase shift of w2 only in the x-polarization.
Thereby, polarization of the LO becomes circular, while the signal remains linearly polarized
and its polarization angle is 45 with respect to the principal axis of polarization beam splitters.
After passing through the half mirror, the Polarization Beam Splitter (PBS) separates the light
into two orthogonal polarizations, while the interference and difference of phase between LO
and the modulated signal are detected by the photodiodes PD1, PD2, PD3 and PD4.
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Figure 1-8: Coherent receiver.
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Coherent detection together with Digital Signal Processing (DSP) technology is
actually used to provide a solution to the detection problem of long-haul transmission systems
[Ly-Gagnon, 2004]. Analog-to-digital conversion (ADC) and DSP compensate the
imperfections of the coherent receiver and the other signal impairments coming from fiber
propagation. Besides, coherent detection with DSP algorithms provides potential for superior
receiver sensitivity. The common scheme of a DSP is shown in Fig. 1.9. Let's describe briefly
each block.

CD compensation block is used to compensate the impairments produced by the
chromatic dispersion (Section 1.3.1), clock recovery allows to correct the digital sampling
error made by ADC. Polarization de-multiplexing block (Section 1.4) uses an algorithm to
find principal of polarization. Phase and frequency recovery block corrects the phase and

frequency difference between received signal and LO.

Coherent
detection :>

recovery

ADC
Re-sampling
CD-Compensation
Polarization
Demultiplex
Phase and freq.
Equalization
BER and Q2
Measurement

Figure 1-9: DSP and ADC configuration.

1.2.4 Transmission

e Optical channel

To explain the propagation inside the optical fiber, we will start by introducing the ray
optic study (Snell law) by supposing that three layers of different refractive index materials
can model the fiber. Snell law (equation 1.1) schematically explains how light behaves in the
optical fiber. This behavior depends on the refractive index of the material, which is the ratio

light velocity in vacuum and in the medium.

Ngir SIN O = N ppe SiN 64 (1.2)
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To make sure to trap the light inside the core, the cladding refractive index (Nciadding)
should be smaller than the core refractive index (ncore), and the light must be incident on an
optical fiber with an angle of incidence smaller than the critical angle. Thereby, the critical
angle must be only defined when Neiadding / Ncore 1S l€SS than 1. To accept maximum incident
light, we can measure how much light can be collected by an optical fiber though the
numerical aperture (NA).

Dair \\' ©2=90° N]adding
>
Acceptance angle =
A Negre
NA=sin O
ncladding

Figure 1-10: Snell law in the optical fiber.

The core refractive index profile is fundamental for light propagation and describes the
radial change of the refractive index from the fiber to towards the cladding. Thus, the rays can
be propagated as in a straight line or zig-zag, because the refractive index is homogenous in
the core (step-index SlI), or in parabolic form because the refractive index continually
decreases from the fiber axis to the cladding (graded index Gl).

According to the propagating modes, the optical fibers can be divided in single mode
and multimode. In the former, one only mode should travel the length of the fiber. The
number of modes of an optical fiber depends on its dimension and the variation of the
refractive indices of both core and cladding across the cross section. This will be detailed in
chapter 2.

Two classic profiles are shown in the Fig. 1.11.

Figure 1-11: Step index profile (SI) and graded index profile (Gl) are the most well-known
refractive index profile.
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1.3 Physical transmission constraint in Single Mode Fiber

Light is affected by the linear effects (chromatic dispersion (CD) and polarization mode
dispersion (PMD)) that transform the signal linearly, or nonlinear effects (Kerr effect) as a
result of the nonlinear behavior of the material.

The nonlinear effect represents one of the main reasons of the capacity limitation in
long haul optical transmission system. In figure 1.11, the y axis represents the maximal
channel capacity without error and the x axis the signal-to-noise ratio (SNR). According to the
Shannon theory [Shannon, 1948], for a linear transmission system with a given SNR, the
optical channel capacity is given B. log2(1+SNR) [bits/s] and the spectral efficiency (SE) by
log,(1+SNR) [bits/s/Hz] by dividing the channel capacity by spectral bandwidth B.

Figure 1.12 shows the capacity as a function of the SNR for an optical system. Here, the
curve can be separated in one linear and one nonlinear part, the first one corresponding to the
positive slope of the curve, where the capacity is only limited by the amount of amplified
spontaneous emission noise [Tang, 2006] without the intervention of the non-linear effects.
The second is the negative slope parts whose capacity deterioration is in large part due to the
non-linear effects.

As an illustration, for a typical optical amplifier with a SNR of 40dB, we expect a
theoretical limit for the capacity of 13 bits/s/Hz if the Kerr nonlinear effect is absent.
However, for a given SNR the non-linear effects [Ellis, 2010] could appear and affect
capacity nonlinearly, as is shown in the Fig. 1.12.
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- spectral
i efficiency
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Figure 1-12: Effect of non-linearity over fiber capacity.
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SE (bits/s/Hz) generally corresponds to the ratio between the channel bit rate and
channel spacing. It is to be noted that the only way to increase the SNR is to increase the input
optical power, but as input power increases, fibers cease to be a linear transmission media.
That is, the nonlinear distortions are strongly dependent on the signal power. In this section,

we will study the different effects that degrade the optical transmission performance.

1.3.1 Linear effect

e Attenuation

Attenuation (a) is the signal energy reduction during propagation. It varies as a function of
wavelength (near infrared region). Typically, optical fibers work in the infrared region
(850nm, 1300nm and 1550nm), however the lowest loss attenuation is found at 1550nm (less
than 0.2dB/km [Agrawal, 2010]), as is shown in Fig. 1.13. In the end, this parameter will
depend on the fiber length.
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Figure 1-13: Attenuation as a function of wavelength (SMF).

To compensate the attenuation, current transmission systems use optical amplifiers

(OA) without optoelectronic regeneration. However, all amplifiers degrade the signal-to-noise
ratio (OSNR) of the amplified signal because a part of the amplification energy is naturally
used to produce amplified spontaneous emission (ASE) during the amplification process. This
OSNRs degradation is quantified by the noise figure (NF), which relates the input and output
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signal-to-noise ratios of an amplifier. The ASE can be a dominant source of noise, because it
is usually cumulative. It is an unwanted effect that limits the amplifier gain by increasing its
noise level.

Erbium Doped Fiber Amplifiers (EDFA) and Raman amplifiers are the most popular
amplifiers. EDFA are mostly used in terrestrial links and they work in the C-band (between

1530 and 1565 nm) and L-band. Raman amplifiers are most often used in submarine links.

e Chromatic dispersion (CD)

In bulk materials, chromatic dispersion is the signature of the dependence of the
refractive indices of core and cladding on the wavelength. In optical waveguide, the
dispersion may be due to the optical geometry and the material properties. To study the CD,
we will consider the combination of both dispersion sources. To characterize this
phenomenon, we can use the dispersion parameter D (See Eg.1.4). It can be described as the
derivative of the inverse of group velocity with respect to the angular frequency, with a B,
dispersion factor (ps*km) and is measured per unit length (ps/(nm.km)). The dispersion
(ps/(nm.km)) is the propagation time difference that is observed around a kilometer of optical

fiber between two spectral component spaced by 1nm.

a
v, = % (1.2)
R
0 v
B, == (13)
B 2
p==-%n, @

The dispersion parameter is called normal when D<0 (B,>0), and anormal when D>O0.

The typical value D is approximately 17 ps/(nm.km) for standard fiber at 1550nm.
Likewise, CD can become a cumulative effect along the propagation in all fiber sections
and it can be reduced through special fiber sections with an opposite dispersion sign, called

dispersion compensating fiber (DCF) or dispersion compensating module (DCM) for
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terrestrial system. To compensate the accumulated dispersion, these modules are placed

regularly along optical network. Their typical values are [-100; -50] ps/(nm/km) at 1550 nm.
e Modal dispersion

Modal or intermodal dispersion is produced in MMF as a result of the differences in the
linear properties of the modes. Since the modes are generally not excited equally and they
have different effective indices (nes), they can travel at different velocities producing a
differential mode group delay (DMGD). Note that the modal dispersion can be quantified as
the DMGD and it depends on the refractive index profile of the fiber. For instance, the modal
dispersion can be minimized by using an optimum parabolic profile.

In the context of MM transmission, this effect could introduce a distortion of the signal
that results in transmission errors. However, if the transmission distance is short, the modal
dispersion effects could be almost negligible. In long haul transmission, the modal dispersion
limits the transmission rate and it is all the more significant when the time symbol (Ts) is
smaller than the propagation time difference between the fast and slow mode (t;). According
to equation (1.5), the delay is proportional to the fiber transmission length. Here, ngmax is the

group index which corresponds to the group velocity of the propagating mode.

Ty = 2. g max = L.DMGD (1.5)

[4 aneff,mode (16)

Ngmode = = Neffmode T W- 9w

Vg mode

Multimode dispersion does not occur if the waveguide allows only one mode to propagate
(Angymaxzo).

e Polarization mode dispersion (PMD)

The speed of propagation of the light depends on the index of refraction of the optical
fiber in the direction of oscillation of the electric field. For instance, if we consider a short
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length of SMF and an index difference between the x and y directions, a wave that travel in
the z direction can be decomposed into two waves having x and y electric fields. These waves
propagate at slightly different speeds which lead to an accumulation of the optical phase shift
and differential delay as a function of the distance. The optical fiber that presents this optical
phase shift can be called birefringent.

Birefringence in the optical fiber can be produced by geometric imperfections (lack of
symmetry) that lead to a core deformation making its form elliptical. Likewise, the differential
group delay (DGD) is due to the dependence of the birefringence with the wavelength. PMD
is defined as the average value of DGD and maybe responsible of output pulse broadening. In
figure 1.14, Note that the optical fiber birefringence can cause a difference in the propagation
time as a result of the different optical axes due to one polarization mode tending to travel

faster than the other.
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Figure 1-14: PDM impact on the transmitted pulse.

Birefringence can be modeled by dividing the optical fiber in several pieces, each piece
having a random orientation axis whose evolution is time dependent. The propagation time
differences between both polarization states are known as Differential Group Delay (DGD).

The DGD is different along the fiber and has a stochastic nature, following a Maxwellian
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distribution [Poole, 1991] for an instantaneous DGD. The PMD is the mean value of the DGD
[Frignac, 2003].
PMD =< DGD > (1.7)

By coupling the polarization modes the mean DGD can be increased with the square

root of the transmission length (V).

PMD = PMD,pesr.VL (1.8)

The accumulated PMD is given in ps and its coefficient in ps/km®®. Typical PMD of a
transmission fiber is today between 0.1 to 0.04 ps/km®°. Thereby, PMD limits the
transmission distance to 10000 km (at 10Gb/s) and to 600km (at 40Gb/s). PMD is difficult to
reduce, it is generally necessary to introduce an automatic feedback system in the context of

direct detection receiver or a digital signal processing after coherent detection.

e Polarization dependent loss (PDL) and polarization dependent gain
(PDG)

In PDL and PDG, the attenuation (or gain) depends on the polarization state. The
difference between them is that PDL comes from the passive components and the PDG comes
from saturated amplifier (EDFA) gain anisotropy. The combination of these effects produces
time varying degradations. We can express PDL or PDG as the ratio between the maximum
and the minimum losses (or gain) depending on the input polarization state. These effects

cause OSNR variations, due to the power instabilities.

1.3.2 Nonlinear effects

The nonlinear optical effects are produced because all materials behave nonlinearly at
high intensities and their refractive indices change with intensity [Friesem, 1989]. The

nonlinear phenomena most relevant for optical system are summarized in Fig. 1.15.
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Figure 1-15: Nonlinear Effect in the optical fiber. Stimulated Light Scattering, Stimulated
Brillouin Scattering, Stimulated Raman Scattering, Nonlinear Phase Modulation (Self-Phase
Modulation, Cross-Phase Modulation), and Four-Wave Mixing.

However, we will not describe the Raman and Brillouin effects.

Instead, we will focus in particular on the Kerr effect distortions, because the capacity in
an optical fiber is strongly affected by this effect. Kerr effect produces a change of refractive
index of the medium (n) in proportion to the intensity (). n, and n;, are linear and nonlinear

refractive indeces, whose typical values in the silica are ny=1.5 and n;=2.7.102° m4/W.
n=mn,+n,.l (1.9)

As a consequence the accumulated phase shift in the fiber can increase after a

transmission distance L.

¢ =kn,L+ dny (1.10)

Here, Kk is the free space wavenumber and ¢, is a nonlinear phase shift. This phase

shift depends on the optical signal power and the fiber nonlinear coefficient.

Kerr effect is usually decomposed into the Self-Phase Modulation (SPM), Cross-Phase
Modulation (XPM) and Four-Wave Mixing (FWM). SPM leads to the frequency chirping of
optical pulses as a consequence of the nonlinear phase shift accumulated in the fiber. The
SPM-induced chirp affects the pulse shape and often generates additional pulse broadening.

As a consequence it may aggravate the problems produced by the chromatic dispersion.
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XPM is produced when two optical signals with different carrier wavelengths are
propagated in the same fiber and one signal affects the phase of the others. This effect can be
two times stronger than the SPM. XPM also affects the communication system that uses
wavelength division multiplexing (WDM) technique to increase the capacity, because it mixes
different optical signals modulated around different carrier wavelengths. Hence, if two or
more optical channels have close wavelength and they are transmitted simultaneously, the
intensity variations of a particular channel can produced a phase fluctuation over another
channel. The nonlinear phase shift for a specific channel depends not only on the power of
that channel but also on the power of other channels which implies that each WDM channel

must have an adequate equalization.

Another effect is the four-wave mixing (FWM) which is considered as an inter-
modulation phenomenon. FWM appears as result of the interactions between two wavelengths
that produce two extra wavelengths in the signal. FWM can be generated, for example,

between Raman pumps.

One way to mitigate the nonlinear effect is by dispersion management [Bigo, 2006], or

DSP after coherent receiver.

1.4 How to increase capacity in optical communications systems

To increase the spectral efficiency, we can combine the multilevel modulation formats
and the multiplexing technique. Higher order modulations with M=2" bits per symbol (QPSK,
M-QAM) can increase significantly the transmission rate, but also limit the transmission
performance due to the lower robustness to signals impairment or noise addition.

Some of the most typical multiplexing techniques are detailed hereafter.

1.4.1 Wavelength division multiplexing (WDM)

In WDM, each channel is modulated with a particular carrier wavelength (see Fig.
1.16) and then all channels are combined by optical multiplexer. The channels may have
different phase or time shift before combination. By this technique, all channel bit rates are

usually identical; hence the total throughput is the sum of the individual channel bit rates.
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Figure 1-16: Optical transmission system with WDM.

Dense-WDM is used for long distance and is approximately limited to 80 wavelengths
using 50GHz ITU-Grid in the C-band of EDFA, since the physical realization of DWDM
networks requires accuracy for the wavelength selective devices. Incidentally, some non-
linear effects can appear due to the wavelength proximity on certain channels, or by the use of

the optical amplifiers to provide long transmission distances.

1.4.2 Polarization division multiplexing (PDM)

As we discussed in section 1.3.1, guided modes in SMF can exhibit degeneration in
polarization, which allows to have two orthogonal polarization modes and to use them as
independent channels with an effective half-symbolrate, maintaining the bit rate. Thereby,
two independent signals can be sent on two orthogonal transverse polarization states and be
recovered by separations of these polarizations. However, SMF can exhibit an unwanted
birefringence which implies a time delay between the polarization components of the signal or
a modification in the polarization state. This rotation of the polarization state should be
corrected at the reception as well as the impact of the temporal translation of the symbols.

After the polarization recovery, the signals are treated in order to compensate the
dispersion effect in the polarization by using MIMO (Multiple Input Multiple Output),
presented in more details in section 1.4.3 and Appendix.

PDM can be exploited in combination with WDM to increase the capacity. It is also

known as dual polarization (DP).
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1.4.3 Compensation of linear impairments

The digital equalization for a dually polarized system is shown in Fig. 1.17. Note that
a PBS divides the signal into two arbitrary and orthogonal signals with x-y polarization.
Therefore, the incoming signals are first detected with phase and polarization diversity
coherent receiver to obtain the full information of the optical signal and then are recovered in
baseband modulated signal by using the dual-polarization optoelectronic downconverter. The
outputs of polarization DEMUX and dual downconverters are connected to an anti-aliasing
filters with impulse responses p(t) correctly synchronized [Meyr, 1997]. Since the dual-
polarization downconverters linearly recover the electric field, CD and PMD can be
compensated in the electronic domain after photo-detection by using tunable analog filters.

However, they are difficult to make adaptive, so the digital equalization is more advisable.
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Figure 1-17: Digital equalization with dual polarization.

As discussed above, CD and PMD can be compensated in the electronic domain after
detection by using digital equalization. At the output of the dual polarization receivers, it is
possible to obtain information on the received electrical field, which permits compensation of
distortion by linear filter. The two most known linear filters are infinite impulse response
filter (IIR) and finite impulse response filter (FIR). IIR filter allows CD compensation
[Goldfarb, 2007] and it has less cell numbers or taps, the taps number being associated to the
impulse response system, but it can require very complex receiver due to the need to use the
time-reversal filters. Thus, the equalization by FIR is more appropriate under DP coherent

system.
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In the digital equalizer phase are taken N samples to compute the minimum-mean-
square error (MMSE) estimates. Later, the error is obtained in the absence of other channel
effects, and this value is used in the mean-square error (MSE) matrix associated with
equalizer in order to find the optimized equalizer matrix by using one of the two algorithms:
the least mean square (LMS) or recursive least squares (RLS) [Widrow, 1985].

This block is also called MIMO 2x2, the number 2 is associated to two input data series
and two output data series. In this case each FIR has 2n taps for symbol, because the impulse
response is measured as n.Ts, where Ts is symbol duration. This technique is also used in
MMF.

1.5 Toward spatial division multiplexing (SDM)

Capacity demand in the optical communication is ever growing owing to the increase in
the number of customers and new services [Essiambre 2009]. As we have seen in the section
1.4, despite the effort to overcome the limits in the single-mode fiber, the SE maximum and
capacity seem to be insufficient to cover the new requirements of optical networks. As we
described above, the design of SMF did not evolve and their main problems are the
nonlinearity effects (as Kerr effect), which have prevented a greater capacity, regardless of the
efforts in reducing the losses, in finding an appropriate modulation format of higher order, in
increasing the OSNR, in increasing the WDM channels number or by combination of all the
above. To date, the highest SE reported is 15.3bit/s/Hz [Beppu, 2014] by using the
combination of a high modulations format 2048-QAM (2'* or 11(bit/s/Hz)) and Polarization
Division Multiplexing (PDM), but over a distance of 150 km.

Independently of the metric used, the SMF communication systems may not be
sufficient to satisfy the future demands (See Fig. 1.18), as it has been demonstrated in several
experiments [Sano, 2012], [Qian, 2011]. One of the solutions could be to install additional
optical fibers, but the installation cost will also involve the cost of the optical system
communication equipment, resulting in a deployment without decreasing the cost per bit
transmitted that is prohibitive for the current market, because this cost per bit has declined and
continue to do so. Research, laboratories and industries are finding new strategies to increase
the capacity by considering a reduction of cost and consumption per bit. One of the proposals

consists in using fibers based on Space Division Multiplexing (SDM).

50



Generalities of the optical communication transmission

SDM can be technically viable due to advances in accurate fabrication methods and
design of the optical fiber. SDM is another technique of multiplexing and it uses a
multiplicity of space channels to increase the capacity at the expense of a change in the
conventional infrastructure that could increase the cost of the installation but with the
advantage of covering future capacity demands on the long term without adding new optical
fibers (SMF) and elements to the system. The SDM communication system has been made
possible by the coherent detection technologies supported by digital signal processing because
they can enable multiple inputs and multiple outputs processing (MIMO). Thus, the capacity
increase given by SDM system has been demonstrated in laboratory and commercial

environment.
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Figure 1-18: Capacity limit for single mode fiber [Mizuno, 2017].

In SDM, many fibers have been proposed to support SDM transmission in optical
networks [Richardson, 2013][ Zhu, 2013][Bai, 2013], but the most typical fibers to reach high
spectral efficiency are multi-core fiber (MCF) and Few-mode fibers (FMF) or the
combination of both (see Fig. 1.19). In this section, we will concentrate mainly on FMF.

In the following, we use the term core multiplexing for MCF and mode division
multiplexing (MDM) for FMF.
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Figure 1-19: Fibers proposals based on SDM to achieve high spectral efficiency (HSE).

1.5.1 Components used in core multiplexing and MDM.

The commercial implementation of SDM could be a challenge, especially in the
amplification phase and digital signal processing.

In the first case, the conventional optical amplifiers can hardly ensure similar gain
between each spatial mode (FMF) or each core (MCF) and therefore we need to take into
account each mode or core separately, and then amplify each of them individually. In the case
of FMF, multimode amplifiers have received broad acceptance by the scientific community
by using and adapting the conventional methods of amplification based on Erbium doped
fiber (FM-EDFA [Bai, 2011], [Le Coq, 2012], [Ono, 2015] and FM-Raman [Weng, 2016]).
Likewise, the MCF amplifiers have been studied on the EDFA and Raman amplification:
MCF-EDFA and MCF-Raman [Krummrich, 2012].

In both cases, the signal can deteriorate because of crosstalk from the inter-channel
coupling, the distortion caused by CD and the accumulated differential mode group delay
(DMGD). To compensate them, the frequency domain equalizers are used (MIMO-Multiple
Input Multiple Output) and the DSP [van Uden, 2013] [Arik, 2014]. MIMO-DSP uses
algorithms that allow tracking fast changes of the channel, even though it can become difficult
over large accumulated DMGD, since a large accumulated DMGD requires a large number of
training blocks and taps which increases the equalizer complexity. MIMO also depends on the
number of the modes or core [Inan, 2012]. In FMF, these equalizers are well-known as
uncoupled-MIMO or coupled DSP-MIMO.
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For a DSP-MDM with N modes, the MIMO would need to be scaled to 2Nx2N, or
2N? adaptive filters (FIR), and 4N adaptive filters (FIR) for uncoupled-MIMO. Although the
uncoupled-MIMO seems less complex, scalability could be compromised by the increased of
the number of modes and by the use of PDM. Uncoupled-MIMO is not able to compensate
the DMGD and mode crosstalk completely. In other words, the propagation speed difference
between each polarization state would generate a progressive delay that will allow the
coupling of information, this phenomenon is generally compensated by the equalization.
Thus, DSP-MIMO even if more complex is suitable to compensate DMGD and mode
crosstalk, by taking into account the length of the impulse response spread since it must be
shorter than the equalization filter length. In both cases, each propagation mode is seen as an
independent transmission channel.

Besides, we need to consider the design of the passive components to ensure the
transmission by core multiplexing or MDM. Here, we will mention the multiplexer and de-
multiplexer, called MUX. However, regardless of the passive components, they must be
designed to ensure low insertion loss, low core or mode dependent loss, low crosstalk among
modes or cores and wide bandwidth to authorize wavelength division multiplexing techniques
on SDM signals.

Many multiplexer and de-multiplexer for FMF and MCF have been proposed: bulk
free-space (FMF and MCF), optical photonic lanterns (FMF), photonic integration technology
(FMF), 3-dimensional waveguide (3DW) (FMF and MCF), multi-core fiber coupler and fiber-
based couplers (FMF and MCF).

The bulk free-space optics use thin glass plates or phase plates with prescribed spatial
distributions of phase to generate a spatial modulation and excite a given mode of the FMF
[Igarashi, 2014]. To multiplex N spatial modes, it is necessary to have N-1 lossy beam
combiners (See Fig. 1.20), which leads to high insertion loss. It occupies more space and it
could present problems inherent to the manufacturing defects of the phase plates. However, it

has been used in seven cores of an MCF [Tottori, 2012].
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Figure 1-20: Phase-plate based SMUX

Besides, some multiplexer and de-multiplexer for MCF use the fan-in/fan-out
components. Basically, they are composed of different SMF, whose core is fused and tapered,
and spliced to an MCF [Zhu, 2011] (See Fig. 1.21). The limitation is in the end of the fan-
in/fan-out of the MCF, since the arrangement of the SMF has to be as similar as possible to
that of the line MCF. There is also MUX fan-in/fan-out which uses free space optics [Tottori,
2014].

MCF
Cconneciors MCF
TX oo m o Repaater m M M RX
Fan-in Fan-out

Figure 1-21: Multiplexer for MCF.

One of the most promising proposals for SMUX is the photonic lantern. They are
fibers that use the adiabatic conversion from a multimode fiber to a series of single-mode
fibers or vice versa (See Fig. 1.22). Photonic lantern can be all-fiber technology manufactured
[Leon-Saval, 2014] and 3D waveguide technology [Gross, 2014]. To date, [Ryf, 2014] has
demonstrated experimentally the use of the SMUX with 3 modes FMF.
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Figure 1-22: Photonic lanterns

The cheapest and most compact MUX solutions are based on the photonic integration
technology [Koonen, 2012]. The silicon-on-insulator (SOI) [Heck, 2013] and indium
phosphide (InP) [Soares, 2011] are the most known. The principle is to integrate the optical
functionalities on a single chip. However, the photonic lantern presents a lower MDL.

The fiber-based couplers use the mode conversion by coupling the fundamental mode
of an SMF to a higher-order mode of an adjacent FMF, where the propagation constant of the
higher-order mode is the same as that of the SMF. The limitation is that fiber alignment
should be precise to obtain as appropriate performance.

The core and cladding in 3-dimensional waveguide are manufactured by pure fused
silica on the use of femto-second laser pulses that are focused inside a fused silica substrate
(See Fig. 1.23). The waveguides in 3D are created by locally modifying the refractive index
of glass (See Fig. 1.24). This provides a solution to modify the refractive index of glass

locally and generate waveguides in 3D.

Figure 1-23: The waveguide is inscribed in 3-dimensional by a femto second laser.
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In 3-dimensional waveguide, the difference of the refractive index between core and
cladding is important, therefore it must be low for MCF coupling because each core is single
mode, and large for FMF because the modes share the same core and become more sensitive

to the coupling, even more so if we have a large number of modes. A spatial-multiplexer
based on this technique has been demonstrated for 6 modes FMF [Chen, 2014].

Figure 1-24: 3-dimensional waveguide a) Left: SMUX for 7-core MCF and b) Right: SMUX for
6-mode FMF [Chen, 2014].

Another promising spatial MUX/DEMUX with very low intrinsic loss and high modal
selectivity are those based on the Multi-Plane Light Conversion (MPLC). They consists of a
series of phase masks separated by a Fourier transform or free-space propagation. In practice,
they use a multi-pass cavity where the successive phase profiles are all printed on a single
reflective phase plate. This cavity is formed by a mirror and the reflective phase plate, and
performs the successive phase profiles and optical transforms. One of the advantages is its
scalability to the high number of modes [Morizur, 2015] [Barré, 2017].

1.5.2 Few modes fiber (FMF) and Multicore fiber on transmission

The Few modes fiber (FMF) have only one core that supports multiple modes (fewer
modes than an MMF) of propagation and each mode can carry different information. This
strategy allows to increase “N modes” times the unitary transmission rate of an SMF. As all
modes share the same physical space, the inter-modal crosstalk and the coupling are
inevitable. As we will see later, in some cases the coupling may be beneficial (chapter 3).

Increasing the number of spatial modes for FMF is not difficult, but it could
complicate the multiplexing and de-multiplexing process. By the same token, the bending
loss of the higher-order modes will be larger than the lower-order modes. However, the
manufacturing process of the FMF is similar to the conventional fiber which makes them

families promising candidates to overcome the capacity crunch.
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The FMF can be divided into weakly-coupled and low DGD (strong-coupled). FMF
with weakly-coupling could be more adapted to short-distance applications [Sillard, 2016],
because the transmission distance is limited by the highest loss and coupling between the
modes. FMF with low DGD with DSP-MIMO could be used in long-haul transmission. To
decrease the group delay spread (GDS) is equivalent to reduce the DGD. To do so, we can
apply one of two strategies (See Fig. 1.25). The first one consists in reducing the DMGD by
compensation techniques, such as MIMO-DSP or insertion of DMGD compensation spans by
designing fiber with a DMGD as small as possible; generally these fibers have a graded index
profile. The characteristic of this method is that group delay spread (GDS) increases linearly
with the distance. The second one consists in increasing the coupling by fiber design or by
intentional perturbation. Thereby, we expect that the GDS only depends on the square root of

the distance. We will study in details these two strategies in the chapter 3.

GDS=DMGD x L
DMGD 1 - Fiber Design, Compensation techniques
t Ciber Design? >

Figure 1-25: Decreasing the DGD

To date, the highest SE for FMF (low-DGD) has been reached with 6 SDM channels
[Rif, 2013].

The MCF [Inao, 1979] comprises several independent cores in one fiber core, thus the
capacity is increased in N cores times the unitary transmission rate of an SMF. It can be also
divided into weakly-coupled and low DGD. The most common are the weakly-coupled,
because the MCF with very low DGD needs experimental validation. The weakly-coupled
technology is considered as the simplest technology in MCF, because it is not necessary to
recover the signal by complex equalization. These fibers have a high spatial density larger
than FMF, regardless of the crosstalk between any cores. The crosstalk can be reduced by
using a trench assisted inner cladding [Takenaga, 2011], lower-index inner-cladding, or the

inter-core crosstalk management and multicarrier nonlinear compensation [Kobayashi, 2013].
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To date, an MCF weakly-coupled can reach a transmission capacity of 2.15 Pb/s over
31 km, using 22 SDM channels and a spectral efficiency of 214 b/s/Hz [Puttnam, 2015],
exceeding the FMF capacity (See Fig. 1.26). The physical implementation with other devices
and the non-standard manufacturing could limit its use in the telecommunication business.

Another interesting fiber candidate to improve the spectral efficiency is the FM-MCF
fiber that is the combination between few mode and multicore fibers. One of the challenges is
to determine the distance between the neighboring cores by considering a similar crosstalk to
the conventional MCF and taking into account the transmission distance and the modulation
format. To date, 114 SDM channels (19 cores and 4 LP modes) with a spectral efficiency of
456 bit/s/Hz have been reported by [Soma, 2015].
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Figure 1-26: Spectral efficiency between different technologies [Sillard, 2016]

A comparison between SDM technologies (MCF and FMF) with the SMF is shown in
table 1. The comparison is based on the fiber characteristics, the elements of the
communication system, complexity and applications. These parameters give us an idea about
the limitations and advantages of each communication system. For example, we can say that
the FMF modes share the same core which brings about the undesired intermodal crosstalk

between two spatial or polarization modes, similar to that MCF due to the proximity of their
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cores. If the space density increases, the effective area of FMF and MCF should increase in

comparison to the SMF. Therefore, the large core FMF could be advantageous to limit the

nonlinearity effect, but these fibers have more modes which could produce more crosstalk and

other negative parameters (intermodal four wave mixing, for example). The index profile is

also important in the design of the optical fiber to reduce the crosstalk (Step-Index) or DGD

(Graded-Index).

Table 1: Evaluation between SMF, MCF and FMF.

Parameter SMF MCF FMF
Fiber loss <0.2dB/km Low (~SMF) Low (~SMF)
Fusion splicing Easy Special fusion, Easy, low loss

medium to high loss

Large (depend mode

- 2 -

Effective area (um®) From 18.8 to 76.3 7210 116 number)
Intra-mode ~SMF Standard to high Low
nonlinearity
Inter-mode No Low Low to medium
nonlinearity

. Low to High (~ -
Crosstalk Very low (< -20dB) Medium 250B)
Dispersion (ps/nm.km) From -162 to 17
Amplifiers EDFA yes yes yes
Amplifiers number N N 1
Number of ROADM N N 1
DSP complexity Low Medium Medium to high
Multiplexation cost x *
Theoretical SEsmr Ncore*SEswr Nmodes*SEsmr
Routing Yes No Yes
Index Profile SI, GI, 3-clad to 4-clad | SI, Gl with trench | SI, GI with trench
Application Little to high reach Medium to high Little to high reach

reach
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1.6 Summary

We have introduced the fundamentals of SMF optical transmission systems and the
main physical effects that reduce the transmission distance and capacity. We discussed that
the optical fibers are affected by loss, dispersion, non-linear effects, macro bend and micro
bend and other drawbacks, needing the recovery of signal at the communication end. Under
this approach, the fibers and the communication system must be carefully designed.

We have described the different optical fibers based on SDM and the conventional
SMF. Indeed, figure 1.27 summarized the different SDM technologies that offer greater
spectral efficiency and they are compared with the SMF [Sillard, 2016]. In any of these cases,
the SMF spectral efficiency (~ 15.3b/s/Hz [Beppu, 2014]) is lower than the SDM
technologies. Thereby, the research points to three SDM strategies: weakly coupled MCF,
FMF-MIMO (strong coupled) and weakly coupled.

The maximum SE is reached with weakly coupled MCF+MIMO FMF or weakly
coupled MCF. Yet, many are betting on FMF, because it has an easier manufacturing method.
Thereby, the interest of this research is focused in FMFs. As was commented above, there is
still much to be improved from these emerging fibers and the elements that make up the
communications system.

Later, we will describe the FMF propagations and its constraint, specifically the mode

coupling.
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2 Propagation in the Few Modes Fiber (FMF)

Optical fibers are mainly composed of silicon dioxide (SiO,) and small amounts of other
chemicals are often added. The purity and chemical composition of the glass used in optical
fibers as well as the fiber opto-geometrical parameters determine their characteristics, such as
the attenuation and chromatic dispersion. These parameters are crucial in the design of an
optical fiber, because they could modify the performances of the fiber, such as absorption and
scattering. In this study, we will not focus on the manufacturing process, nor on the chemical
composition of the optical fiber, but rather on the propagation process of the optical fiber.

The propagation of light inside an optical fiber follows distinct patterns called modes. A
mode is fundamentally a path that drives light through of the fiber. Therefore, the optical fiber
can be categorized into: single mode (SMF) and multimode (MMF). In this study, we will
focus on special type of MMF called FMF for Few Modes Fiber, as introduced in the chapter
1.

The basic structure of an optical fiber consists of two areas: the core and the cladding
(See Fig. 2.1a). The core area has a refractive index, denoted n(x,y), which can vary. In
variable-refractive-index, the maximum value (n,) is found at the fiber core axis r = 0 (See
Fig. 2.1). Whereas the cladding area has a smaller refractive index (n,) which is usually

lower than n to guarantee the total internal reflection inside the core.

~
~
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g

*cladding o
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> cladding

Figure 2-1: Graded index profile n(x,y) with variations only over the core.

In addition, the variation in refractive index over the cross section of the waveguide is
given by the profile n(x, y), which can also be represented as a function of the fiber radius

n(r). In this study, a general description of the refractive-index profile can rely on the alpha
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or power-law profiles (cf. equation 2.1) from [Gloge, 1973] that are mainly used to describe

parabolic fiber profiles.

r

a
n?(r) =ni.[1-2.A.f(1)]; f(r)= (Z) r<a (2.1)
Here, r is the radial coordinate, a is the power-law exponent, a is the core radius. A is
the relative refractive index difference between the maximum index of the core n; and the
cladding refractive index n,.
2

ni —n%

A~ (2.2)

2
2.n?

As discussed in the section 1.2.4, the most well-known refractive index profiles are the
step index profile and the parabolic index profile. By equation 2.1, we can account for them
by changing the power of the exponent a in f(r). f(r) describes the shape of the profile, and so
we can obtain a Heaviside-step for a=c (step index profile) or a parabolic profile for a=2.

Besides, the propagating modes calculation methods must be adapted to the refractive
index profile. The following is a sum-up of the 2 main propagating modes calculation

methods:

a) For fibers with step index profiles, the modes can be resolved analytically using the full
set of Maxwell’s equations. In this case, full vectorial modes are obtained. However, in
some cases (low index contrast hypothesis), approximations can be made to simplify the
equations and scalar modes can be obtained (known as Linearly Polarized (LP)). These LP
modes are useful approximations to understand the modal cutoff and temporal propagation
characteristics of the fiber.
b) For fibers with parabolic or graded index profiles, the full or exact solutions are
impossible to obtain analytically, because the refractive index varies along to the core.
When we use this profile some approximations are needed to obtain the analytical
solutions. The approximate solutions can be obtained in the framework of the weakly
guiding approximation by considering that the refractive index difference between the
core and the cladding tends to zero.

In this research, we will consider a graded index FMF. Consequently, we will use an
approximation of the Maxwell’s equations which admits analytical solutions under the

form of either Laguerre-Gauss [Masaki, 1978] or Hermite-Gauss [Shemirani, 2009]
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polynomials considering only an infinite square law profile (refractive index infinite, see
Fig. 2.2). The Laguerre-Gauss will be used throughout the entire thesis.
o
~
p—
S nl
Infinite

/\ n2 Truncated

Figure 2-2: Exemplary refractive graded index profile n(x,y). The infinite parabolic profile used
by the Laguerre-Gauss method.

The definitions and derivations follow the outline of Bures’s book [Bures, 2009].

In this chapter, our aim is to study the characteristics of bound and radiated modes for a
set of graded-index profile fibers by numerical means. The calculation of the guided modes
will use a homemade tool developed by researchers from Prysmian group. The validation of
this method has been proven in cases of guided and leaky modes by [Molin, 2016].

Therefore, the goals of this chapter are to understand:
e How to obtain the different modes (guided, leaky and radiation) of an FMF

e How to improve the performances of an FMF

e The effect of the number of modes over different parameters of the FMF
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2.1 Propagation in Optical fiber

Wave propagation in FMFs is similar to conventional MMFs, the main difference lies in
a reduced number of modes and the fact that each mode can potentially be used to transmit
information. Therefore, we will start with the main definition without making any distinction
on fiber type. In a simplistic view, light is reflected on the core-cladding boundary and the
wave can interfere with itself giving rise to complex interference patterns, called transverse
modes. These modes are the solutions of the propagating equations which result from the
Maxwell equations applied on the waveguide. To analyze the optical fiber, we consider the

light as an electromagnetic and monochromatic wave with a propagation constant f and an

angular frequency . Thus, the electric E and magnetic fields H of this electromagnetic and

monochromatic wave can be written as:

E(#,t) = Eyynel©? (2.33)

H(# t) = Higyp €@V (2.3b)

The following set of Maxwell’s equations describes the electric and magnetic fields
arising from distributions of electric charges and currents, and the variation of those fields

change in time and space.

V.D=p (2.4a)

V.E=0 (2.4b)
- dB d0H R
VXE=—E=—uOE=—uOLwH (2.4¢)
VxH=7+2 (2.4d)

Here, vectors D, B, E and H : are the electric displacement field, the magnetic induction
field, the electric field and the magnetic field respectively.

Let us consider that the monochromatic wave propagates in an isotropic, homogenous
medium, non-magnetic material and without charge. As a result, j (free current density vector)

and p (free charge density) are null, and thus the Maxwell’s equations can be expressed as:

D=¢E=¢,(1+x)E (2.5a)
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B = pH (2.5b)

Here, €, &,, 1o and y. are the permittivity, the vacuum permittivity, the vacuum
permeability, the electric susceptibility. These parameters are related to the material.
Likewise, we can associate the refractive index of the medium with the relative permittivity or
dielectric constant, &,, by the following expressionn = +/e, to rewrite the equations in term
of n.

By using the constitutive relations (2.5a and 2.5b) and (2.3a) and (2.3b), the

Maxwell’s equation (2.4a, 2.4b, 2.4c and 2.4d) can also be written in terms of E and H vectors

as follows:
V.(¢E) =0 (2.6a)
V.(wH) =0 (2.6b)
VxE = —iwp,H (2.6¢)
V x H = iwe,n*E (2.6d)

These equations allow finding the homogeneous vector wave equations.

2.1.1 Homogeneous vector wave equations

Because the vector wave equations are current density free, these equations will be
homogeneous. They are obtained from equations 2.6¢ and 2.6d only in terms of E or H,

applying the curl operator (V X) to the equation 2.6c, and substituting the equation 2.6d to the
result of the previous procedure.

Therefore, we get the equation 2.7a for the electric field by also considering the

following vectorial identities: V x (V x E) = V(V.E) —AE and V.(Vx E) = 0.

—

Vx(VxE)=V(V.E)-AE = n?k,’E (2.7a)

Following the same procedure, we can get the equation 2.7b for the magnetic field.
Note that in this case we apply the curl operator to the equation 2.6d, and later we substitute

the equation 2.6¢ in the previous result.
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¥ (0 x ) = V(T.1) - 0T = 152 (020 x £ + 9n?) x B) = k,"n?ff + 152%(n2) x B
0 0

(2.7b)
Here, n, is the electromagnetic impedance of free space (~ 377 Q).
By combining the two curl identities (2.7a and 2.7b) and the above relations:
V. (nzﬁ) = 0= n?V.E + E Vn? leadingto V.E = —V(Inn?).E
We obtain the two homogeneous vector wave equations:
(A + n%k,HE = —V (E.VIn(n?)) (2.8a)
(A +n%k,HH = (V x H) x VIn(n?)) (2.8b)

Note that the equation 2.8a and 2.8b are expressed only by the terms E, H and n2.

2.1.2 Translation-invariant optical fiber

Considering the propagation along the z-axis, the transversal and longitudinal

components of the E, H fields can be written as:

E(%,t) = E(yy, e'@e 12 (2.92)

H(#, t) = Hyy el @De 6D (2.9b)

Equations 2.9a and 2.9b become 2.10a and 2.10b, by taking into account a fiber with a
refractive index profile invariant along the z-axis. Note that the electric and magnetic field are
expressed as a superposition of fields written in separated form (we have omitted the time

dependence, e!(®D),

E(x,y,z) = E(x, y)e iP2 = (E, 4+ 2.E, )eI(FD (2.10a)
H(x,y,z) = H(x,y)e i®2 = (H, + 2.H, )e (P (2.10b)
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Et ,ﬁt, E, and H, correspond to the transversal and longitudinal components of the
electrical and magnetic field. In the same way, we can express the gradient operator and
Laplacian vector as equations 2.11a and 2.11b, because the electrical and magnetic fields are

only x and y dependent.

V=V +2-=V.—ip2 (2.11a)
RE =V, E+5-=V, E-p%E (2.11b)

Now, we rewrite the homogeneous equation (2.8a and 2.8b) [Bures, 2009], by

applying 2.11a, 2.11b and reducing V In(n?) to V, In(n?), E.V In(n?) to E,. ;, In(n?).

(7. +n?k,? - B2)E = ~ (@, - iB2) (E.. V. In(n?) (2.12a)

B%E = (V, — iB2)(E;. Vi In(n?)) + Vtzﬁ +n2k,’E

— 2 — — — —
(Ve +n2k,? — B)H = ((V, — ip2) x H) x V, In(n?)) (2.12b)

B2H = —((¥, — iB2) x H) x V,In(n2)) + V, H + n2k,’H

The solutions of the equations 2.12a and 2.12b are eigenvectors, eigenmodes or modes of
the linear operators that are associated to the eigenvalue p°. B can be related to an effective
index as in 2.13. This effective index represents the ratio of the propagation constant in the

waveguide to the free space propagation constant.

2
B = TTEneff = koneff (213)

The eigenmodes or modes can be divided into two groups of guided-modes and
radiation modes. In general, each mode has its own effective index. To distinguish the modes,
we must consider the inferior and superior limit of . Thus, the guided modes have a real and
discrete B and are typically restricted to the range ( k,.ny> B > k,.n,). Where n; is the

maximum refractive index in the core, n, is the refractive index of the cladding.
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The radiation modes can be subdivided into: leaky modes and a continuous set of
modes with real propagation constants or purely imaginary propagation constants (See Fig.
2.3).

Leaky modes
nl nz
neff
HHH —
Radiation modes Guided modes

\ I\
‘ \f ’ \/ \f

continuous and discrete . . .
. discrete solutions No solutions
solutions

Figure 2-3: Modes inside an optical fiber.

e The leaky modes (k,.n,>B) have complex and discrete ’s. They propagate like
guided modes but with leakage losses due to the imaginary part of their propagation

constant. (as, is the case, for example, in photonic crystal fibers)

e The radiated modes (k,.n;>k,.n,>p) can have a real and continuous [, they
propagate like refracted rays and their energy is located outside of the core. These
modes attenuate quickly compared to leaky modes and their propagation constants
are typically smaller than those of guided-modes.

2.1.3 Modal vector equation

From the Maxwell equation (2.6c and 2.6d), we can express the transverse

components (E, and H,) by the longitudinal components (E, and H,).

1
—

E, = m(BVtE —(“—") k, 2% VH,) (2.13a)
1

(BV.H, +( ) k,n?% x V,E,) (2.13b)

H, =
t ™ kk, n2 -p2
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Thereby, the transverse component is obtained only in terms of derivatives of the

longitudinal components in Cartesian coordinates [as in Bures, 2009].

Ex = s (BO2 + (Z—Z)m ko Z59) (2.14a)
By = o (852 — (& ) ko ) (2.14b)
e = 6 (5 e
Hy = — — ( 61H2+(z0)%k0 n? 2% (2.14d)

By substituting 2.14a, 2.14b, 2.14c and 2.14d in 2.12a and 2.12b, we obtain the

coupled equation for E; and H,.

V.’E, + (k,*n? — B?)E,

{ o o } =0  (2.153)
) ln(nz)

(6 ln(nz) <B 6EZ %) _l_\

B(’)Ez 1/2 0H,
ay O 0x

faln(nZ) . 20E,) )
k2n? J dy Bf)y+(u_o) kong +L 0

Ko'n=B2 Y Gin(n?) (oM, (en\s OE (2150)
LT(BTXZ‘(ﬁ) "o”za—yZ>J

ViPH, + (ko*n? — B)H, —

The resolution of the z-component of the fields (2.15a and 2.15b) is the basis to
calculate the exact modes or vector modes of the fiber as introduced in the next example.

2.1.3.1  Example: vector modes of a step-index profile

This example which will provide the simplest analytical form of vector modes, is
obtained with a circular step-index fiber because its refractive index is constant in the core
and the cladding. The propagation in the core is ensured according to n, > n, and k,.n;>
>k,.n,. Thereby, the coupled equations 2.15a and 2.15b are simplified by making the term
V. In(n?) equal to zero, except at the core-cladding interface. At the core-cladding interface,
7. In(n?) can be omitted and replaced by continuity conditions of radial and azimuthal

components of the fields.
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V.’E, + (k,*n? — BHE, =0 (2.16a)
V.’H, + (k,*n% — B2)H, = 0 (2.16h)

N

N’

]

- nl
n2
a
r<a r>a

By replacing E or H by Y(r, 8), the same equation accounts for E, and H,
VW + (ko*n? — BHY = 0.
As the fiber has a circular symmetry, the transverse scalar Laplacian of this equation

can be represented in cylindrical polar coordinate, by:
_p2=022 10 10
A=W = ar2 +r6r+r2692’
Thereby, the two following differential equations from the scalar equation above can
also be written in cylindrical polar coordinates. Here, the different regions of optical fiber are

considered.

92 10 1 0 U2
(o * 7o+ g+ 0) =0 O<r<a (2.172)
9> 19 1 9 w2
(o * 7o+ g~ arf V(0 =0 - (2.170)

These equations (2.17a and 2.17b) contain the modal parameters U (expressed in
equation 2.18a), W (expressed in equation 2.18b) and the field Y(r,0). U and W are related
with the normalized frequency (V) by equation 2.18c. V depends on the index profile and the
wavelength and it is widely used to determine the number of modes. Y(r, 8) is the field and
by definition it is invariant after a 2x rotation around the z-axis that is why it can be written
as:

cos(v.0 + ¢p)

Y(r,8) = F(r). {sin(v. 0+ @)
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where v is the integer modal azimuthal number and F(r) is the amplitude of the field.

U? = a®?(n?k,* — B?) r<a (2.18a)
W2 = a?(B% — n2k,) r>a (2.18b)
V2=U?+W? = (ky.ay/n% —n3)? (2.18c)

To solve equations 2.17a and 2.17b, we must have noted that the field in each guided
mode must be finite in the core in r—0 and the field in the cladding must tend to zero when
r—oo (the cladding expressions are monotonically decreasing). The appropriate solutions can
be expressed with Bessel functions of the first kind ], in the core (0 < r < a) and modified
Bessel functions of the second kind K, in the cladding (r = a) (a is the radius of the core).
From these solutions we can find the longitudinal components E, and H, (equations 2.19a,
2.19b, 2.19c and 2.19d) and later, the transversal components (whose mathematic steps are

not shown here).

E,(r)=A4 ]U(Ug)cos(ue +0,) 0<r<a (2.19a)
H,(r) = B J,(U D)sin(v8 + 0,,) 0<r<a (2.19hb)
E,(r) = C K, (U 2)cos(v6 + 8,) r=a (2.19c)
H,(r) = D K, (U -)sin(v8 + @) r>a (2.19d)

¢y is the arbitrary phase and v is the angular quantization that must be an integer.

To find the exact mode field expression and the eigenvalue equation, we consider the
boundary condition between the core and cladding. That is, this condition must allow
continuity of the magnetic field and the electric field tangential and azimuthal components at
the interface between the core and cladding. Thereby, we can obtain the equation fulfilled by

the propagation constant (2.20).

W) | Kyw) 1 KW | KW) 1_ .2[1 , 1][m1 1
[U]U(U) + WKU(W)] [n% UJy(U) + wK,(wW)l Ve + WZ] [n% Uz + w2 (2.20)

Through equation 2.20, we can find three kinds of solutions. These solutions correspond

to three classes of modes:
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e Transverse electric modes (TEoq,) v=0:

In such modes, z and radial components of the electric field and the azimuthal
component of the magnetic field are equal to zero. The mode corresponding to the pth root
of equation 2.21 is noted TEg,. The first mode is called TEo; (one ring on the intensity field,
see Fig. 2.4a), the next one TEo, (double ring on the intensity field, see Fig. 2.4b), and

etcetera. Eigen modes of such modes are discussed below:

L) _ __KiW)
UJo(U) W Ko(W) (2.21)

b) Vector and intensity field

: a) Vector and intensity field 1 '
7} TEO2(Ex, Ey)

! TEO1(Ex, Ey)

‘ ‘ '.
DR i IR

Figure 2-4: The intensity is represented by the shadow and direction of the vector field by the
arrows (TEq and TEyy).

e Transverse magnetic modes (TMgy) v=0:

In such modes, z and radial components of the magnetic field and the azimuthal
component of the electric field are equal to zero. Here p is the index of the U solution of the
equation 2.22. The first mode is called TMo: (See Fig. 2.5a), the next one TMy, (See Fig.

2.5b), and etcetera. Eigen modes of such modes are discussed below:

nf J1(U) K1 (W)
= = —— 2.22
n3 UJo(U) W Ko (W) (2.22)
. i
» < SRR
~- a) Vector and intensity field 33 = a) Vector and intensity field
=< TMOI(Ex, Ey) :E; EEZ TMO02(Ex, Ey)

LN

Figure 2-5: The intensity is represented by the shadow and direction of the vector field by the
arrows (TM,; and TMg,).
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e Hybrid modes (HE,, and EH,,) v£0 :
For v>1, the z components of their electromagnetic fields are different to zero. We can
find two types of modes: HE,, (where H, > E;) and EH,, (where H, < E;) (See Fig. 2.6).

- .

—— P:E a) Vector and intensity field
=~ HEllodd (Ex, Ey)

: d) Vector and intensity field + e) Vector and intensity field
© HE2lodd (Ex, Ey) : i* HE2lodd (Ex, Ey)

b) Vector and intensity field
HElleven (Ex, Ey)

5 g) Vector and intensity field
; EH2lodd (Ex, Ey)

", f) Vector and intensity field
2 EH210dd (Ex, Ey)

Figure 2-6: The intensity is represented by the shadow and direction of the vector field by the
arrows. To be noted that HE;;odd and HE;;even are linearly polarized.

Likewise, by using the relationship between Bessel functions of consecutive orders,
we can find modes that share the almost same propagation constant (for example EH,, and
HE, 2, as well as HEj;,, TEqu, and TMgy). These kinds of modes are degenerated with each
other. Hence, we can combine them to get other type of modes, such as the linear polarized

LP modes (see section 2.1.4).

2.1.4 Scalar modes

If the refractive index difference between the core and the cladding is very small
compared to the index value of the core, we can assume that the refractive index in the fiber is
homogeneous (7, In(n?) = 0), such as in free space case with uniform refractive index. As a
consequence the vector wave equations are reduced to the left-hand side and the modes can be
considered Transverse Electric and Magnetic (TEM) with EXE; and H~H; and the longitudinal
components are equal to zero (E; =~ H; = 0).

Considering E = E,X + E,¥, with X and § as unit vectors parallel to the Cartesian
axes, equation 2.12a becomes:

Vi2E, + (k,*n? — BE, ~ 0 (2.233)
VE, + (k,*n? — B2E, ~ 0 (2.23b)
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Here, the vectors (X and y) determine two polarization directions which will define the
linear polarized mode with their electrical components along x or y.
Note that equations 2.23a and 2.23b are scalar and can be rewritten as equation 2.24

with E, (r, 8) being either E, or E; E,(r, 0) is the distribution of mode, v.
(V> + ko*n? — B2)E,(r,8) = 0 (2.24)

The solutions of this scalar wave equation (2.24) are known as linearly polarized
modes (LP modes). These modes can be regarded as the proper linear combination of
vectorial eigenmodes guided of the fiber. It is usually represented as LP,,, where v subscript
is the angular quantization or the azimuthal number, and represents half the number of
minima (or maxima) that occurs in the pattern of intensity, whereas p subscript is the radial
quantization and indicates the number of maxima in the intensity pattern that occur in a radial
line between zero and infinity.

These LP modes can be found in fibers whose core is circular and not perfectly
circular. However, its study can be simplified by considering radial periodic and symmetric

core with respect to the z-axis. In this case F, (r, 0) must be represented as:

F,(r,0) = Y, (). {‘;‘L’jgj Zg (2.25)

Now, the equation 2.24a has two solutions, one for each allowed values of B (cf.
paragraph 1.1.2). The first solution produces the even modes s, (r){cos(v6)} and the second
one, the odd modes y, (r){sin(vO)}.

We must also consider two different cases depending on v:
e Forv =0, we can have two modes for each allowed values of 8. LPq, is degenerated

two fold (two possible polarization states) and it is obtained assuming (2.26a and

2.26b).
Ey = You(r) & (2.26a)
Ey = Yo, (1) 9 (2.26b)

e Forv#0, LP,, has 4 possible degenerated states (two polarization states and two

intensity patterns).
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Exe = Uu(r){cos(v0)} & (2.27a)
Eye = Wy (M {sin(v)} § (2.27b)
Ero = Uuu(r){cos(vd)} & (2.27¢)
Eyo = Wy (M{sin(v0)} 9 (2.27d)

By the following example, we will find the LP modes for a step index.

2.1.4.1 Example: LP modes

To obtain LP modes for a step index, we can express the solution of the scalar
equation using the J Bessel function (of the first kind) within the core since field intensity in
each guided mode must be finite. For the cladding, we use the K modified Bessel functions of
the second kind because the field must monotonically decrease (See equations 2.28a and
2.28b).

r. [cos(vl + 0,)
Yy(r) =ALWU) sin(v0 + 9,) 0<r<a (2.284a)
) r. (cos(vé + @,)
@ (r) = B I’(((‘l’])) K,(W ) {Sm (06 + Q);’) r2a (2.28b)

Conversely to the vector mode calculation, LP modes are found by assuming n,7h,’~1
from weakly guiding approximation. Thereby, the equation 2.20 becomes:

@ | KW) ] _
U(U) = W Ky(W)

1 1
tu]=+ (2.29a)
From 2.29a, we can obtain three different equations by using the relationship between
the Bessel function with their first derivatives. Therefore, one of these equations (2.29b, 2.29¢c

and 2.29d) are used to obtain the finite set of discrete root U,,,, for a given V and v. The root

U

of U, is related to n,sr and B.

JoU) _ 7 Ko(W)
Uh(U) w Ki(W) (2.29b)
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Jv(U) — Ky(W)

u Jv-1(U) w Ky-1(W) (2'29(:)
Jv(U) - _ Ky(W)

u Ju+1(U) w Ky+1(W) (2.29d)

As we discussed before U (equation 2.18a) and W (equation 2.18b) are the modal
parameters and are related to the normalized frequency (V) by equation 2.18c. V contains all
the parameters of the optical fiber (index, wavelength and radius) and the v value, that is a
positive and an integer root number.

The modal solutions of U,,, of a guided mode LP,, are comprised between the cut-off

value of U where the mode can exist, and U values far away of the cut-off. Note that U
values are important to determine the solutions. Each U,, solution represents a guided mode
and their values are localized between U—V and U (V—m).

V is commonly used to define the number of modes of an optical fiber. Thereby, we
ensure only one mode for a step index, if V < 2.405 and several modes, if VV > 2.405. The first
mode of an optical fiber is commonly known as the fundamental mode, LPo;, Note that there
will always be a mode at which v=0. This mode is the only one present in an SMF.

Contrarily, in a step-index MMF (V > 2.4) other LP modes can appear. For instance,
we can find 2 LP modes (LPo; and LP1;) in a step-index fiber with V<3.7. LPo; has two
possible polarization states and LP;; two polarization states and two intensity patterns, as in
the Fig. 2.7.

HE21
2 modes
tP11 TEO1 1 mod
4 modes mode
T E L\(l
i TMO1
LP11 = 1 mode
T m

Figure 2-7: Step index fiber with 2 LP modes (LP,; and spatial degenerate LP1;). LP1; mode is
obtained by superimposing the vector mode pairs (TEq;, HE,1) or (TMy, HE,)).
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To define the modal characteristics (or number of modes) of the fiber, the normalized
propagation constant figure are used. In the figures 2.8a and 2.8b, two examples are used to
compare the conventional fibers (step-index profile and graded-index profiles) in terms of
modal characteristics.

The number of modes with the normalized frequency can also be determined by the

following relation:

a V2
Number of modes = ——
a+2 2

However, this relation for a graded-index fiber applies only when the number of

modes is a large number.

1 =24

E‘:, 01 n Q 19 \— v=3.7 v=1.8 V=9
§ @B
2 081 uﬂg 08 | TN |
1 02 : / :
(@] o
. ED (&)
s 0.6 / A e c
s ’ b »"-- 2 064 _+r,, S
2 / I g =
o 04 S 04 - o LP,, SIS
a & ¢ e = N - |
3 3 1 /
N 02 5 02 7
g g ) T 4 LPy,
g 0 - ] d . 25 0 Vil
2 4 6 8 10 2 4 6 8 10
Normalized Frequency, V Normalized Frequency, V

Figure 2-8: Normalized propagation constant vs normalized frequency for a) a step index. b) a
graded index (¢=2) obtained by numerical tools. The x-axis corresponds to the normalized
frequency and the y-axis corresponds to the normalized propagation constant, B=(neff2-
n,?)/(n.>-n,%) [Sillard, 2016]

It should be noted that we ensure only one mode for this graded-index, if V < 3.7 and
several modes, for VV > 3.7. Comparing with step-index, V is greater in this profile because V
depends on the numerical aperture (N.A) that is greater in this profile.

N.A is the ability of an optical fiber to capture light.

In the next section, we shall briefly detail the calculation of the modes in graded-index
fiber. In this fiber, the Bessel functions are no longer valid to calculate the modes, since the
refractive index in the core is not constant. One of the ways is to solve the wave equation in
the core and cladding separately and to match those solutions at the core-cladding boundary.
The typically used approach is based on the asymptotic WKB approximation (Wentzel—
Kramers—Brillouin), but they are not accurate enough for the practical study of optical fibers
[Liu, 1995]. Hence, there are other more appropriate methods which use an analytical
expression as Laguerre-Gauss [Masaki, 1978] or Hermite-Gauss [Shemirani, 2009]. These

methods allow to calculate the modes from the scalar modes equation.
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2.1.5 Laguerre and Hermite modes (graded index profile)

To obtain the analytical expression of the scalar modes for a graded-index profile, we
need to assume o = 2 and an outer cladding of refractive index invariant extended to infinity
(Equations 2.30a-b). For o # 2, the scalar wave can be solved by the method of

approximation known as the Wentel-Kramers-Brillouin-Jeffreys (WKBJ).

n2(r) = n2. :1 —2.A, (2)2] (2.30a)

n?(x,y) =n2.[1- 2.4 (2)2 _2.A (%)2] (2.30b)

In this particular case, solutions of the scalar wave equation are expressed below and
correspond to the Laguerre-Gauss (in cylindrical coordinator) or Hermite-Gauss Gauss (in

cartesian coordinator). That is, the equations 2.31a-b are the exact solution of the scalar wave.

W y) =[5 —— SNy () m( 2.31
(X, y) = ey e R 4 Hyp | ([5-%)-Ho| [5-Y (2.31a)
¢ q 0B 231/2 1l 2
Pig(r) = (;'(q+1)!'e 2 ).(f.r )4 Lg(€.r%) (2.31b)

These equations use the Laguerre (L) and Hermite (H) polynomials, whose sub index
mn or lg are the mode indices. Thereby, Hy,, and H, are the Hermite polynomial of order m

and n and qu is Laguerre polynomial of order | and g.

§ = knaV2a (2.32)

a

The effective index of a mode mn is given by the equation 2.33a-b. From these

equations, we can find the propagation constant 3 by the relation 2.13.

2 _ 2[4+ _ @m+DN2A | @n+DN2A] 5 [, 2V24
nZy =nbf1-GENER L GRDCR - 2 [1- 22 bma )] (233)
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2v2A
g+ - 1) (2.33b)

It can be noted that the combination of the sub-index (n+m+1 or 2q+l-1) of certain
modes can lead to the same effective index or propagation constant. These modes group are
known as principal mode number and use the mode group (MG) order n+m+1 or 2g+I-1 .

The total mode group numbers of GI, My can be calculated by the equation 2.34 and
the total modes, M by the equation 2.35. (See Fig. 2.9). My should be rounded to the next
smaller integer. Indeed this approximation is valid in graded index fibers supporting a lot of

modes (with a huge core).

Figure 2-9: a) Laguerre-Gaussian modes of 4th mode group (=850nm, =1%, a=25um)
b) Hermite-Gaussien modes of 4th mode group (=850nm, =1%, a=25um), [Molin, 2016].

The normalized propagation constant vs normalized frequency for a graded-index is

shown in the Fig. 10. Here, the normalized propagation constant is determined by
B=1-Y"(2q+1-1).
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1.0
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\Y

Figure 2-10: Normalized propagation constant vs normalized frequency for a graded index with
9 multi-group (MG) [Molin, 2016].

2.2 Group velocities

The group delay per unit length (fiber length) can be introduced from the group velocity
(equation 1.2). It is given by the first order derivative of the propagation constant with respect

to the angular frequency.

Toq = — (2.36)

Vg
Here, each £, g mode or mode group propagates with its own group delay.

For a graded-index profile, the time delay can be obtained by solving the scalar wave
equation or by WKBJ method [Gloge, 1973] (equation 2.37):

dA 2 dA 2 2
2An13\/ B 4Ani—~\( B
a—24———-da #_1 3q—2—0 a4 #_1
1 1 ngA n%k2 1 ngA n%k2
N + —

_ 1y 3
Teq = L . . 3 5 3 +0(4°%) (2.37)
= — A—dnl 2.38
ng=mn ” (2.38)

In Prysmian’s tool the time delays are obtained by solving the scalar wave equation with
the Galerkin’s method (Appendix D).
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2.3 Numerical method

As mentioned before, only in a few types of fibers analytical expression of the
eigenvectors can be found (that is step index for vectorial modes, and graded index using
approximations). Numerical methods are then important to develop.

Several numerical methods can solve the scalar wave equations. In the current section,
we will use the shooting method by using Runge-Kutta 4 procedure to obtain the radiation
modes fields (Appendix C). Runge-Kutta 4 is a method for finding numerical solutions of
differential equations that combines adaptive step-size routine. As it is well known, numerical
methods usually solve systems of first order equations and therefore we must transform the
second order equation to first order before applying the numerical method.

Even if we can use this method to find the guided modes, we discard it due to the
instability attributable to the fact that the Runge-Kutta’s instability does not allow to solve the
equation at x=y=0. Thus, for guided modes field calculation, the Galerkin method (Appendix
D) is one of the best choices, since the shooting method is not appropriate to the large core
fibers, because the lower order modes can be miscalculated.

These methods have been developed in MATLAB, and they have been included in the
homemade software used by Prysmian. The validations of the guided and leaky modes were
assessed by [Molin, 2016].

It is now of interest to introduce the external losses in FMF fiber.

2.4 Few modes fibers

In chapter 1 the FMF based communication system has been discussed briefly. This
system uses a class of multimode fibers, well known as FMF that takes few guided modes as a
carrier.

To date numerous improvements in the optical properties of FMF have been achieved,
such as lower attenuation and modal dispersion control that were inherited from MMF.
Despite these improvements, transmission in optical fiber (even FMF) communication system
is not 100% effective, chiefly owing to the losses inherent to optical fiber (as Rayleigh
scattering) and the external losses produced by fiber mismatches, microbending and

macrobending, which will be mainly discussed in 1.2.1, 1.2.3 and 1.2.4.
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2.4.1 Rayleigh scattering losses

Rayleigh scattering is the dominant losses mechanism in silica based fibers and it
depends on the chemical composition of the fiber. For instance, the higher the dopant
concentration, the higher the losses. This parameter varies as 1/A*. Rayleigh scattering has
been studied in SMF and MMF. Even if our interest is the Rayleigh scattering applied to FMF
[Wang, 2016], we will use the Rayleigh scattering losses definition as in [Tsujikawa, (2007)].

2
8= vy 239)

Here R(r) is the local Rayleigh scattering coefficient and it depends on the fabrication
process. R(r) = Rsi.(1 + a cGe(r) + b cF(r)). Where, a and b are constants, cGe(r) and
cF(r) are the radial concentration of dopant over the radius expressed in weight percent, in

the case of fiber doped with germanium or fluoride.

2.4.2 Microbending losses

Microbending is the loss produced by random bends in the fiber axis and it is mainly
dependent on mechanical properties (namely the mechanical stress) of the coating around the

fiber. Microbending will be studied in Chapter 3.

2.4.3 Macrobending losses

Macrobending is the loss mechanism associated with bending which produces light
leakage in the fiber and it is strongly dependent on the optical properties. Macrobending
losses increase logarithmically as the bend radius decreases [Jay, 2010] and it is usually
expressed in dB/turn or dB/m for SMF. However, for MMF and SMF, it should be treated
differently, especially in MMF, since each mode can have different bend sensitivities on
account that the highest order modes are weakly guided compared to the lowest order modes
and thus more sensitive to bending. In MMF, the bend loss is expressed in dB by specifying
the number of turn and the launching conditions. The launching conditions can influence the
bend losses, since a launching condition that predominantly excites the highest order modes

produces higher bend loss than a launching condition that excites the lowest order modes.
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Hence, the most appropriate launching condition is when the modes are equally excited, such
as was developed in the Prysmian’s homemade tool [Molin, 2016].

In this tool, the macrobending loss was calculated by considering the semi-analytical
approach that is an extension of Marcuses model [Marcuse, 1976]. Here, all the modes are
assumed to be leaky modes, since the external cladding index always surpasses that of the
core somewhere. That is, under bending conditions there are no more guided modes and so
the propagation constant of all eigenmodes are complex and the macrobending losses
calculation only considers the imaginary part of the propagation constant. The optical power
outside of the fiber core can be calculated by the expansion of the mode field onto a
superposition of cylindrical outgoing waves, thereby we can approximate the bend losses for
the bend radius of each guided mode as [Molin, 2016].

One strategy to control the macrobending will be presented in the next paragraph.

2.4.4 Design of trench on refractive index of FMF

It is well known that the bending behavior of FMF fibers is usually different from that
of SMF fibers, because the different modes of the FMF can have different bend sensitivities
and in addition coupling between modes can occur, which is not the case in SMF. Generally,
the highest order modes (HOM) are more sensitive to bending than the lowest order modes
since they are weaklier guided (n. close to the cladding). To minimize this macro bending
effect, the index profile of the fibers includes a trench in the outer cladding [Molin, 2010].
Using the trench, the macrobending losses can be decreased, without changing the N.A. It
should be noted that the trench mainly affects the highest order mode groups.

To obtain an appropriate trench effect, we must carefully design the fiber and therefore
locate appropriately the trench. Macrobending losses can be reduced by larger trench volume
but it requires improved guidance of undesirable leaky modes, if the trench volume is too
large.

Figure 2.11 shows a Gl fiber with a trench. To mitigate the presence of the external
modes and their negative effects, especially losses and high delay, we must find a
compromise on the position of the trench with respect to the core, thus:

e The trench should be close (but not too close) from the core to reduce the losses

produced by the external modes (cf. Fig. 2.11, wl)

e The space between the core and trench should be optimal to minimize differential

delay between guided and leaky modes.
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These modes can be confined within the core because the trench is too close to the core,
resulting in an increase of differential mode group delay, because the highest order modes
tend to be slower than the others owing to their excessively high time delay, whose major

influence is in the bandwidth.
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Figure 2-11: Refractive index with trench. rl is the length between R=0 and the end of the
parabolic shape, r2 is the length between R=0 and the beginning of the trench, r3 is the radius
distance between R=0 and the end of the trench. Ang is the differential refractive index of the
parabolic shape, and Ang;, is the differential refractive index of the trench. w; is width after
parabolic shape and before trench. w, is width of the trench.

As this profile index promises a low differential mode group delay, low mode coupling
and low loss, we will be using the optical fiber with 6-LP modes as in [Sillard, 2014] that is
optimized by the trench-assisted fiber design [Molin, 2010]. To obtain the optimized 6-LP
mode, firstly, we establish the normalized frequency to support six LP modes, then the trench
volume should be adjusted to ensure bend losses less than 10dB/turn at 10mm. It must be
mentioned, however, that the optimal o in the parabolic profile does not depend on the trench
design.

To find an optimal profile, one of the solutions is to introduce a small cladding
between the parabolic index core and the trench. The refractive index inside the cladding
(inner ring) is used to equalize the time delay (TD) between the HOM and the other modes.

To manage the time delays of the HOM, we can optimize the position of the trench in

the external cladding or implementing the trench far of the core and limits the trench depth.
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Prysmian uses a tool based on like pattern search or genetic algorithms to optimize
multi-parameters, like exponent of the gradient, the core-cladding interface and volume,

position of trench.

2.5 Example GI FMF with trench

Six different profiles fibers keeping 6 LP-modes with varying effective refractive-index
differences (see table 2.1) have been designed by numerical method. The effective refractive-
index differences are calculated by the difference between the maximal effective refractive
index of each mode and the refractive index of the cladding at 1550 nm

Angsr = nepr(group of modes N) — N r(group of modes N — 1) .

Likewise, the trenches of these profiles are optimized by using the optimization
algorithms from MATLAB to manage the highest order mode effect and obtain the minimal
macro-bending losses.

Two profiles of these fibers will be studied, which correspond to those that can be

manufactured with the current manufacturing techniques, Angpr-2.1 X 10~3 with a core
radius of 14um and Angr-3.3 X 10-3 with a core radius of 11um (see Fig. 2.12) in term of

guided and radiation modes. Indeed, the purpose of this section is to analyze the behavior of

these two extreme designs of fibers with regard to the An, ., effect on the time delay and

losses.
It is important to note that the procedure to obtain the propagation constant, field, profile,
An,f¢, and so on was discussed in the previous sections of this chapter.

These profiles will also be used in the coupling analysis of the next chapter.
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Figure 2-12: Index profile difference for both profiles. Here, LP01, LP11, LP02, LP21, LP12 and
LP31 correspond to six guided modes groups, the rest of the modes correspond to the leaky
modes. It should be noted that the amount of leaky modes is different between both profiles.
Note that the leaky modes appear at Aneff < 0, whereas the guided modes exist for Aneff > 0.
Right: core radius=11pm (Aneff=3.3x10), Left: core radius=14pm (Aneff=2.1x107).

2.5.1 Study of trench depth

We study the variation of the differential time delay as a consequence of the variation
of the trench depth for two different profiles (See Fig. 2.12). Here, width w1 and w2 (cf. Fig.
2.11) and the trench position are fixed taking into account the recommendation of the section
2.4.4

Time delay (TD) (details in the chapter 1, equation 2.37) is obtained from wave
equation, and therefore the differential TD by the maximum and minimum value of TD.
Figure 2.13 a) and b) show how the TD difference depends on the depth of the trench.

Figure 2.13a and 2.13b also show that the lower macrobending can be achieved for
greater depths of the trench, however with a trench deeper that 5um, the manufacturing
process can become complex. The optimal depth of the trench is around -5 pm since at this
location the differential time delay is minimized and thus the bandwidth [Molin, 2016].
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Figure 2-13: Modeling of differential time delay as a function of trench depth for: a)
Aneff=2.1x10" and b) Aneff=3.3x10",

2.5.2 Impact of differential TD by the modification of the Angg

To study the impact of the parameters of the FMF on An, ., we have used six FMF
fibers with trench-assisted graded-index-core profiles and different An,¢;. These FMF were
designed for supporting 6 modes (normalized frequency of V=9.65). Besides, they were
optimized to get the smallest differential TD possible, low bend losses (<10dB/turn at 10mm
radius) for all the guided modes and high losses (>19.34dB on a 22m sample) for the higher-
order leaky modes to guarantee effective cut-off. That is, the width, depth and position of the
trench and the refractive index profile between the end of the gradient and the interior trench
radius were carefully adjusted to obtain the best performance in term of macrobending.

Later, we obtain the time delay by the wave equation and we compare all the profiles

in terms of differential TD. These profiles will also be used to study the coupling.

Table 2.1: Fiber parameters for the six FMF fibers with trench-assisted graded-index-core profiles. An. varies
between 1.8x10-3 and 4.4x10-3. Here, we will focus only on R=11um and R=14um. The calculations of the
other profiles follow the same procedure.

Rcore (um) 10 11 12 13 14 15
Acore x 10° 19.4 16.1 13.5 11.5 10 8.7
Aneffx 10° 4.4 3.3 2.8 2.4 2.1 1.8
MaxTD - MinTD (ps/km) 312 35.9 26 216 18.8 16.1
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Figure 2-14: Time delay for each modes a) core radius=14um (Aneff=2.1x10%) b) core
radius=11pm (Aneff=3.3x10). Here, we have grouped into 4 multi-group (MG) taking into
account almost the same Aneff. Thus, LP01(MG1), LP11(MG2), LP02(MG3), LP21(MG3),
LP12(MG4). The index difference is the difference between the effective refractive index and the
refractive index from cladding.

Using the figure 2.14 is also possible to find the difference between the maximum
value and the minimum value of TD, for example for An,;; = 3.3 %103, the maximal value
is given by LP3; (8.3 ps/km) and the minimum value by LPi; (-27.6 ps/km), hence the
differential TD is (8.3 ps/km - (-27.6 ps/km)) = 35.9 ps/km. Note that TD is considered with
reference to LPg;.

In figure 2.15, note that as An.r, decreases the difference time delay decreases,
because the difference of propagation constant between the different modes tends to be
smaller. This is evident when we compare the difference in time delay between LP3; and LP;,
(M4) of the Fig. 2.14a and 2.14b. Likewise, as the modes number increases, time delay
increases within a given mode group.

We have demonstrated that for a given V number, the lower difference time delay is
reached with a bigger core radius. However, a greater radius in FMF with GI trench can
increase the amount of leaky modes that is one of the main causes of the losses under certain

conditions. As we will see, An, is used in the design of FMF to control the time delay

between modes and so the coupling.
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Figure 2-15: Maximum time delay for the different profiles of the table 2.1.

2.5.3 Guided modes

The field intensity of two 6-LP-mode for fibers with different core radius (R=14 um
and R=11 um) are simulated by the LP basis function. These field intensities are normalized
to unit with respect to the core radius, such that their maximum value is one. Note that figures
2.16¢-d are plotted in absolute values and these figures show the 6 LP modes: LPy;, LPgy,
LP11, LP1,, LP2; and LP3;. All guided modes are essentially restricted to the core region and
the fundamental mode, LPy; tends to follow the index profile shape in the core region.

Figure 2.16 shows that as the number of modes increases, the amplitude of the field F(R)
is increasingly elongated to the cladding, because part of the energy goes away from the core.
Besides, the number of times the radial function, F(R) crosses zero for a LP,, mode
corresponds to the radial term () minus 1. Thus, For LP1;, LP,; and LP3;, p=1, there are no

Zeros.

89



Propagation in the Few Modes Fiber (FMF)

Normalized field(a.u)

Normalized field(a.u)

&)

Normalized field(a.u)

Normalized field(a.u)

Normalized field(a.u)

@

08+

Y

»o

o
2]

o

LPO1

c)

Normalized core

Normalized field(a.u)

Normalized field(a.u)

Normalized field(a.u)

Normalized field(a.u)

@

®

-

LP02

LP21

LP02

LP21

Normalized field(a.u)

1
——LPO1
——LPO2
LP11
——LP12
P21
05 LP31| |
0
05 . ‘ ‘
0 0.5 1 1.5 2

x(m)

7 x(m)

Normalized core

= -
S 5
5" LP11
]
& os
°
2 os
©
£ 02
E
o
Z 0
2
10%
10%
Soe LP31
& os
°
8 o
©
E 02
o
4

_1
= -
o
508 LP11
2o
b=l
Soa
©
E 02 E
5]
2 ol
4 .
2 4
10 .
10
B
3
Sos LP31
éms
=l
Hoa
‘®
£ 02
S
Z ol
4

7 x(m)
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As we have discussed, there are two polarizations, two for each fundamental mode
with v=0 and 2modes and 2 polarizations when v>0. In this example, we have 20 guided
modes.

For both profiles, we evaluate the losses for all the modes considering an injection on
only one mode i of fiber (i=1,2....N) at z=0. That is, we calculate the total power section
after section, or the sum of the power of all modes. In this calculation, we have only included
the Rayleigh scattering (section 2.4.1) for all modes, because P in the guided-modes are real
and therefore their leakage losses are null.

Figure 2.17 shows the Rayleigh losses for the two fibers profiles (2.1@ R=14 um and
3.3@ R=11 um). Both profiles keep the same concentration of fluoride (cFl), however they
have different concentration of germanium (cGe), so that the fiber profile with a small An, ¢/
exhibits smaller losses which can be attributed to the lower concentration of germanium (cGe)
[Zhi, 2003].

An, s decreases, because An decreases, which reduces the diffusion.

Note also that for a large A (refractive index contrast of an optical fiber) we can find the
maximum losses. The information of A at 633 nm for each profile is given below:

e A@633nmat 1% 0.705 for An,rr(x 1073) = 2.1.
e A@633nmat 1% 1.132 for An,sr(x 1073) = 3.3,
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Figure 2-17: Rayleigh losses in guided modes for the profile of the Fig. 2.12.

2.5.4 Leaky modes

The Leaky modes propagate as guided modes but can have leakage losses due to the

imaginary part of their propagation constant. This leakage loss could also affect the guided
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modes, because leaky modes are capable of being reflected at the core-cladding interface and
at the boundary between the inner cladding and the trench. Therefore, it would be far better if
we could avoid them.

The Leaky modes correspond to the discrete set of eigenmodes with complex
propagation constant. Likewise, they satisfy the propagation equation by considering a
complex propagation constant 3. The 3 limits where the leaky modes can appears are:

(k.ny > real(B) > k.Nirencn), Here, nyrencn is the refractive index of the trench.

To obtain the leaky modes, the shooting method (Appendix B) which has been studied
in conventional fibers and special fiber profiles with a trench, can be used. In this part the
derivations follow the outline of [Molin, 2016].

Let us see the following example that corresponds to the two fibers studied for guided
modes:

e For Angsr =21 %107, the limits of B correspond to
k.(1.457) > real(B) > k.(1.452)
e For An,sr =33 %107, the limits of B correspond to

k.(1.457) > real(B) > k.(1.452)

An .=21x103 An__=3.3x1073
eff eff

1.475 ¢ T T T 1.475 T T
 147F . 147
) )
© ©
£ 1465} S 1465
(0] (0]
= =
S 1467 S 1467
2 2

1.455 ¢ 1.455 ¢

145" : . : 1.45 : : :
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Normalized core radius Normalized core radius

Figure 2-18: Refractive index profile for a) Aneff=2.1x10° and b) Aneff=3.3x107,

It should be noted that the maximum core radius between both profiles is found for
Angpr = 2.1 %107, which could allow the appearance of more leaky modes. In these
examples, the first leaky mode is LP4; and the last leaky modes are LPi3 and LPg, for
Angsp = 2.1 x10% and An,f; = 3.3 X107 respectively. It means that the An,;r = 2.1 x10°
profile presents three more leaky modes. Besides, the leakage+Rayleigh losses and time delay
on the leaky modes of these fibers will be taken into account, to be later studied on the effect
of the coupling between the leaky and guided modes (Chapter 3).
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Figure 2-19: a-b) Intensity field of leaky modes for a) R=14um (Aneff=2.1x10°) and b) R=11pm
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Figure 2.20 illustrates the time delay for each leaky modes in the two fibers studied.
As one can see, the leaky modes exhibit a very much larger delay than the guided modes (Fig.
2.14). More precisely speaking, the larger delays are found over the leaky modes that are the

furthest away from the core since they reach the end of the fiber later than lower order modes.

(a) Aneff=2.1><10'3 (b) Aneff=3.3x103
T T 0 T

0 P51 @ or® | Lp41 @
B Lp32 @ LPO3 € "Psa P22 @
. X L
< 200 P13 @ 2 ~1000 ®
a o LPO3
. 400 LP42 &
5 o 3 -2000 |
0 LP32
2 600 e ®
E LP23 @ ~ -3000 ¢
800 ' LP13
LPO4 @
-1000 : : : : : -4000 : ;
6 5 4 3 2 A 0 - -4 -2 0
Index difference (x 10-%) Index difference (x 10-%)

Figure 2-20: Time delay for each leaky modes a) core radius=11pm (Aneff=3.3x10), b) core
radius=14pm (Aneff=2.1x10®). The index difference is the difference between the effective
refractive index and the refractive index from cladding.

Figure 2.21 represents the leakage + Rayleigh losses for both profiles studied. Here,
the Rayleigh loss is calculated by equation 2.39, while the leakage loss is defined by the
imaginary part of the propagation constant as:

20

(dB/m) loss = D)

.Imaginary(f).

Note that leakage + Rayleigh losses increase exponentially and more quickly than the
Rayleigh losses of the guided modes (see Fig. 2.17 and 2.21a-c). If we compare both profile,
losses are larger in the fiber with lower radius (An.sr = 3.3 %107 because it presents more
leakage losses than the other profile (see Fig. 2.21a-b). Note also that the leakage loss is
extremely high, which make that some of these leaky modes disappear along the propagation
(especially at several kilometers).

Besides, by varying the position, the depth and thickness of the trench, the leakage
losses can be managed. Thus, a wider trench without changing the radius will produce the
same amount of leaky modes with lower leakage losses. Now if the trench tends to be

infinitely wide, the leaky modes become guided without significant leakage losses.
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2.6 Summary

In this chapter we have studied the notion of the guided mode by solving Maxwell’s
equations and more importantly, by placing ourselves in the context of the weakly guiding
approximation. As discussed this approximation simplifies the solutions of Maxwell’s
equation under the condition that the normalized refractive index difference is much smaller
than unity. Here, the longitudinal components can be neglected, because the fields are
transverse which gives rise to the linearly polarized modes (LP), widely used in the study of
the optical fiber.

We have demonstrated that a complete analytical set of solutions can be easily obtained
in a step index fiber. Conversely, for a graded index it is impossible to obtain these exact
equations, which leads to use an approximation whose solutions can be obtained by semi-
analytical methods, such as Laguerre-Gauss and Hermite-gauss. Note that the exact or
approximated solution is dependent on the specific refractive index profile. In this chapter
several fibers with a graded index optimized in order to minimize the macrobending losses
and to manage the time delay difference and An, ¢, were studied.

The modes of higher order are mostly affected by the cladding profile, making them
more sensitive to the leaky modes effect. These effects (losses) can be reduced by avoiding
the appearance of these modes by a careful design of the optical fiber. Here, we have also
obtained the radiation modes, but it was impossible to make an extensive study of their effects
in the guided modes.

In the next chapter, we will study the coupling on the fibers used in the example Gl
FMF with trench.
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3 Coupled mode in the emerging MDM

communication systems

A mode division multiplexing system using an FMF with N spatial mode as data
channels to transmit N independent information is a potential candidate to the new generation
of optical communication systems because it can increase the optical transmission capacity
around N-times of an SMF communication system. Many spatial bases of mode, such as LP
modes (chapter 2), Principal Modes (PM) (see section 1.4) or modes with an orbital angular
momentum (OAM) [Wang, 2014] [Djordjevic, 2016] can be used in MDM systems.
However, regardless of the spatial modes used, MDM systems could be affected by mode
coupling which produces crosstalk. OAM will not be treated within this study.

Crosstalk can be defined as the mixing of different data channels due to optical power

coupling (optical mixing). This power distribution can be written as:
Crosstalk (dB)=10.log(P;_.»/ P1)

Note that the distributed power from channel 1 to channel 2 (P,_,;) is compared with
the total power of channel 1.

The presence of optical crosstalk will affect communications system performance,
limiting capacity per unit distance. To explain this phenomenon on communication systems,

the following two optical architectures will be used:

e MDM system using an FMF (Fig. 3.1a and 3.2a)
e WDM using an SMF (Fig. 3.1b and 3.2b).

In Figure 3.1a-b are shown these communication systems in the absence of crosstalk.
Here, both schemes use multiplexer and demultiplexer elements in order to combine and
separate each spatial mode (MDM) or each signal as a function of wavelength (WDM). Note
that at the end of the transmission process, in the absence of crosstalk, the signals are affected
only by the attenuation in the channel (Optical fiber). The maximal throughput achieved is
mainly limited by the FMF bandwidth.
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Figure 3-1: General scheme of a) MDM using an FMF with 2 LP modes. b) WDM using an SMF
with 2 wavelengths (it was discussed in chapter 1). Here, a laser is used as transmitter divided
into N number of modulators. Modulator encodes different data to obtain a modulated optical
signal. A basis LP for example is multiplexed (M-MUX) and transmitted on FMF. At the end of
the transmission, each mode is de-multiplexed (M-DEMUX) and detected by the photodiodes

Figure 3.2a-b shows the communication system in the presence of crosstalk. The
crosstalk in MDM system can be defined as modal crosstalk, because it appears as a
consequence of the energy exchange between modes which share the same physical space.
Hence, the power of one mode can be transferred to another mode, producing the mode
coupling. This effect can only occur in the presence of a perturbation of the waveguide. A
perturbation can be created by fiber irregularities (intentional - tapering - or not - random
fluctuations), stress, twist, macro or micro-bending. In WDM, it can occur between
neighboring channels (out-of-band crosstalk) or signals with same wavelength (in-band
crosstalk). Contrary to MDM systems, it finds its origin in nonlinear interactions between the

different wavelength channels.
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Figure 3-2: Crosstalk in a) MDM using an FMF with 2 LP modes and b) WDM using an SMF
with 2 wavelength.

Neighboring channels

We usually use the MIMO-DSP (Chapter 1) to mitigate the crosstalk in a
communication system. Concerning MDM, the MIMO-DSP is designed in regards of the
coupling regime.

As discussed above, crosstalk in long fiber span is mainly produced by coupling.
Therefore, in this chapter we will focus on mode coupling only in the optical fiber, and not
that produced in each element of the communications system. To describe the coupling in an
optical fiber, coupled equations are used. These equations can be obtained by many different
ways, but one of most known approaches is through the theories of coupled modes from
[Marcuse 1984].

Since mode coupling is mainly generated by a perturbation, the coupling model must
take into account this geometrical modification. In an optical fiber, three typical perturbations
can occur, such as described in Fig. 3.3. The first one corresponds to a displacement of the
core because of a non-centered splice, the second one corresponds to a displacement of the
core due to variation that could be produced by the manufacturing process or an applied
tension. The last one corresponds to the variation of the core size along the propagation axis
(tapered core) that could be produced during the fabrication of the fiber.
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Fiber1 1 Fiber2

i
Figure 3-3: Perturbation in the optical fiber. The dotted line corresponds to the unperturbed
fiber, whereas the continuous corresponds to the perturbation. a) Splices b) perturbed core, ¢)
tapered core.

It should be noted that the biggest challenge in modeling the coupling effect in the
fiber comes from the variety of phenomena that must be taken into account and the random
aspect of the birefringence and perturbations in the fiber that makes the coupling localization
and quantification difficult to foresee.

As we will discuss later, we must adapt the model according to the treatment of the

perturbation.

3.1 State of the art

The coupling studies in FMF date back from the coupling studies in MMF. Therefore, a
power coupling theory [Olshansky, 1975] [Gloge, 1972] was developed and used for the first
generation of MMF and it is still relevant for MMF laser systems. However, power-coupling
theory is unable to take into account the polarization mode dispersion and the existence of
main state of polarization. These latest effects are widely used to describe the polarization
mode dispersion in SMF [Poole, 1986] and the modal dispersion in MMF [Fan, 2005].

Furthermore, in power coupling, the power distribution always becomes uniform, even
in the presence of the perturbation. In practice it has been demonstrated that one uniform
perturbation can present random fluctuation on time and space, particularly in terms of phase.
This phase variation can be modeled using the field coupling model [Shemirani, 2009] by
dividing the optical fiber into several regular sections and model an ensemble of different
random phase shifts between the uniform perturbed sections. This model can reproduce the
ensemble-average result obtained using the power coupling model.

The field coupling theory can also describe statistically the coupled group delay (GDs)
and the mode dependent loss [Juarez, 2014], which has allowed it to gain ground in the

coupling studies of the MMF
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Following the above studies, theory of mode coupling has also contributed to the design
of devices manufactured from FMF. For example, the passive components do not require an
external source of energy and many all-fiber passive components are designed by using
technologies such as fusion-tapering and grating descriptions. Similarly, the splitter and
combiners are based on couplers (FMF modal couplers [Jung, 2013], [Ismaeel, 2013], [Jung,
2014]). Indeed, several components can be concatenated or mixed to have a behavior, which
may become more interesting. Moreover, many of these devices use fibers designed to
enhance the coupling between modes, as Bragg grating [Wu, 2012] [Fang, 2014] [Ali, 2015]
and long period gratings [Erdogan, 1997] [Lee, 2000]. They use small and periodic
perturbations to generate the coupling.

If we look at active devices such as the laser, coupled mode has been tested to represent
an important mechanism for mode locking based in nonlinear mode coupling [Proctor, 2005]
and to realize tunable laser based in tapered fiber [Huang, 2016], or based in two-mode fiber
[Yun, 1996]. Other contributions are found in the amplifiers [Jung, 2014] [Trinel, 2017].

Independently of the domain, coupling is relevant in the design of optical fibers
especially with new characteristics, either for the emerging communications systems (as we
will see in the next section) or for the development of all-fiber devices.

Emerging communication systems use space division multiplexing to increase the
transmission rate and to overcome the optical network capacity crunch (as seen in chapter 1).
They are based on excitation and detection of a modes group (MG) which are formed by one
or several guided modes with almost the same propagation constant, and therefore
information is encoded on each of these modes.

One of the advantages of using fiber designed for weak coupling is that a simple MIMO
is sufficient to detect the different signals at the end of transmission. Nevertheless, by a
simple MIMO, the performance of the signal cannot be improved because, generally, the
signal processing is non-existent but it could exist. Note that this approach is interesting for
short transmission, including those that use direct detection [Nazarathy, 2013]. However, for
long-haul transmission the accumulation of FMF random phenomenon should be
compensated by treating the signal at the end of reception, by a MIMO combined with a
digital signal processing, called MIMO-DSP. Therefore, the emerging long-haul transmission
uses coherent detection and MIMO-DSP to manage the impairments present in the FMF.

Besides, MIMO-DSP could become complex as a consequence of the number of modes
and the long differential group delays (DGDs). The latter can be minimized by optical fibers

able to reach a strong coupling, in order to accelerate the combination of modes, allowing also
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a reduction of the group delay (GDs). This reduction is one of the key properties to decrease
the differential groups delay (DGD), and consequently potentially reduce the number of taps
required for MIMO processing, and consequently the DSP complexity of MIMO-DSP.

The group delay (GD) description as a function of coupling will allow to evaluate the
factors that benefit the reduction of the GD. Thus, [Shemirani, 2009] used the group operator
eigenvalue to obtain the GD of the multi-group on different coupling regimes, demonstrating
that the minimal GD can be found in the strong coupling regime. Later, a variation of this
model was applied by [Juarez, 2013] and [Juarez, 2014] to study the coupling in FMF. The
first model considers a circular bend and makes a polarization study by using Principal State
of Polarization (PSP). The second one takes into account the losses through a fiber mismatch
model using two fields coupling model approaches. Both use a parabolic profile index that
restricts the study of trench profile commonly admitted to control the macro bend.

As was noted earlier, most of the signal recovery responsibility lies on the equalizer,
and indirectly on the FMF design. In an FMF, all modes share the same core, inducing an
intermodal crosstalk created by the energy exchange between modes (mode coupling). In
summary, the differences between the group velocities of modes, which could result in a high
DGD, can generate difficulties in the propagation of these modes in an FMF. In the end, the
mode coupling in addition with a large accumulated DGD could produce Inter-symbol
Interference (ISI) on each spatial mode during the transmission and make the detection
difficult. Furthermore, the digital processing (MIMO) system can suffer from a very large
DGD (Appendix D) making its structure complex.

Whatever the design applied, we must study modal coupling to define its tolerance
requirements for each mode but also to globally generate or minimize it. Therefore, depending
on the design of the desired FMF system, mode coupling could be enhanced or not. We will
study the different regimes of coupling in FMF in order to adapt it to the transmission system.

After this review of previous works dealing with coupling regime in few mode fibers,
we will now focus on the emerging mode division multiplexing (MDM) communication

systems.
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3.2 Coupled mode theory applied to FMF

In this study, we describe the coupled mode theory applied to an FMF. The FMF is
modeled as a concatenation of several curved segments (See Fig. 3.4). Each piece is
associated with a random bending radius, R. In this model, coupling between back scattered

and propagating waves is not considered, neither polarization effect.

o (G (&0 (- (.

>
AL

<

L

Figure 3-4: Coupling model for FMF. b) Microbending in FMF can be modeled as a set of very
small random radius (bends) in the fiber core.

The distribution of the inverse of the bending (the radius of curvature) is chosen to be
a normal distribution with a mean value of 0 m™ and a standard deviation of oyr. Here, the
normal distribution is a function of the standard deviation of the curvature. For instance, with
an array of 10000 random variables for 5 different standard deviations of curvature 61r=0.1,
oyr=1, o1r=10, 61/r=20 and 61,r=100, we obtain Fig. 3.5 which compares the influence of the
standard deviation in normal distributions.

Note that the perturbation tends to be smaller when the radii of curvature are big or the
standard deviation is small, and vice versa. For example if 61r=0.1, 95% of random values of
radii of curvature will be in therange 5 < R < co.

Each segment can be associated to an individual matrix of propagation, M, and
calculated with the basis of the ideal mode [Marcuse, 1984] of an unperturbed fiber (as we
will detail in the next section). To obtain an entire description of modal propagation of the

FMF, we multiply each in individual matrix by using equation 3.1.

My = H?’l:1 M, (AL, w) (3.1
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Figure 3-5: Gaussian distribution related with the inverse of bending for different standard
deviation of curvature 61/R. The x-axis is the inverse of the bending (1/R) and the y-axis is the
amplitude of the distribution.

We have modeled the perturbation in each segment by considering the theory of
perturbation that uses a straight fiber to model a bent fiber [Petterman, 1976].

A perturbation can have different forms (periodic wave, random behavior), that
usually depend on the effect that produces it. For instance, we can model the perturbation as a
function of a periodic wave (widely used for Bragg fiber) or a splice (that is the easiest form
of which to find the coupling coefficients). Also a random perturbation can be considered and
used when we do not have exact knowledge of when and in which part of the fiber it is
produced. Hence, statistical tools can model it.

To study the coupling in MDM system, we will focus on the perturbation model based
on the refractive index transformation by using statistical tools. It can be adapted to almost all
type of perturbation that we will study. The model is based on the changes of the refractive
index due to the perturbation (see equation 3.2 a-b). Therefore, a perturbed fiber can be
represented by an equivalent straight fiber by considering the transverse wavenumber of the

bent and equivalent fiber (k; and k;.):
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kZ = k%2.n2(x,y) — B%(x,y)
ké, = nZ.k* —nj(x,y).k* = BZ(x,y)

Here, S, is the fundamental propagation constant.
Consequently, a trigonometric function on Fig. 3.6 is applied to derive the following relation
M(y+R) =holy,

Figure 3-6: Equivalence of a perturbed fiber. It describes the equivalent model of a bend fiber.
In a bent fiber, the optical path followed by light is longer at the outside of the concavity than at
the inside, meaning that the equivalent wavelength in the material is modified through the cross-
section.

However, for convenience, this relation is represented in terms of the propagation
constant (), by substituting the wavelength A for p=2.w/A. Thus, we can use it over the
transverse wavenumber equation. We can say that B = B, for the straight fiber since
propagation constant is considered invariant over all the cross section. By the assumption that
the refractive index difference is small, o can be approximated to k.n;.

Later, we find the propagation constant in one of the perturbed axis, extending this
study for both axis (See details in Appendix E). Finally, the perturbed refractive index of an

equivalent straight fiber can be written as:

ne(x,y) = n5(x,y) +np(x, y) (3.23)
2. 2.
N2 ey) = (R—:C + R—i).nlz (3.2b)

Here, n, is the maximum value of the refractive index of the core on the fiber axis
and ny(x, y) is the refractive index without perturbations. nZ(x, y) and n3(x, y) represent the
equivalent and perturbed refractive index. Specifically, the equivalent refractive index
(equation 3.2a) will be taken into account in the coupling equation (equation 3.36a), because

it represents the equivalent of the perturbation in the optical fiber. Since nZ(x, y) and n3(x, y)
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are independent of the z-axis, the numerical modeling of the coupling will be easier. Note also
that the influence of the curvature is represented by the radius of curvature in the two axis R,

and R,.

In order to evaluate the mode coupling caused by this random perturbation, we will

study the ideal modes.

3.2.1 Coupled modes theory

To evaluate the modal coupling caused by the perturbation, we expand the mode fields
in terms of ideal or local normal modes. In these methods and only in real modes, the wave
equation can be solved at each z along the fiber, where the refractive index can be dependent
or non-dependent of z. These two main approaches will be briefly presented:

e Method 1 also known as ideal mode coupling method. It is based on
approximating the perturbed fiber by using only one set of modes for the whole
fiber. These particular modes are the eigenmodes of the ideal fiber. It is
recommended if the perturbation is a slight deviation from a z-invariant fiber
[Marcuse, 1984].

e Method 2 also known as local mode coupling method. It uses the eigenmodes
of the corresponding ideal fiber at a given z, that is, each section is described
by a local coordinate system and the eigenmodes are calculated in a fictitious
fiber. This method is more appropriate, especially if the waveguide varies
slowly along z or if we can describe, in each z cross-section plane, a fiber that
locally coincides with the perturbed fiber (Appendix F).

Both approaches are field coupling models, i.e. they describe the coupling by complex
coefficients, extending the study of the phase dependent coupling modes [Marcuse, 1984],
[Shemirani, 2009]. Coupled power theory can also be used to describe the modes coupling,
but using nonnegative real coefficients. Here, we will review the ideal mode theory (method
1), because this method will be used to study the effects of strong and weak coupling in
different FMFs.

106



Coupled mode in the emerging MDM communication systems

3.2.1.1  Expansion in terms of ideal normal modes

In uncoupled regimes or in the absence of perturbation, the modes do not couple
together. Indeed they are eigenmodes of the ideal fiber. Coupling between modes can be
caused by the radius variation dR/dz of the core arising from a perturbation. Bounded or
unbounded electromagnetic fields in this perturbed structure can be expressed as an expansion
of ideal modes or local normal modes. However, expansion in terms of ideal modes or local
normal modes must be adapted to the problem of establishing coupling equations of modes
with numerically usable coefficients that allow using the perturbation description in terms of
the refractive index variation as a function of z, or @ n2 / dz. To simplify @ n2 / az, we will
use the perturbation model based on refractive index transformation [Petterman, 1976] (see
equation 3.2a), so we need to use the expansion of ideal normal modes. In the following
analysis, we will use a development similar to [Marcuse, 1973]

An ideal normal mode is based on approximating the perturbed fiber by using only one
set of modes for the whole fiber. These particular modes are the eigenmodes of the ideal fiber.
The ideal normal modes of a waveguide can be expressed by a z dependence of the fields.

e—i.ﬁmz

Where m represents a particular guided mode or a radiation mode, thus the expression of

the electric field can be written as: € = &, e-(@t=Am2) = ﬁ el@t,

Here, Maxwell’s equations hold, but the refractive index of the optical fiber is
n,(x,y) instead of n(x, y, z), because we assume an ideal optical fiber whose refractive index
n,(x,y) isindependent of z.

That is, % = —i.fm.
Now the modes satisfy the Maxwell equations and these equations for the ideal modes

can be expressed as:

Ve X (Ve X Eme ) = Ho. (Bm)Z X Hoe = 13 K2 Epye (3.33)

- 1 = = n = =
V, x (n—g.vt X }[mt) + £0. (By)2 X €y = k2 Hos (3.3b)
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In this case, we will use e, instead of §m in equations 3.3a and 3.3b since
e~tBmZ vanishes.
The total transverse fields E, and ﬁt in the perturbated waveguide can be expressed as

a sum of the eigenmodes of the ideal waveguide e; anth, whose solutions are found by the

series expansions of these fields (See equations 3.4a and 3.4b).

E; = 30 Qe = S (Al e7HBm? 4 A e*iPm?) @ (3.4)

Hy = 30 byl = X0 (B e~ 4PmZ — B e*iPmZ) Ty, (3.4b)

Note that z-dependence is reported in the a,, and b,, coefficients, and is not in the
vectorial amplitude of transverse field.
Here, A, and A;,, correspond to the amplitude of the progressive and regressive wave.

By assuming a refractive index distribution as (n2 — n2), where n, is the refractive
index without perturbations of and n,, is the equivalent refractive index of the perturbed fiber,

we can obtain the equations 3.5a and 3.5b whose solutions are the ideal mode fields.

yhm {[(dj—:) + iBmam] ity .2 X Ny + k2 (02 — ng)amé’mt} =0 (3.5a)
yhm {bm (Vt x [(ni - ni) v, x Hmt]) + [(”’;‘—Zm) + imem] ity . 2 X amt} =0 (3.5h)

Here, N,, is the number of modes.

It should be noted that the amplitudes of the modes in the coupled-waveguide system
are governed by the coupled-mode equations. The solutions of the coupled-mode equations
describe wave propagation and coupling in the perturbed waveguide. The coupling
coefficients are calculated based on the optical fiber characteristics and using the coupled

mode equation system.

3.2.1.2  Differential equations for the coupled mode theory

Using the cross product properties (A x B).C =A.(CxB) and multiplying the
equation 3.5a with €;,, and 3.5b with H;‘nt and later the integration over the infinite cross

section of the optical fiber, we obtain the following integro-differential equation sets:
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dam . ,
00) + iBunbin — 2 SN[k un- bl =0 (3.60)

(ddb;;n) tiBman — 2 Zg=1[K’mn- a,] =0 (3.6b)

Here, a,, is the wave amplitude and (3,, propagation coefficient for each m-th mode.

Bm is developed until 2nd-order to consider both modal and chromatic dispersions, as:
B. ~ B + 8™ (w - w,) +§ﬂ§")(w —w,)?. Besides, K',,, and k',,, are the coupling

coefficients of the transverse part:

(4)80

K'mn = ﬂ (ne —13). (€t - €ne)dS (3.79)

"~ 4ip,

, 1 1 -

K = g My e Ve x| (77 = 7) (Ve x B ) S (3.7h)
Note that in the absence of coupling (see equations 3.6a-b and 3.7a-b), all coupling

coefficients are equal to zero, because in a unperturbed fiber, the equivalent refractive index

which represent the perturbation is equal to the refractive index of the fiber n, = n,, which

makes K',,,, = 0.

dam

) + iBambm = 0 (3.83)

L) 4 B =0 (3.8b)

Besides, the coupling coefficient can be expressed as a function of the longitudinal

part of the fields (See equation 3.9a and 3.9b), by using the following relations:

€nzZ = o _V, X hp and h,,,2 = eo_wvt X €t -
Kmn = oo — [, Bz Ve X [ > (ng—n2). enz] ds (3.92)
= :)l;o fono [_ (ne _no) €mz- enz] as (3.9b)

As an example, we will use this method to study the steady state and the slowly varying

amplitude of an optical fiber with 2 modes.
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e Example: Two-modes fiber

In the absence of coupling and considering two modes, the coupling equations
become:
da
(Ca) + Bmbm =0
dbp, .
(?) +iBpa, =0

By differentiating equation 3.8b, the second-order differential equations (3.10a and
3.10b) are obtained.

(£22) + B?ay, =0 (3.10a)
bm = 1= (%2) (3.10b)

In this case, equation 3.10a is a simple differential equation that admits two sets of
solutions: a}, = Ahe #m? and a; = A,e'fm* Likewise, using equation 3.10b, we
obtain the coefficient for the magnetic field,
bl = Afe BmZ and b, = —A;,efm?

These solutions correspond to the guided modes in steady state of the waveguide, since
they have a e *#m* dependency. That is, the amplitude depends on the propagation constant

and z, while A4,, is constant.

o Example: Slowly varying mode amplitudes

For solutions to perturbations of the coupled wave equations it is convenient to
introduce slowly varying mode amplitude approximation. We will take into account the
progressive and regressive modes. The amplitude can be rearranged as: a,, = a;, + a;, and
b, = b, — by,

Under this condition, the set of coupled mode equations are:

dag, i + N ++ +71 —
(?)J”Bmam— m=1{Kmn-am] =0 (3.11a)
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(52) = iBinaim — Zihca[Kini-aih] = 0 (3.11b)

With the coupling coefficients:
Krﬂ% = pKmn + qkmn

2
Kot =2 ff, (n2=n2) [p. - Bt + 25 B B S (312)

Rewriting the equations 3.11a and 3.11b by using A instead of a,,, we obtain:

dAF, ) o
(5522) + iBm Ay — Zins[Kiik. Ay + K Am] = 0 (3.13a)
dA;, _ B B o
(%52) = 1BmAm — Za Kok Ay + K- Am] =0 (3.13b)

The matrix form of set of equations above is written as:

+ i i
dg;_n _ o Kr-ri-l;l-lel(ﬁm_ﬁn)z Kr‘;‘”—l el(ﬁm+ﬁn)z (A;—n) (3 130)
dAp, M= =+ ,=i(Bm+Pn)z K== o—i(Bm—Bn)z | \An .

dz mn mn-

These solutions correspond to the guided modes in slowly varying mode coupling.
Here, the amplitude depends on the propagation constant sum of two modes, z and coupling

coefficient.

3.2.2 ldeal mode propagation applied to an FMF

The couple mode theory is applied to model an FMF by using an expansion in terms of
one set of orthogonal modes that describe the fiber as unperturbable or invariant with respect
to z (ideal modes). The perturbation is modeled as in the equation 3.2a [Petterman,1976 ]. The
undistorted FMF and its eigenmodes follow the homogeneous scalar wave equation defined in
Chapter 2. Depending on the fiber profile, the eigenmode can be described by the Bessel
function for step index or by a good approximation as: Laguerre-Gauss mode basis for

graded-index.
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In the presence of perturbation, the modes couple and their propagation can be
expressed by equation 3.14.

Coupling and propagation description is calculated in each segment by using a matrix
notation of the equations 3.11a-b to simplify the calculation in the numerical tool (equation
3.14).

The equation 3.14 represent the coupling equation for a particular segment of the fiber.
Later, this equations will be extended for entire of the fiber.

%2 = (—ilB(@)] - ilK])[a(2)] (3.14)

Here, [a(z)] corresponds to the column matrix which contains the wave
amplitudes: [a(2)] = (ag(0), a,(2), ... .....an(2))T, where N is number of modes.

Note also that equation 3.14 is a transmission matrix having two terms: the first term
defines the uncoupled propagation matrix and contains the propagations matrix of a
degenerate mode group, [B(w)] and the second describes the coupling between modes, by the
matrix, [K]. This linear ordinary differential equations can be solved by its matrix solution,

where the matrix exponential function is used.

B, (w) 0
and [B(w)] = : B,(w)
0 BN ((1))

K, - Ky

Kyi - Kyn

To calculate the terms of [K], we use equation 3.15a which represents the coupling
coefficient between the m-th and n-th modes. Here, Ky, is written by assuming longitudinal
components of the fields negligible or low index difference.

In the case of a lossless system, Kn,=Knm and the matrix, K is Hermitian. In the

absence of coupling [K] is a null matrix.

€ —x — —x —
Kpn = :’i—é’ﬂAw(ng —n3). (€xm €xn + €y m6yn)dS (3.15a)
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It should be noted that €,, and €, ,are the x and y components of the normalized
electric field for both polarization.
Using the relation nj(x,y) = nz(x,y) —n5(x,y) and equation 3.15a, the coupling

coefficient becomes:

w.&g

Kinn = 4iP, n ﬂ (Rx ) (€m €xn + eymey,n)dS (3.15b)

Likewise, the coupling coefficient can be expressed by considering the perturbation in

only one axis, as in the following equation:

€My s o
Kmn 2 P,.R, ff( ). (exmexn+ey,mey,n)ds

To be more generic, we can include the propagation losses in the coupling model, by

the matrix, [a]

This new term is also added in the differential equation 3.14, so that:

la(z] = (=[a] — i[B(w)] — i[K]D[a(0)] (3.16a)

Since matrices [a], [B(w)] and [K] are independent of z at a given segment, the

resolution of the equation 3.16 can be given by:

[dz_(zz) = e~ (@+iB@I+IKDz[g(0)] (3.16b)
[a(AL)] = [M(w)] [a(0)] (3.16¢)
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AL is the segment length, [a(AL)] describes the evolution [a(0)] after a segment of
the fiber. [M(w)] is the propagation matrix, generally associated to the lossless propagation

[U(w)] by the following relationship:
[M(w)] = e 1@ [U(w)] = e~ (al+ilB@)]+ilKD.AL (3.17a)

[M(w)] can be written, as a diagonal block matrix for a single section of AL length.
Where, X, y sub-indices correspond to the x and y polarizations within a section.

MNxAL MN_leL
M ()] = [ | A

0 eMNy

0 eMleL 0
O I L (3170)

e e

To obtain the total propagation matrix, [M;(w)], the individual propagation matrices
of each segment are concatenated. This total propagation matrix describes the modal
propagation on the whole optical fiber.

Besides, we can additionally obtain a new expression of [M(w)], from the following
relationship:

[U(w)] = e'®1[Mm] (3.18)

@, (w) is arbitrarily chosen to be the phase of the fundamental mode with a
propagation constant, B, (w).
®;(w) =i(—a—ip,(w))z (3.19a)

By expanding B, (®) through Taylor series (B, + B, (@ = wy) + 0(w — w,)?) and

making g, ,(® — wp) =~ t1.(w — w,) , equation 3.19a can also be rewritten as:
d1(w) = (Bro + t1(w — wp) — i) .AL (3.19b)
Where, t; is the group delay of mode 1 per unit of length.
z is replaced by a length segment AL.

Here, &, (w) represents the scalar variation of propagation constant as a function of

the deviation of the angular center frequency by the transmission length.
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Now, [U(w)] can be written

[U(w)] = e@1AL 5 iB1.AL o —([a]+i[B(w)]+i[K]).AL

[U(w)] = (e[Aa].AL+i.[AB(w)].AL—i[K].AL) (3.20)
where,
1 0
[e—[Aa].AL] — e(@1—a2).AL — pAaz AL
L0 e@i—an)AL — pAay.AL
. [ 0
[e~i[2B1AL] = e (B1=B2)AL — oAB AL
L0 eB1=Bn)-AL — ,ABN.AL

Here, Aay = (a; — ay) and ABy = (B, — By) are the attenuation coefficients and

propagation constant relative to those of the fundamental mode.

e Example: For three modes, only one segment

To illustrate the impact of bending on the fiber modes, we have simulated a step-index
fiber that supports three modes, namely LPgs, LP11¢ and LP11,. The e-0 sub index is used to
differentiate between even or odd mode orientations, respectively, in the vertical direction
normal to the plane of the bend. Figures 3.7a-c show the coupling matrices and electric field
in response to perturbation for different radii of curvature in each axis of the fiber. That is, a
straight fiber is represented by making Ry and Ry infinite, whereas a perturbed fiber the radius
of curvature on one or both axis must be varied.

It should be noted that coupling matrix is an null matrix in the absence of perturbation
and the electric fields correspond to the LP modes. As bending increases, the non-diagonal
elements of the coupling matrix become different to zero, evidencing the coupling effect.
Note also that intensity of the electrical field is affected by two factors: the coupling regime

and the direction of the perturbation.
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Figure 3-7: a-b) Coupling matrices and intensity of the electric field for a) straight fiber b)
slightly perturbed fiber. ¢c) Coupling matrices and intensity of the electric field for a perturbed
fiber in x-axis. d) Coupling matrices and intensity of the electric field for a perturbed fiber in y-
axis.
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3.3 Group delay operator

Principal modes (PM) are one of the possible candidates for long haul optical
transmission that use FMF because they are free of group delay dispersion to first order in
frequency. The term first order denotes the fact that this description arises from the first-order
term in a series expansion of matrix, [M(w)] (around the center frequency), in the absence of
polarization-dependent loss.

Principal modes is originally based on the concept of principal states of polarization
(PSPs) developed to describe the dispersion in SMF. [Shemirani, 2009] and [Juarez, 2015]
adapted this study on MMFs. Thereby, the eigenvectors of the group delay operator are the
PMs. To obtain the group delay operator, we consider a narrowband optical signal at a given
frequency, wo and an FMF that supports N guided modes.

Later, the group delay operator will be compared to group delay (GD) under certain
conditions. So, we consider relevant to give a review of GD. GD for m-th mode after

propagation through a segment of length z of fiber is given by:

dfm
T, = % =228 = 7d B,y (3.21)

GDs of an optical fiber can be defined by a vector [T(w)] as:
[T(w)] = L.9,[B(w)] (3.22)

Equation 3.22 can also be written as equation 3.23, by using the group delay per unit
of length, 7.
[7] = 9, [B(w)] (3.23)

To obtain the group delay operator, we will use the equation 3.16¢

[a(2)] = [M(w)] [a(0)]

As we have seen earlier, [a(0)] describes the excitation of the modes at the input end

of the fiber (z=0), and it is constant. To simplify, we change for the following notation:

la) = [a(0)] and |b) = [a(2)]
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The output field after propagation in the optical fiber can be written as follows by

using relation 3.18:
Ib)e, = e 1@ [U(w)] |a) (3.24)
Note that |b) depends on pulsation, w on the carrier. To evaluate the frequency
dependence equation 3.24 will be derived on both sides. For this case, the information carried

occupies a bandwidth leading to the frequency dependence of the output, |b), excepting in the

input field pattern, because it can have slow variation with respect to w.

9, |b) = (=i 3,01 (w)[U(@)] + 9,[U(w)])e " ®+(>)]q)
By using equation 3.24, the last expression can be written as:

9, [b) = (=i [U(®)]0,P1(w) +9,[U(w)] [U(w)]™))|b)
By differentiating equation 3.19b, we can obtain:

0,91 (w) = 0, (B, , + T (w—wy) — ).z =14.2—iz0,a
This equation can be rearranged by neglecting frequency variation of a

a, |b) = (—i(ty.z —izd,a)[I] + 0,[U(w)] [U(w)]™1)|b)

Here, [I] is identity matrix. The output field depends on the frequency due to the group
delay operator G(w), which is identified as d,[U(w)] [U(w)]™?.

d, |b) = (—i(ty.z —izd,a)[I] + [G(w)])|b) (3.25)

Note that equation 3.25 describes the frequency evolution of the output fields at the

end of the fiber.
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3.3.1.1  Uncoupled and lossless fiber

In this case, the coupling and loss matrices are negligible, thus matrix, [U(w)]
becomes:
[U(w)] — ei[AB(w)].z

This equation will be evaluated for each mode, m
0,(e™H4Fm") = i20, (A )e P

AB., is the difference between the propagation constants of the fundamental mode and
mode, m.

Then, we write AB,,, in terms of the group delay, by expanding each B in Taylor series,
and substituting B1(m-wo) by T.®, which is the term related to the inverse of the group velocity

or group delay.
ABm = ((ﬁm +T(0 - wp) = (B, + T, (0~ wo)), whose derivative is equal to:

d,(AB,) =A.1,

It should be noted that the derivative of AB,, corresponds to the difference in group
delay per unit of length of mode, m compared with the fundamental mode.
For this case, group delay operator [G(w)] can be written as:
[G(w)] =iz [AT]
[AT] is a diagonal matrix whose element corresponds to A.t,,. The eigenvectors of
[AT] are the normal mode of the fiber, while eigenvalue are group delays differences between

each mode.

3.3.1.2  Slowly varying envelop

Assuming a slowly varying envelop and only one segment of the fiber and considering
the modes at the output end of the fiber as:

b}, = e "1 [U(w)] |a) = [M(w)] |a)

We can write matrix, [M(w)] of an uncoupled and lossless fiber, as follows:
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[M(w)] = e ilB@]z

Normal modes of this diagonal matrix e ~{lB(@)1Z propagate without changing.
For instance, by considering the fundamental mode of the fiber with a propagation
constant B, in one only segment, the output end of the fiber can be expressed as:

|b),, = e"HB@]Iz |1} which means that a;(z) = e~ (a,y(0))

Note that the matrix coefficients can exhibit rapid oscillation for numerical
considerations. We can avoid the previous condition by defining a slowly varying envelope
|B) for the fields after the propagation in the fiber.

|b),, = e iB(w)]z |B)
By differentiating, we obtain
b)' = —i[B(w)]e~B)7 |B) + e~HB@I By
And thus:
|B) = —iellB@)]z [K]e-iB(w)]z By (3.26)

e Example: For three modes, only one segment

Figures 3.8 a-c exhibit the group delays (GDs) under different conditions of bending for a
3-LP step-index fiber (same fiber used in Figs. 3.7 a-c). The GDs have been calculated from
the wave equation and eigenvalues of [G(w)] respectively. Note that in uncoupled regime, the
calculated GDs by both methods are similar, since [U(w)] is a unitary matrix, so that

[G(w)] = 0,[U(w)] [U(w)]™! and the diagonal matrix becomes the time delay of each
mode.
a, |by = (—i(ty.z — izd,a)[I] )|b)

In very weak coupling, the calculated GDs are also similar, because [U(w)] matrix
depends almost exclusively on the propagation constant matrix, [U(w)] is Hermitian, and the
variation of the diagonal matrix from group operator [G(w)] are tiny. In a strong coupling, the
calculated GDs by both methods are different, because [U(w)] depends additionally of the

coupling matrix and there are more significant variations of [G(w)].
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= ini . X
x Rx=Infinite Rx=100000
-~ Ry=Infinite Ry=Infinite
z
,,,,,, 7 ]
GD from wave GD from eigenvalues of GD from wave GD from eigenvalues of
equation (ps/km) [G] (ps/km) equation (ps/km) [G] (ps/km)
LPO1 0 0,00 LPO1 0 0,00
LP1le(x) 2932,20 2932,19 LP1le(x) 293220 2932,19
LPllo(x) 293220 2932,19 LPllo(x) 293220 2932,19
LPO1 0 0,00 LPO1 0 0,00
LPlle(y) 293220 2932,19 LPlle(y) 293220 2932,19
LPllo(y) 293220 2932,19 LPllo(y) 2932,20 2932,19
Rx=0.00001

X Ry=Infinite

GD from wave GD from eigenvalues of

equation (ps/km) [G] (ps’km)

LPO1 0 2932,19
LP1le(x) 293220 1466,10
LP1lo(x) 293220 1466,10
LPO1 0 2932,19
LPlle(y) 293220 1466,10
LP1lo(y) 293220 1466,10

Figure 3-8: Group delay for a) straight fiber b) slightly perturbed fiber and c¢) perturbed fiber.

3.4 Principal modes (PM)

As discussed above (by equation 3.25), the output pattern after propagation at the end of
the fiber (length z) depends on the frequency due to [G(w)] and initial composition of modes
injected at the input of the fiber. However, we can find an output pattern independent from the
frequency change to the first order by the following equation:

[G(w)] [bp) = Yp|bp)

Therefore, the eigenmodes from this equation correspond to the Principal Modes (PM)
and the eigenvalues to the group delay of principal modes. The eigenvalues can be complex if
we consider the losses.

Assuming invariant losses in w
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d,|bp) = {—it1.2 + Yp}|bp)
We can find also PM at the input end of the fiber

{—it1.z[1] + 9,[U(®)][U(w)] }a) =0 (3.27)

Here, [U(w)] [U(w)] *can be also [I], since [U(w)] is a Hermitian matrix.
That is, d,[U(w)][U(w)]~?* can be written as —[U(w)] 19, [U(w)].
For simplicity, we can define [F(w)] as [U(w)] !d,[U(w)], thus equation (3.27)
becomes:
(—itqy.z[I] + [FD|a) =0

By solving the eigenvalue equation 3.28, the PM at the input end of the fiber can be

found.

(—itp[I] + [FDlap) = 0 (3.28)

PMs at the input end of the fiber are generally different from the PMs at the output end
of the fiber since operators [U(w)]™*[U(w)] do not commute.

It should be noted that tp is a scalar value, and ap does not depend on frequency.

PMs does not satisfy the orthogonal condition since the losses in each PM could be
different.

In order to know the advantages of PMs on other bases (LP, OAM), a theoretical study
of the PM in different coupling regime will be done. The PM are studied in terms of the
variation of DGD with the fiber length for weak and strong coupling.

However, if we take into account the losses, the set of output PMs becomes a non-
orthogonal basis. PM can be used to expand any electromagnetic field pattern and provide an
appropriate basis that describes dispersion in FMF.
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e Example: For six modes

Six 6-LP graded-index fibers with trench are used to study the PM (table 3.2). Such
fibers support 10 spatial-modes organized into 4 nearly-degenerate mode groups (PMs) at
1550 nm (Fig. 3.9). To obtain the PMs, equation 3.28 is used by adapting the frequency by
considering each fiber and number of segments.

PMs have been studied in terms of the evolution of the differential mode group delay
(max|DMGD)|) as a function of the standard deviation of curvature. Therefore, max|DMGD|
has been defined as the difference between the maximum and minimum value of the GD
(MaxGD - MinGD). Later max|DMGD| of the PMs will be used for comparison with the
max|DMGD]| between the LP modes derived from the wave equation, as is summarized in
Table 3.2.
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Figure 3-9: Evolution of group delay (delay) of the PMs as a function of standard deviation of
the curvature for a trench-assisted 6-LP graded-index fiber of a) 13um core radius. b) 12 pm
core radius ¢) 10 um core radius. Here, a coupling model using ideal mode was considered. The
bending radius follows a Gaussian distribution with the given standard deviation of the
curvature. GD of PMs over 100 segments.
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More precisely, we vary the standard deviation of curvature on a range of 10 to 10°
to study the group delay (GDs) evolutions of the PMs (Fig. 3.9 a-c). For this coupling regime
(weak coupling, 1/R< 0.01), the PMs are well differentiated, without mixing with each other.
Note that for the profiles An,;r = 2.4 x 1073 and 2.8x 1073 (even for An,sr = 1.8 x 1073,
2.1x1073), LP modes are grouped into 4 keeping almost the same max|DMGD| after
reaching the coupling. However, for the fiber of radius =10 um (An.sr = 4.4 X 1073), the
modes are grouped into 5. This result can be attributed to the larger An.;, (design of the
fiber).

At weak coupling, the crosstalk tends to increase when An,gf increases. As coupling

increases and strong coupling is achieved, the PM’s are no longer the real modes of the fiber.

3.5 Coupling regime

The coupling regime is a key in the design phase of optical fibers and to choose the
MIMO-DSP. The coupling regime can be divided into two categories: weak and strong. In
weak-coupling, there is a slight mode coupling, allowing each LP mode and their group delay
value to be properly defined. Likewise, the GDs are not degenerates and the difference of
group delay (DGD) grows linearly with the fiber length, L. In strong-coupling, there is a high
mode coupling which reduces the DGD because the GDs tend to merge. Usually, DGD is
proportional to the square root of the fiber length [Shemirani, 2009].

These regimes can be estimated by finding the correlation or coupling length (L¢), over
which the local eigenvector can be assumed constant [Kahn, 2012]. Therefore, a weak
coupling has a fiber length much smaller than Lc. Over this regime, we can find a coupling
between degenerated modes, forming multi-group (MG), or PM due to their similar
propagation constant, but the rest of the modes have a restricted coupling. A strong coupling
has a fiber length much bigger than Lc. Here, we can find a significant coupling between all

modes; allowing the Group Delay (GD) or delays tending to merge.

3.6  Study of 10-spatial-mode fibers with trench-assisted graded-

index-core profiles

We have studied six 10-spatial-mode fibers with trench-assisted graded-index-core

profiles. The 10 spatial modes are divided into 4 mode groups also equally spaced with
124



Coupled mode in the emerging MDM communication systems

respect to the effective index n..r (see Fig. 3.10). These fibers were optimized to get the
smallest possible DMGDs, low bend losses (<10dB/turn at 10mm radius) for all the guided
modes and high losses for the higher-order leaky modes to guarantee effective cut-off. They
have different core-cladding index differences (Acore) and different core radii (Reore), but the
same normalized frequency, leading to different DMGDs and An.¢;. As previously reported
[Sillard, 2014], DMGDs and An,fincrease when Rcore decreases and Ncore increases,
evidencing the resilience of the perturbation (coupling). The main fiber parameters are

summarized in Table 3.2.

15t mode group

\, 2"¢ mode group

........................................... 3" mode group

Index

.................................................. 4™ mode group

Radius

Figure 3-10: Group delay operator calculation

The coupling can influence the reduction of the overall DMGD of the FMF. An optical
signal can travel on different modes at different times, which leads to an exchange of energy
between modes randomly during the transmission [Shemirani, 2009]. By considering only one
FMF type as the entire system without any devices (such as amplifiers, connecters, switches,

etc.), it is possible to observe the change in the group delay of LP modes and PM.
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3.6.1 Validation of the tools

We have validated the PM model for 10-spatial-mode fibers with calculations,
obtained by solving the scalar wave equation (Equation 2.37) in the weakly-coupled regime
(01,8 = 1072°). We compared the differences between the maximum and the minimum GDs
of the PMs, divided by the distance, with the max|DMGD| between the LP modes derived
from the wave equation. As shown in Table 3.2, results are in very good agreement for these
two different calculations. Note that in the absence of coupling the max|DMGD| is almost
similar for both calculations methods. As An, ¢ increases, the max|DMGD)| calculated by PM
method tend to be less accurate. The max|DMGD] calculation by the group operator (equation
3.28) uses derivatives that are calculated by approximate methods (as numerical
differentiation) in the numerical tools. A similar PM approach has been validated with
experimental results obtained with a multi-core fiber in the strongly-coupled regime (oq/r =
1072) [Fujisawa, 2015].

Besides, we have studied the group delay as a function of the curvature and the group
delay variation as a function of the width trench on the profiles presented in Table 3.2. Note
that different An,,f lead to different coupling behaviors, so that the higher the An,r, the
more resistant to coupling. In other words, a large An, s (small core) produces a high DMGD

and vice versa.

Table 3.2: Fiber parameters. It contains different radii of the core from 10 um to 15 um keeping
the same the normalized frequency and bend losses to ensure minimal macrobending losses (as
defined in chapter 2).

Rcore (um) 10 11 12 13 14 15
Acore (x10-3) 194 161 135 115 10 8.7
Normalized Frequency 965 965 965 965 965 965
Aneff (x10-3) 4.4 3.3 28 24 2.1 1.8
Bend Losses (dB/turn) <10 <10 <10 <10 <10 <10
Max|DMGD| [wave Eq.] 312 35.9 26 216 188 161
(ps/km)

Max|DMGD]| [PM analysis] | 308 347 256 214 18.7 16.0
(ps/km)
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3.6.2 Group delay as a function of the curvature

We have computed numerically the group delay as a function of the standard deviation
of curvature on a range of 10% to 10° based on the coupling model described previously for
different segment number (100 and 1000) with a fixed fiber length of 1km. We used the fiber
profiles of table 3.2 to study the coupling regime at different An, .

To study the GDs evolution as a function of the curvature, we use the PM modes.
They are obtained by the PM analysis modifying the frequency range. Figure 3.11 a-f) shows
GDs of a fiber for different segments and two profiles: radius =14 um (An,fr = 2.1 X 1073)

and radius =11 um (An,ss = 3.3 X 107°). Note that one of the main influences of the mode

coupling is the reduction of the DMGD as the standard deviation (std) increases. This
variation (in the DMGD) allows to determine different coupling regimes. Through these
graphs, it is possible to describe three different coupling regimes std~10 m™ (very weak
coupling), 10<std<10®> m™ (intermediate coupling) and std>10° (strong coupling). At very
weak coupling, the vector modes with a very similar propagation constant are grouped in MG,
demonstrating their degenerescence. For an intermediate coupling, all the modes reduce their
delay, leading to reductions in the DMGD. At strong coupling, the tendency is that all modes
merge tending to have similar delay, further reducing the DMGD. It should be noted that the
minimal spread between the maximum and minimum values of GDs is reached as the number
of segments is increased.

To study the leaky mode effect in the guided modes, we have considered two cases,
without and with leaky modes (See Figs. 3.12a-b and Fig. 3.13a-b). To compare we have
analyzed the attenuation (Rayleigh+leakage) as a function of the standard deviation of
curvature on a range of 10™° to 10% based on the attenuation calculation described previously
in chapter 2 for 1000 segments with a fixed fiber length of 2000 m. Note that, in the absence
of leaky modes and in the strong coupling regime, the tendency is that all modes merge,
losses are higher for some modes and lower for others. Here, the curvature losses are not

considered.
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Figure 3-11: a-b) Evolution of group delay of the PM modes as a function of curvature (1/R).
c-f) Evolution of group delay of the PMs as a function of the standard deviation of curvature.

In the presence of leaky modes and intermediary coupling, we have expected that the
leaky effect impacts over the guided modes. However, the leaky effect or attenuation
presented an abrupt increase at 10” (close to the end of weak coupling) for the profile with a
An,sr = 2.1x 1073 and at 10 for the profile with a An,sr = 3.3 x 1073 (Fig. 3.13 a-b).

That is, the leaky effect occurs faster on An,rr = 2.1 X 1073 because some of their leaky
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modes have a An,g closer to the guided modes, with a difference from the other profile
(Section 2.8, chapter 2).

For std>10"°, Angpr = 2.1 x 1073 (143 dB/km) presents higher losses than An,¢f =
3.3 x 1073 (30 dB/km) because the first profile has a greater amount of leaky modes and

some of them undergo higher losses than the second profile which favors the losses during the

coupling.
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Figure 3-12: a-b) Evolution of attenuation (guided PMs modes without leaky modes) as a
function of curvature.
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Figure 3-13: a-b) Evolution of attenuation (guided modes with leaky modes) as a function of
curvature. To make the graph, a linear interpolation between the calculated points was realized.

Note that when the leaky modes are considered on these fibers profiles, the guided modes

can exhibit high losses before to reach the strong coupling.
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3.6.3 Study of the group delay variation as a function of the

distance

To study the group delay evolution, we varied the propagation length keeping the
same segment length for different coupling regime. Thereby, the number of segments can
change with the distance. We study the linear and square root behaviors of the GDS as a
function of the propagation length. These linear and square root behavior can also be studied
by equations 3.29a and 3.29b which permits to find the standard deviation, o of the coupled
modes in weak and strong coupling, through of the standard deviation of only one segment
o¢p,s and the segment number used, N [Ferreira, 2015]. These equations are valid if all FMF

segments have identical statistical properties.

OGgp = N. O-GD,S (329&)

Ogp = \/N O-GD,S (329b)

These behaviors are obtained by multiplying the number of segments by the MaxGD-
MinGD value of an uncoupled mode.

Likewise, by evolution of group delay (delay) figure, the linear and square root
behavior can be well differentiated as in Figure 3.14.

Weak coupling
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Figure 3-14: The linear and square root behaviors in the coupling regime curve.
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Figure 3.15 and 3.16 show the results up to a distance of 10000 km for fibers with
Angpr = 4.4 x 1073, and with An, ¢ = 2.4 x 1073, The upper solid line and the lower solid

line represent the linear and square root behavior of the GDS respectively, and the dotted lines
are the MaxGD-MinGD simulated values for oy /x = 1072°,1072,10°,10" and 102.
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Figure 3-15: Max-Min GD as a function of the propagation distance for different coupling
strengths ¢1/R for 10-spatial-mode fibers with Aneff =2.4x107,
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Figure 3-16: Max-Min GD as a function of the propagation distance for different coupling
strengths ¢1/R for 10-spatial-mode fibers with Aneff =4.4x10*.
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As expected (Fig 3.15 and 3.6), in the weakly-coupled regime (g, ,z = 1072°), the
GDSs increase linearly with the distance and perfectly follow the upper line for all 10-spatial-
mode fibers. This is in line with experiments made with graded-index 6-spatial-mode fibers
where coupling between mode groups does not occur after 100s of km of propagation distance
[Ryf, 2013] because of too small perturbations. Once the mode coupling (oy,z) increases, the
GDS starts to decrease and its dependence with distance becomes weaker. The square root
behavior is finally reached for very high perturbations (o;,z = 10%) and for An,, between
3.3x10° and 1.8x107 (see representative results for Angpr = 2.4 x 1073 in Fig. 3.15). What
is remarkable is that this behavior is never attained for distances up to 10000 km for An, ¢, =
4.4 x 1073 even for very high perturbations (o, = 10" and oy, = 1 produced quite similar
results as those for (/g = 1072), as shown in Fig. 3.16. This suggests that there is a
An,¢¢ upper limit, between 3.3x10° and 4.4x10° for these fiber profiles, above which
coupling becomes constant even for very high perturbations, which prevents them from

reaching the strongly-coupled regime and the square root behavior of the GDS. This is in
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agreement with recent experiments that evidenced a constant mode-coupling phenomenon for
An,r above a certain value for several few-mode fibers, including a graded-index 3-spatial-
mode fiber [Maruyama, 2015].

To evaluate the root square behavior of the GDS, we take the extreme cases of
propagation distances of 1 and 1000 km and o 5 of 10°° and 10°. At 1 km and 1000 km for
small perturbations (o;,z = 1072°) the GDS varies linearly, however the GDS increases once
the distance increases, evidencing a GDS cumulative with the distance. For high perturbation
and small distances (<1 km), the coupling slightly reduces the GDS.
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Figure 3-17: Max-Min GD as a function of Aneff for 61/R =10”° and 10 and propagation
distance of 1km and 1000km for 10-spatial-mode fibers.

For o1,z = 10 (high perturbations) and high distances (>1000 km), the strongly-
coupled regime should be reached, and the GDS strongly reduced. Nevertheless, the steep

increase of the GDS for An, ;¢ between 3.3 and 4.4x107% is clearly visible, showing that in this
An,fr range, the strongly-coupled regime is never reached and probably it is in the

intermediary coupling. The reduced GDS obtained when moving from small to high

perturbations for distances between 1 and 1000 km is also shown.
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Fig. 3.18 shows the square-root behavior of the GDS between the propagation
distances of 1 and 1000 km and o; / of 10° and 10. At 1 km and 1000 km and for small
perturbations the GDS difference between o /5 of 10%° and 10 are lower than in the previous
case (Fig. 3.17) demonstrating a slight reduction of GDS or quite same behavior for both of
O1/R.

However, for high perturbation and small distance (<1 km), the GDS difference is
lower than in the Figure 3.17 evidencing that the GDS are leaving the linear zone without
reaching the root square behavior.
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Figure 3-18: Max-Min GD as a function of Aneff for ¢1/R =10% and 10 and propagation
distance of 1km and 1000km for 10-spatial-mode fibers.

3.6.4 Influence of coupling regimes on the electrical field

Figure 3.19 and 3.20 show the electric field vector for different coupling regimes, here

we should consider the absolute value of Ex or Ey, multiplied by the real part sign of them. In
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the absence of coupling and at very weak coupling, the LP modes are found without

deformation. Whereas at strong coupling, these modes start to deform until they cannot be

recognized.
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Figure 3-19: Evolution of electric field vector as a function of curvature for a) Aneff=2.1x107
b) Aneff=3.3x10>

For weak and intermediary coupling, LPo; and LP;; seem to be more resilient to the

coupling in both profiles.
Taking as example the LPg; mode at An, ¢ = 2.1 x 1073 profile, the intensity of the

electrical field vector LPo;(MG1) has more deformation than the An,qf = 3.3 X 1073 profile
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(cf. Fig. 3.19b), possibly because LPg; receives more influence from its neighbors (LP1; and
LP,1), due to its low GD separation (See Fig. 2.14).

It should be noted that some vectors of the electrical field in the presence of leaky
modes are shifted to the cladding and others have lost their orientation. Probably, this

displacement is produced by the reflections from leaky modes between cladding.
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3.7 Summary

The strength of coupling between the modes determines the coupling regime and it can
be used as a criterion to reduce the MIMO-DSP complexity in FMF communication systems
or to design fibers resilient to the coupling. The coupling between modes depends on how

close is the modal propagation constant (or An, ;) from each mode and this parameter is used

in the FMF design. As was demonstrated, we can find two well-defined coupling regimes:
weakly-coupled and strongly-coupled, and an intermediate coupling [Ferreira, 2015].

To describe the coupling regime, we can use the correlation length (L¢), Lc is found
according to the invariability of the eigenvector, as proposed by [Fan 2005]. Once Lc is
identified, we compare the fiber length with Lc to determine the coupling regime. A weak
coupling has a fiber length much smaller than Lc. Over this regime, we can find an important
coupling between non degenerate modes, forming multi-group (MG) or modes which are used
in several practical applications.

As we have seen above, the study of the GD as a function of the propagation distance
for different coupling strengths allows to evaluate at which distance the square root behavior
of GDS as a function of distance can be achieved. Thus, this behavior can be reached in the
strongly-coupled regime up to 10 spatial modes, but only for high perturbations and for An, ¢
below a threshold value. To minimize the GDS, one has to target fibers with the lowest
possible An, ., while ensuring low bend losses for all modes. The challenge is to introduce
high perturbations with low losses to achieve the strong coupling: should we use mode
scramblers? Long period gratings?

Instead of using the unperturbed eigenmodes of the FMF, Principal Mode (PM) is a
candidate to use with MIMO-DSP, because these modes can minimize the modal dispersion,
which is the main cause of the bandwidth limitation. The orthogonal advantage of the PM
allows a minimal distortion in modal coupling. Thus, it is easier for MIMO-DSP to treat this
mode group or PM, instead of the isolated modes (Eigenmodes). However, it must still be
assessed how this could affect the transmission system elements, such as amplifiers, routers,
etc.

Strongly-coupled FMF is a promising technology for high-speed long-haul optical
systems, while FMF weakly-coupled can be an interesting solution for short distances.

Hence, depending on the coupling strategy, we distinguish two cases:
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e For strongly coupled regimes, reducing the differential group delay (DGD) allows to
decrease the complexity (in reception) in FMF systems based on so-called full MIMO
DSP.

e For weakly coupled regimes, reducing the coupling among all modes by design of the
FMF allows the use of small size MIMO in the communications system, at the price of

more stringent specifications for the optical fiber.
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4 Localized mode coupling measurement in FMF

As discussed in previous chapters, mode coupling is a stochastic process related to the
fiber irregularities and perturbations. Several methods can measure the modal coupling ratio,
but in FMF it is convenient to evaluate the modal content, especially so as to characterize
crosstalk. Spatially and spectrally resolved imaging (S2 imaging), the correlation filter
technique (CFT) and other techniques are experimental methods that allow to measure it.

S2 can be used to retrieve modal content and power distribution in FMF. One can
presume that this method could be expanded to characterize mode coupling. It is based on a
spectral and spatial imaging technique and relies on Fourier analysis of the inter-modal
interferences. However, in some cases, interpretation of the beat profile can be difficult and
advanced S2 imaging (A-S2) provides a more robust analysis method [Sevigny, 2014]. We

will now study the mode coupling in FMF under localized perturbation, using A-S2.

4.1 A brief review of coupling measurement

4.1.1 Method for measuring the modal content of a fiber

As we have discussed before, FMF over MDM supports multiple spatial modes, thus
each mode is seen as an individual communication channel. To be used at its optimum optical
level of performance, an MDM system requires advanced characterization methods to
evaluate the modal content of the FMF from several aspects: the geometry of the modes, the
dispersion of the group index and the distribution of power between the different modes.

Various methods, often interferometric, make it possible to characterize one or the
other of these aspects, but only a few techniques are able to properly characterize all of them.
The spatially and spectrally resolved imaging (S2) is one of the methods that offers the most
simple experimental setup to characterize the modal content. It operates by spatially resolving
the interferences that occurs when a coherent beam in an optical fiber is propagated over
different modes with different group delays. As we will briefly see in this next section, there
are other methods to reconstruct the total or partial information of modal content, for instance,

the correlation filters and cross-correlated imaging (C2).
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4.1.1.1 Correlated filter and matched filter (CFT)

This method was introduced by [Golub, 1982] and requires a light shaping system in
order to reconstruct the phase of the modes by a scanning of wavelength or delay which needs
a certain time of acquisition. Thus, on the beam interference at the optical fiber output, a
hologram is used which is especially encoded by the phase pattern of each mode. The
calculation of this hologram uses the shape of the field envelopes, which are previously
calculated or measured elsewhere. Through the successive diffraction of the beam by the
holograms, proper to each mode, we get the different figures of intensity. This hologram is
produced by a computer and specially masked as phase hologram (spatial light modulator-

SLM) [Flamm, 2012] or amplitude hologram (a personalized mask) [Kaiser, 2009].
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Figure 4-1: a) The correlated filter method scheme to obtain the modal content. [Flamm, 2012].
b Left) Phase-hologram (encoded phase modulation) example for the six first guided modes by
using an SLM as correlation filter. Right) Modal analysis with HM content, a) measured near-
field intensity by measuring of the power as intensity of the diffracted signal (red cross). b-g)
Signal after correlation for the phase-hologram of figure-left. H) Measured modal power
spectrum. Here, 60% of the total power is guided by HOM.

SLM allows an amplitude and phase modulation encoded in a digital hologram which
makes its use much more interesting than the conventional hologram. Indeed it is able to

examine an arbitrary and unknown fiber with a successful modal decomposition by the real-
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time switching of the digital hologram. Unfortunately, the quality of the hologram can be
affected by the SLM resolution, the modulation functions selected and the scaling factor that
requires a priori knowledge of the modes geometry that is a strong limitation. The correlated
filter is a very efficient method but does not measure directly the modal dispersion.

As we can see from figure 4.1, the output beam of the fiber is retransmitted through a
beam splitter to a near-field camera and an SLM in reflection mode. The diffracted beam from
the SLM is followed by a lens and then detected on a second camera (far field). The diffracted
far field pattern contains direct information about the mode powers and intermodal phase
differences. Thus, it is possible to measure the correlation signals, the amplitude and phase of
the modes [Schulze, 2015] and even determine the angular alignment (horizontal or vertical)
of the modes by the orientation of the hologram.

This method is appropriate for real time decomposition of multimode fiber beams and
its advantage is that the modes power evaluation is obtained directly by measuring the

intensity, however measurements accuracy can be affected by the number of modes detected.

4.1.1.2  Cross-correlated imaging C2

C2 is another method that can be applied to obtain information on modal content,
intensity distribution of the modes and group delay. The method allows to study the
interference between the beam of the fiber and an external reference beam, detecting different
modes in the time-domain as consequence of two relative optical paths of the two beams
[Schimpf, 2011]. This method can also be performed in the frequency-domain [Demain,
2014].

The C2 scheme is shown in the figure 4.2. The beam from the laser is divided into two
beams: the reference and the probe arms here presented in a standard Mach-Zehnder
interferometer configuration. The reference arm uses a dispersion compensating SMF, while
the probe arm contains the fiber under test. The reference arm has an automated translation
stage that scans across the temporal delay of each individual mode of the probe arm. Thereby,
by the position variations of the delay stage, the camera takes the image of the interference
between the combined beams of both arms. The resolution of the obtained cross correlation
trace is sensitive to dispersion. Likewise, the relative weak size of the modes can crop the
interference figures or make the intensity of the fundamental mode smaller, restraining the
reconstruction of the field amplitudes.
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Figure 4-2: a- Left) The C2 imaging scheme to obtain the cross-correlation trace [Schimpf,
2011]. SLD: super luminescent diode. Right) Cross-correlation trace at one pixel of the images
group. b- Left) Cross-correlation trace between the reference field and the output of the fiber by
integrating over all pixels recorded by the camera. The peaks in the trace correspond to the two
different modes (LPy; and LPy,) in the fiber.

In temporal term, C2 can be considered similar to S2 measurement. Even their data
sets can be obtained through mathematically analogous methods. Both methods allow to
reconstruct the modes from the stack of images obtained by the data acquisition (Camera).
Specifically, C2 captures an intensity image at a given stage position. Thus, the electric field
from intensity image is treated mathematically within a certain frequency domain to obtain a
superposition of the output and reference fields. This sum describes the superposition of the
optical fiber modes. Summarizing, the envelope of the cross-correlation trace is obtained from
the stack of images recorded by the camera.

By assuming that all modes have the same spectral excitation, the intensity can be

described by the sum of two intensities which is the interference between the reference field
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and the individual modes. Thereby, one of the intensity terms is independent from the stage
position and the other depends on the phase-mismatch between the two arms of the
interferometer. In the end, the difference between these two intensities is used to obtain a
signal as a function of the translation stage position used to determine the envelope of the
cross-correlation trace.

C2 depends on the group-delay and dispersion. In the absence of dispersion, broad
spectra can be used to achieve maximal temporal resolution. However, when the
interferometer cannot control the dispersion (unbalanced dispersion), the broadening of cross-
correlation signal is dominated by the dispersion. For high bandwidths, C2 requires to control
the dispersion to obtain an appropriate measurement, unlike to S2 imaging technique. By this
technique, we can measure the group delay, dispersion, polarization, and the modal content.

4.1.1.3  Spectrally resolved imaging (S2)

S2 was introduced by [Nicholson, 2010] and it takes advantage of the fact that each
mode propagates with a different propagation constant which leads to a spectral interference
pattern in the fiber output. The spectral interference pattern in the near-field images is caused
by the group delay difference between modes. This method measures this interference pattern
at different wavelengths at any arbitrary point, which allows to obtain the optical spectrum
(See Fig. 4.3-Left). The collected data (optical spectrum) is studied by Fourier transform
analysis in order to determine several beat frequencies at different group delays or group
index differences (See Fig. 4.3-Right), or to reconstruct the amplitude and phase profiles. S2

is similar to C2 except that the reference is not an external beam, but a mode of the fiber.
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Figure 4-3: Left) Example of an optical spectrum. Right) its Fourier transform with multiple
beat frequencies [Nguyen, 2012]. These peaks correspond to each beats between the fundamental
modes and each higher order modes.
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As we already discussed, conventional S2 allows the characterization of field
geometry, the difference of the group index between the modes and the power distribution of
the different modes. However, its usefulness is limited by two factors: firstly one mode must
clearly dominate the others, its relative power must be greater than 90% of the total power
and, secondly, the group index differences of this mode with the others must not be
degenerated with others group index difference, in which case the information on these two
modes is confused and inseparable.

To understand the method, let us assume linear polarization and uncoupled modes.
Thus, the optical near field of the fiber at a given frequency can be written as in the equation
4.1

(Znneff‘kL_wt)

Eteywy = z:kM=1 Fiex,3)- \/P_k (el A + CCO) (4.2)

where Fy is the normalized field amplitude of the kth mode, P is the power in the kth
mode, nex corresponds to its effective index, M is the total number of modes in the optical
fiber and CC is the complex conjugate.

The square of this output field allows to retrieve the intensity recorded by the camera.
Thereby, from a mathematical point of view, we can obtain the spectral intensity caused by
the interference between the propagating modes by the coherent sum of all modes fields of the
fiber. Thus, the intensity (Equation 4.2) can be written as a function of the difference between
the propagation constant APxe = Pk - B¢ of the guided modes k and | by considering the

following relationship B= 2.1. ness /M.

I'= Iy + 250 Zhiisn 2./ P Pe- Fi (2, ). Fo(x, ). cos((Bx — Be)- L) (4.2)

In the equation 4.2, the first term corresponds to the constant intensity
M, Pr. Fie(x,¥)?) and the second term to the interference between the different modes.
This interference can be characterized experimentally by the variation of the wavelength
(optical frequency). Therefore, the mode propagation constant that is a frequency-dependent

term can be expanded to the first order of the Taylor series (Equation 4.3).

B((D) ~ Bo(wo) + ((1) - (1)0). Bl(wo) (4-3)
Bilo) =5, == (4.4)

Note that the term B is the inverse of the group velocity (vg).
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Likewise, we write the effective index difference, ABks =Pk - Be, Using equation 4.3.

ABie ~ (Bui = Br)-w + [ PELL B,y — By )] 005 = (Bre = Brp)- 0 + 2L (45)

We can also define the propagation constant difference as a function of the group

index or the time delay difference by: w = 2mc/A
AByp = ABo + (0 — w,)AB; = AB, + (w — W) ATy, /L (4.6a)
AByeL = ABoL + (0 — 0,)ATyp = Prp + w ATyp (4.6b)

c is the speed of light and nq is the group index.
Besides, Aty is the difference of the propagation time between the k and | modes. It is
directly related to the group delay difference An,,.L /c. Likewise, the propagation time

difference is similar to the DMGD. Thus, equation 4.2 becomes:

I(x'y,w) = I_(x'y) + 29(4:_11 Zi\’/l=k+1 2. \/ Pk' P,g. Fk' Fg. COS(ATR[. w + d)k[) (47&)

The spectrum of the signal presents different peaks localized at some determined time

delay, o is the optical angular pulsation and ¢y, represents initial phase of the beat.
By using the following notation Ty = 2.,/Py. Py, 15(x,y) = Fy.F, (this notation will

be also used later) and 7, = 74,, €quation 4.7a can be written:

Loy = Loy + XNpe o1 Ty 15 (x, ). cos(rg. @ + ¢) (4.7b)

By assuming an infinite wavelength range, a time delay difference independent of ®
(group velocity tends to zero) and the Fourier transform definition &(t) = %ffome“'“’td w,

the Fourier transform of Equation 4.7a becomes:
J=15(1) + szﬂ,:gzl Ly.ry(x,¥).[6(t —145) + 6(t +14)] (4.8)

It has to be noted that the interferences are located at particular 7, values, whose
spatial profile is given by the beat envelopes of the two interfering modes. Likewise, the

constant intensity term is located at a null frequency. Let us suppose a fiber with total length
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L propagating only 2 LP modes without degeneracies. In bi-mode fibers, only one spectral
interference can be found which corresponds to the interaction between the fundamental mode

and the higher order mode. In the Fourier domain, it will be represented by one peak (See Fig.
4.4). Thus, if the fiber has N modes, the spectrum can contain NZZ—_N different observable beat

frequencies, resulting from the interferences between the fundamental modes and the higher
order modes, and the interferences between HOMs themselves.

In detail, Figure 4.4 shows the beat amplitude as a function of Ang. At Ang=0 (1=0),
we observe the average intensity term which represents the intensity of the fundamental mode
from a nearly single mode excitation. At Ang 01-11, we find the interference of modes LPo;
and LP1; whose amplitude is given by the term Z.WFR.F{) . It should be noted that the
position and quantities of peaks, as we already mentioned, depend on number of modes but
also to certain physical phenomenon such as splices, constrains, that induce mode coupling, as
we already mentioned. Similarly, the peak coming from the two interferences is not infinitely

narrow, because the data window is not infinite.
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Figure 4-4: Amplitude profile for a bi-mode fiber.

In the end, the spectra is calculated for each pixel and their amplitude are summed, so
that the spectral contributions accumulate, which makes it possible to see all the peaks
simultaneously. Similarly, some modes have zero intensity in some part of space and so each
pixel does not reflect the same interference pattern.

In S2, the conventional algorithm used to recover modes is based on the hypothesis
that the fundamental mode supports at least more than 90% of the total power. Thus, the
interferences between other modes can be minimized. That is, all the terms related to the
interferences between higher order amplitude modes become negligible in comparison to the

terms of the fundamental mode.
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Besides, the dispersion of the group velocity and the intensity source spectral-
distribution can cause an additional enlargement of the peaks which adds complexity to the
discrimination between different beat profiles, even more so if the number of modes
increases. This problem could be improved by the integration of the power output in the time
domain (Fourier filter) or by filter techniques [Jollivet, 2014]. However, it could lead to
additional optical elements complicating the setup.

S2 has been used to analyze large mode area fibers [Nicholson, 2009], photonic crystal
fiber [Bromage, 2011], all-solid and hollow core band-gap fibers [Fini, 2013], erbium-doped
fiber amplifier [Nicholson, 2013]. Even if this method allows the evaluation of the modal
content, it requires a modification in the signal processing to achieve the evaluation of
degenerated modes. Sévigny et al. uses the intra-data correlation to discriminate the different
beat profiles. In the following section, we will provide details about this method [Sévigny,
2015].

e Summary
Technique Source type Fiber length Difficulty of
experimental
setup
Correlated Filter LED =30 cm
CFT ©
Cross-correlated LED/LASER =1lm
imaging C2 @
Spectrally resolved Laser >100m ©
imaging S2

4.1.2 Method for measuring the mode coupling

To study fiber properties and mode coupling in standard single-mode fibers, the
curvature in the fiber has been experimentally studied in a sensor such as a Bragg fiber,
especially in the long period grating configuration [Lee, 2003], [Schulze, 2013]. Likewise,
different methods for studying coupling have been used in the telecommunication. Usually,

these methods allow to examine the macro-curvature, micro-curvature and splices [Jay, 2010].
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Several studies have been made on mode mixing effects in multimode fibers, but most
of the experimental methods describe it only qualitatively or consider only LP mode groups
without lifting the degeneracies. Thereby, the mode coupling can be obtained by analyzing the
mode conversion ratio at splice point using the frequency domain responses [Maruyama
2014], by the relationship between modal crosstalk on optical MIMO transmission [Mori,
2014], or by measuring the loss difference between the modes with a synchronous
multichannel OTDR [Nakazawa, 2014].

Further emergent telecommunication fibers (FMF or MMF) are developed taking into
account the mode coupling in order to find the appropriated DGD to reduce the complexity at
the reception.

Recently, experimental methods have been used to measure mode coupling on
degenerated modes. Some of them permits to measure the back-scattered light in each mode
with both polarizations by using Brillouin optical time domain reflectometer (BOTDR) [Li,
2014]. This method needs to be combined with an SLM to examine the modal content in x,y
polarization with a polarization beam splitter.

There are other more sophisticated methods to evaluate mode coupling in FMF,
namely the correlation filter technique (See section 1.1.1.1 ) and the advanced spatially and
spectrally resolved imaging (AS2 imaging), as we will explain in the next section.

In the context of the present work, we will use an improved version of the S2 method to

measure localized coupling in an FMF.

4.2 Advanced S2 and principal component analysis

A-S2 has the same data acquisition procedure than S2. This simplicity (See Fig. 4.5) makes
S2 and A-S2 imaging significantly easier to implement experimentally than other methods.

As was explained above, the intensity pattern caused by interference between propagating
modes can be described by the coherent sum of the intensities of all modes at the fiber output.
It was noted that the equations 4.7a or 4.7b have two terms: the constant intensity and the

interference between the different modes, this second member being responsible of the

appearance of the peaks localized at a well-defined Ty..
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Figure 4-5: Schematic of the S2 imaging setup [Sévigny, 2015].

It was also explained that after processing the data by Fourier analysis, we could
recover the mode profiles, power in each modes and DGD. However, when standard method
S2 is applied to FMF, it is difficult to discriminate some beating modes even by using
filtering techniques, because they can share almost similar differential group delay and energy
distribution. One proposal is to use a statistical method to single out the different terms by
using the spatial and spectral correlations, known as A-S2 [Sevigny, 2014]. As a result by
using the A-S2 method we can obtain the isolated and degenerated beating modes.

The data is treated by A-S2 using the principal component analysis (PCA), which is
described hereafter, and independent component analysis (ICA), which will not be described.
The PCA uses to process the data obtained from an experiment on FMF, will be described

hereafter.

e Principal component analysis (PCA)

PCA tries to express the mixture of random variables into completely un-correlated
components. Thus, it discriminates correlated and un-correlated components considering the
spectral and spatial domain. In this operation, the data is decomposed in principal components
of beat and their spectra according to their correlation. Thus, the beats with the same group
index differences can be separated in case they do not have spatial correlation. In the end, the
uncorrelated interferences of the same nature are separated, excepting the beat mode with
high spatial correlation. Let us summarize the PCA procedure details being presented in
[Sevigny, 2015].

To begin, we can define the correlation function in the spectral domain by:

1 —_ —_
C(x,y,x',y’) = mf(lx,y,w - Ix,y)(lxl,yl,w - Ixr,yr)dw (4.96.)
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Here, Aw = Wpax — Wmin 1S the full spectral width of the measurement, (x,y) and
(x’,y’) corresponds to the correlation points. By substituting 4.7b into 4.9a, the cross-

correlation can be studied by the cosines terms, as follows:

1 1o
Cooya'y’y =730 5=12h=1Tg.Tn.15(x,¥).1(x", y") [ cos(tg.w + ¢g)cos(th.w + ¢p) dw

(4.9b)

As was discussed previously, PCA is based on the verification of the correlation of the
spectra between each pixel, to isolate the corresponding beat figures and to get as much
information as possible from the dataset. Notice from equation 4.9b that the correlation is a
two-dimensional quantity calculated for the spectra of two different pixels.

To begin, the images must be linearized, to form linear vectors for each optical
frequency. Therefore, the obtained image from the dataset should be transformed to linear
vectors by mapping the two-dimensional indices to a linear index for integration over .
The concatenation of these vectors will then form a power signal matrix, V, whose each term
corresponds to the integral over pixel surface centered in (X, y). For small pixels (pixels

square), this value is proportional to the pixel intensity.

Iy yp00)  leyiw)  laryron
V=Hawowp laywp lerynop)
Iy oy yioy  Iaryroy
Here, 1...... i correspond to the position of the pixels and 1....j is the frequency
numbers, n is the points numbers of frequency and r is the number of pixels.
By subtracting to each element the mean value of each column (I —1), the scalar

products of two pixels m, n (Equation 4.10) can then be used to represent the correlation.

1

C(me/m'xnrJ/n) = EZ?=1[I(xm,ym,wi) - I_(xm,ym)][l(xn,yn,wi) - f(xn,yn)]gw (4.109)
1
Cltmymnyn) = 7 Vm¥n (4.10b)

Here, v, correspond to the column of V that is the signal of the pixel n, Aw = n. 8w is
the number of pulsation points and dw is the pitch of pulsation.

The total correlation matrix and the correlation matrices can then be written as:

C=n"7".7 (4.11a)
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¢’ =n VT (4.11b)

Here “T” denotes the matrix transpose of V, V' is refers to the centered dataset and
they contain the spatial and spectral function. n is the sum of the columns and the division of
the angular frequency number.

C and C’ are symmetrical matrices whose dimensions are (m, m).

The principal components (PCA) are obtained by the diagonalization of the calculated
correlation matrix. By this simple diagonalization of C and C’, we can reconstruct all the
terms of the interferometer, if they are uncorrelated both in space and in the spectrum. The
eigenvectors of C are images and the eigenvectors of C’ are signal or spectra after FFT. If
there is not coupling between the solutions, C and C’ can have the same eigenvalues, A (same
case for dataset where only one mode is dominant). That is, the eigenvectors can directly be
the beat figures of the modes (See diagram of the Fig. 4.4). In this case, the eigenvalues can

be represented by:

Ak,{’zz'sk,z”'Pk' P[ (412)

Here S;, isthe normalization constant of the beat profile.

Sk,g =fka.Fg dXdy

In summary, the principal component analysis aims at expressing a mixture of random
variables in components completely uncorrelated with one another, the so-called principal
components. It has thus been make possible, by observing the correlation of the spectra
between each pixel, to isolate the corresponding beat patterns. Likewise, if all the terms of the
equation of the interferometer are spectrally or spatially uncorrelated each other, they can be
separated by PCA.

Note also that from the beat figures it is possible to recover the transverse field profile.
To recover the intensity field profile of any mode by using the average intensity figure and all
the beats involving in this mode as in [Otto, 2013], we can write the average intensity as

function of a given mode, ¢ (See equation 4.13a). Later, we multiply the equation 4.13a by

I{J = P{J|F[(x,y)|2 to obtain 4.13b

151



Localized mode coupling measurement in FMF

I'=P,F} + X1, PoFf (4.139)
1|5 2
Ig = > [1 + (1_2 - 22{\'4”&[ Pg.Ping(x,y)Fi(x,y)l ] (413b)

Through this method, it is possible, from a known field distribution, to deduce the
other field distributions. Later, we can obtain the modal reconstruction by considering the
product of radial and azimuth function. The A-S2 method is summarized in the Fig. 4.6. ICA

is not considered in this study.
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Figure 4-6: Beat resolution by the advanced S2 method

4.3 Schematic representation of the localized coupling in a

two-mode fiber

As we have seen above, the intensity patterns caused by interferences between
propagating modes can be described by the coherent sum of all the modes of the fiber (See
Equation 4.7a). In this equation, the first term corresponds to the constant intensity, the
second term is the interference between the different modes and is responsible for the

appearance of the peaks localized at a determined value.

152



Localized mode coupling measurement in FMF

Let us find these peaks by considering a FMF of total length, L, supporting only two
modes without degeneracies (LPO1 and LP11) and without perturbations. To start this study,
we assume that the fiber can be described as an unperturbed system with two input and output
ports, as illustrated by Fig. 4.7a. In this figure, P is the fiber input through which the laser
power feeds each input port or LP mode. In the practical scheme, an offset splice is used to
ensure the excitation of the higher modes and to feed one mode with higher power than the
other, usually 90% of the power for one of them [Nicholson, 2009].

In the absence of perturbation, energy is conserved for each port. In this case, we can
find only two output ports (LPO1 and LP11). The combination of the routes between each
input port and each output port is called a path. Following the figure 4.7a we can form two
paths between the input and output ports, as follows: LPO1-LP01 (path 1) and LP11-LP11
(path 2). At the system output, the beat is the result of a two-paths interference (See Fig.
4.7b), in other words only one peak (o beat) should appear that corresponds to the interaction

between both output ports (path 1 and path 2).
(a) (b)
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LPO1___ > Path1
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Figure 4-7: a) Diagram of an unperturbed FMF. .b) a beat corresponding to one interference
between 2 paths.

The Figure 4.8 shows the beat amplitude as a function of Ang. We can generally find
two spectral amplitudes, located at Ang=0 and Ang=c/L(Atg) For Ang=0, we expect to
observe the average intensity term. For Ang#0 the interference of modes LPy; (path 1) and
LP1; (path 2) is expected. Notice that the position and quantities of peaks depends on the
number of modes and physical disturbance such as splices, constrains, etc, that can open new
paths.

Moreover, the beat frequency is proportional to the fiber length and to the difference
between the group indices of the modes. The number of beats is equal to the possible coupling
of modes. Thereby, when N modes are excited inside the FMF, we can have %(N?-N) beats.

That is, by a Fourier transform, we can obtain ¥2(N?-N) peaks that are distributed along Ang.
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The amplitude is related to the power coupled in each mode. We will demonstrate such a

coupling effect in the next paragraphs.

Spectral Amplitude (a.u)

\

Ang=0 Ang  Ang(x 107)

Figure 4-8: Fourier transform of the optical spectra of an unperturbed 2 modes FMF.

Let’s assume that we apply a localized perturbation (splice, wire-mesh, etc.) situated
approximately at 40% of the total distance to avoid overlap of peaks with others around the
spectra. In presence of this perturbation, it can be anticipated that new peaks can appear due
to exchange of energy between the modes. Thus, the location of these new peaks will depend
on the position of the perturbation.

Let’s start the study by the condition of a new system with 2 input ports and 4 output
ports. By comparing the figure 4.7a and 4.9a, we can see that the output ports number has
doubled due to the coupling, which leads to new paths (pathl: LP01-LPO1, path 2:LP11-
LP11, path3: LP11-LP0O1 and path4: LP01-LP11). More clearly, path 1 is the route between
the input LPO1 and output LPO1, path 2 is the route between the input LP11 and output LP11,
path 3 is the route between the input LP11 and output LPO1, and path 4 is the route between
the input LPO1 and output LP11 (See Fig. 4.9b). From the interaction of these four paths six
beats are produced. Thereby, the 6 elementary beats (y, 3, B, o, u and €) are the result of the
interference between the 4 paths. On figure 4.9a, L is the total length of the 2MF decomposed
into L1 (length before perturbation) and L2 (length after perturbation).
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(a) (b) ¥ Beats
........ Coupling ... Path 1
Laser LPO1 \ > LPO1 < Path1
p i ———— Path 3 Interference " Q@ 2
i i LP11 IS %, 3
LP11 R Do Path 4 3 8
ot I > Path 2 =] X2 “©w
Y - N
A — "
Path 4 Path 2

Figure 4-9: a) Coupling diagram of a perturbed FMF. b) beats corresponding to six
interferences between 4 paths.

As in the previous system (Fig. 4.9a), the laser power (P) at the fiber entrance can be
distributed as P.t and P.(1-t) for both guided modes. Here, 1 is the percentage of the energy
injected in LPO1.

E=Y.,4,,.F, e @t gL gitm (4.14.9)

E = /P.1. My, .Fy;. et eiPrl ¢id1 = Path 1

+P.(1 —1).My, .Fy . e @t eih2l oi®2 = pqth 2

+P.(1 = T). My, . Fyy. et eif2la gifrlz oid2 = pgth 3

+/P.T. My, .Fy;. et ethrls oiB2lz oib1r = pqth 4
(4.14.b)

E*=.,/P.1.My, .Fyei®t.e"P1l ¢~id1 = pqath1*
+P.(1 —1). My, .F i@t e7h2l o=i¢2 = pqth 2*
+/P.T. My, .Fy;.e'®t. e"tPrl1 g=if2l2 o=ib1 = pqth 3*

+yP.(1 = 1). My, . Fyy. et e~ F2l1 g=iBrle o=i®2 = pgth 4*

Next, we can calculate the electric field in all the modes by the coherent sum of the
electric fields for a 2-mode fiber (2MF) as is done in 4.14.a and 4.14.b. To compute the
coupling, we consider the product of E.E* (for instance, equations 4.14b) and the relation
AB=Ang.L/c.m, where Ang is the group index difference.

It should be noted that in 4.14a and 4.14b, coupling can be described by a coupling
matrix in intensity, M, each element of this matrix Mij corresponding to the coupling
coefficient between the modes i and j. To help understanding the coupling matrix, we have

changed the ports notation (See Fig 4.10), so that Mj; corresponds to the coupling effect
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between the LP01-LP01, My, corresponds to the coupling effect between the LP01-LP11, and

SO on.
In presence of coupling, the coupling coefficients must be considered to deduce the

intensity detected on each pixel of the camera.

Coupling

Pilro1 @ @ ®_)® M
e« U — ;@_}@ My, Mlz]
P (D) > Yo Yo B

L1

Figure 4-10: Coupling diagram and coupling matrix of a perturbed FMF.

From a mathematical point of view, the intensity detected on each pixel of the camera
can be described by two kinds of terms (See equation 4.7a): the first one is the constant
intensity (term without interference: ¥;; ».;(P;. M;;. I;) whereas the second one corresponds to
the 6 interferences (or beats) between the 4 paths. Therefore, this intensity can be written as

follows:

I - P'T'Mll'll +P.(1 _T).Mzz.lz +P.T.M12.Iz +P. (1_T).M21.11

Ang
+ P\/T (1 - T) Mll' M22. FOl' Fll' 2 COS [(T (l)L) + ¢a] a
Ang
+ P (1 —_ T)-1,M22'M21' F01.F11. 2 COS I:T w.LZ + ¢)5:| 6
Ang

+P'T'W,Mll'MIZ'Fol'Fll'2'COS I:T(l)LZ +¢B:| ﬁ
Ang

+P\/T (1—T).M12.M22.111.2.COS I:?(L)L1+¢g:| &
Ang

+ P.\JT.(1 = 7). My;. Myq. Ip;. 2. cOS [T w.L; + qby] Y

Ang
+ P\/T (1 - T) M21. M12' F01. Fll' 2 (o{01 I:T w. (LZ - Ll) + (l)u:I u

(4.15)

Here, FO1 and F11 are the normalized field profiles of the modes (respectively LP0O1
or LP11), c is the speed of light, ¢, is the relative phase of the beat a, ¢; is the relative phase

of the beat o, and so on. 11 and 12 stand for FO1xF0land F11xF11. If we consider the cosine
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argument for each term from equation 4.15, some beats have almost similar arguments, such
is the case from & and P or y and €. That is they share the same spectral dependence. Similarly,
some beats can share the same spatial dependence, for example 6 and B, (Fo1*F11). Table 4.1

provides a summary of the spatial and spectral signatures of the 6 elementary beats.

Table 4.1. Correlated and un-correlated beats data in spectral and spatial domain.
Spectral domain

_ Ang*(L2-L1)/L Ang*(L1/L) Ang*(L2/L) Anyg
'% FO1*F11 (Beats ) (Beats B,0) (Beats a)
& FO1*FO1 (Beats v)

F11*F11 (Beats ¢)

As shown above, ¢, y and B, & share the same frequencies and we expect only 4 peaks
in the S2 analysis, at the positions (Ang(L-L1)/L), (AngL4/L), (AngLo/L) and Ang (see Fig.
4.6). Correlations between ¢, y and B, 6 beats make it difficult to analyze them. However, we
can see that p and a have particular unshared frequency, and thus, these beats are easy to

extract from the experimental dataset, and to analyze.
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Figure 4-11: Fourier transform of the optical spectra of a perturbed 2 modes FMF.

The amplitude of these peaks are obtained after the Fourier transform of the equation

4.15. Thus, Ap is the amplitudes of p beat, Aa is the amplitudes of o beat, Aps IS the
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amplitudes of p+6 beat (See equation 4.16a-c). Notice that A, and Ag,s appear only in

presence of coupling. Therefore, A, can be used as a reference since it is the only peak that

appears in an uncoupled regime.

AO( = \/T. (1 - T)'Mll' MZZ (416&)
AB+5 = T.1/M11.M12 + (1 - T).1/M22.M21 (416b)
Au = \/T. (1 - T)'M21'M12 (4160)

By considering an ideal symmetric matrix (M12=M;), the coupling coefficients M,
can be extracted from the ratio of the amplitudes of u beat (4,) and o beat in absence of
perturbation (AZ*t) (See Equation 4.17b). For At the diagonal matrix is equal to one

(M11=M2=1) and the other of elements are zero. Therefore the equation 4.16a can be written
as4.17a.

Ainit = m (4.17.a)

Aﬁert =yr.(1- T)-\/M21-M12 = AZ". My, (4.17.b)

Herein, two methods have been derived to calculate the coupling coefficient M. We

will use the first one.

pert
— All

M12 -

(4.18)

Azzmt

By the equation 4.18, we can study the coupling, as we will see.

4.4 Experimental setup

The experimental setup and data acquisition are similar between both methods, S2 and
A-S2. The figure 4.5 shows the S2 and A-S2 experimental setup. Through the camera, it is
possible to measure the intensity profile I(x,y,L,®) at the output cleaved face with a resolution
given by pixel size. Likewise, by a spectral scanning produced by a tunable laser source, it is

possible to follow the spectral evolution of this intensity profile. However, this implies that
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the acquisition of an image for each wavelength can lead to a large number of recorded
images, making the acquisition long and the amount of data to be treated quite large.

More precisely, so as to acquire the dataset, we need to adjust three parameters: the total
length of the fiber (L), the spectral range (AL) and the wavelength step (8)). AX is the maximal
spectral range on which the FFT is made and A determine the resolution of the measurement
in term of difference of group indices measurable. The relation between these parameters is

given by equation 4.19a.

}\2

S(Ang) Y

(4.19.9)

The main idea is to find the appropriate spectral range by adjusting the fiber length
and the step resolution of the wavelength that gives access to the maximum group index
difference that can be measured, as is shown by equation 4.19b.

)\2
Ang_max = TS?\ (419b)

Before, we need to calculate Ang for both fibers in order to know the position of the

peaks without perturbation.

4.5 Experimental setup for studying the localized coupling in a

two-mode fiber

So as to investigate the effect of a localized perturbation on mode coupling, we used
two step-index fibers of different characteristics (See table 4.2). These fibers present a small
and a large core-cladding index difference (An~5x10" and An~15x10" at 1550 nm) and
guide 2 LP mode groups (i.e. three spatial modes, namely LPg;, LP11¢ & LP11,) at 1550 nm.
They have been manufacture by MCVD.

The optical properties of these fibers have been deduced from the refractive index

profile of the rescaled to the fiber dimension.
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Table 4.2- Fiber characteristic

SI(Step Index) Fiber A Fiber B
R1 (um) 3.9 8
An(x10at 1550 nm) 15 5.6
Ang(x10”%at 1550 nm) 1.52 0.92
Length (m) 80 100
20 20
15 15
S0 S0
» o
Refractive index 55 55 MM‘ —
0 = 0 -
0,5 1 0,5 1
3 R/Rcore N R/Rcore

The setup consists of a tunable laser connected to a small piece of single-mode fiber
(SMF). This SMF is off-centered spliced to the 2-mode fiber (2MF) under test, ensuring the
excitation of both LPy; and LP;; modes at the fiber input (LPo; being more strongly excited
than LP;;). The 2MF fibers lengths have been set to L=80m and 100m. Moreover, the
perturbation (splice or wire-mesh, see Figs. 4.12a and 4.12b) is localized at L1=40 m from the
fiber entrance. The output end of the fiber is imaged on an InGaAs camera and near field is
recorded as a function of wavelength. The acquisition begins at 1550nm and ends at 1560nm
with a resolution of 1pm or 52=0.001nm. To fix these values we used the equations 4.19a-b.

Figure 4.12b shows the localized coupling generated by a mesh grid and weights. This
wire-mesh and the different weights are used in order to create micro-bends and, thus, initiate
mode coupling at a localized point. Thereby, multiple measurements have been made under
the same experimental conditions with incremental weights of 500 g, from 0 to 10 kg, as is
shown in Fig. 4.13a. By these measurements, we are able to evaluate mode coupling as a
function of the intensity of the perturbation. Later, the coupling ratio is obtained by
comparing the measurement without and with weights. Besides, the reproducibility was
qualitatively tested by detecting the presence of the coupling on the same experiment and

under the same conditions at different times.
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Figure 4-12: a) Experimental setup. a) Localized coupling generated by an offset splice. b)
localized coupling generated by a mesh grid and weights

In this experimental setup, the effect of the fiber position inside the wire mesh has

been considered by using three different settins, straight fiber, big loop and small loop fiber,

as is illustrated on Fig. 4.13b.
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Figure 4-13: a) Wire-mesh system. b) Fibers setting in the wire mesh: straight fiber (9.8cm), big
loop (24cm) and small loop (12cm).

In addition, the fibers were exposed to three types of meshes (See table 4.2) to

evaluate the effects of the mesh dimensions on the coupling.

Table 4.3- Mesh characteristic
Sieve opening(mm)+ Wire(mm)

Mesh 1 1.018
Mesh 2 2
Mesh 3 0.96
Mesh 4 0.3

4.6 Modeling the localized perturbation (wire-mesh)

Thanks to the wire-mesh system (Figs. 4.13a and b), the coupling can be mechanically
induced. That is, by pressing the fiber between the wire-mesh and a flat plate, the fiber is
slightly deformed itself due to the applied stress, which creates periodic micro-curvatures in
the fiber. In the case of a straight fiber, these micro-curvatures act similarly to a long period
grating, coupling the fundamental mode of the core with the different modes of the cladding

and higher order modes.
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The period of the perturbation of a grid can be defined as the period between two wires
in the mesh (period A). A can differently affect mode coupling in the fiber, as well as the wire
diameter and gap between the wires. In long period grid, A is calculated by the ratio between
the vacuum wavelength (1550nm) and the difference of effective index between two modes
[Vengsarkar, A., 1996].

A
Anesp =4

Note that perturbation periods tends to be big (A—infinite), when An, . tends to be
small, which means that the degenerated modes are susceptible to couple at any weight.
For fiber under test (An~5,6.10%), An, ;¢ between LPOL and LP11 is equal to 2.10°%, so

we expect that the coupling will occur by using a mesh whose perturbation period is almost
similar to A ~0,775(mm).

Now we will try to model the coupling by using the coupled mode theory (chapter 3)
for the straight fiber condition and by considering the wire-mesh characteristics. In chapter 3,
the coupled mode was modeled by using the following parameters: number of sections,
section length and total length. Therefore, we have modeled the wire-mesh perturbation by
associating the number of sections with the total number of periods of the grid, the length of
the section (Lm) with the period length of the grid, and the total length of the grid with the
total length perturbed fiber (See Fig. 4.14). For instance, one section in the theoretical model

is one period in the grid.

Grid length
)\

{Length of the section

Figure 4-14: Modeling the grid of wire-mesh system.

To evaluate the coupling, we operated with the real profile of the fiber (RIP).
Likewise, we have varied the number of sections and the length of perturbed fiber in order to
find the appropriated setup for the simulation and experimental results, and thus compare both

results. However, the random behavior of the experiment and the sensitivity to the fiber
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position inside the wire-mesh as a consequence of the mesh orientation and weight can make
these experiments non reproducible, even under same conditions.

Moreover, modeling could be arduous especially because the experimental values do
not coincide with those of the model. Since some of their variables can have different
physical properties such is the case between the theoretical (chapter 3) and current
experimental models, where the coupling is generated by different ways, the first one by the
standard deviations of curvature and the second one by the wire-mesh and weight. Herein, we
tried to model the experiment by associating the standard deviations to applied weights,
because the deformation intensity in the fiber can be statistically modeled by the inverse of
the radii of curvature, which induces the same effect as the weight on fiber, even if these two
parameters are not of the same physical nature. At the end, the most important is to have an
idea of the coefficient coupling variation or the sensitivity of the optical fiber to different
perturbation conditions.

Based on the model described in chapter 3, we have performed numerical modeling of
FMFs step-index of the table 4.2 with their real profile (RIP of the fiber) modifying one of the
radii of curvature (Rx or Ry) of the axis of each section of the FMF to produce the
perturbation. The radius of curvature (Rx or/and Ry) of each section is a random variable,
whose probability density function is the positive side of a Gaussian distribution with a
standard deviation of curvature. ~ Moreover, the section number has been varied among 20,
30, 45, 100, for different lengths of the perturbed fiber (50mm, 70mm and 90mm) with the
purpose of modeling the mesh effect (section number) on the coupling. By the relationship
between the sections number and the length of the perturbed fiber, we can determine the
section length, which is related to the perturbation period (See table 4.4). The simulation
parameters have been chosen by taking into account the characteristics of the mesh from table
4.4,

Table 4.4- Simulation parameter of the mesh

Fiber Length (mm) Sections number Section Length (mm)
90 30 3
90 45 2
90 100 0,9
50 20 2,5
70 30 2,33
70 100 0,7
70 60 1,16
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Figures 4.15 a-b) show the evolution of the amplitude of the modes as function of the
standard deviation of the curvature for different sections number (30 and 45). The perturbed
fiber is of 90mm which corresponds approximately to mesh 2. Here, the launched conditions

and perturbation are the same for all the modes (LPg;& LP13).
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Figure 4-15: Evolution of the amplitude of the modes as a function of standard deviation of
curvature for perfect step index profile, and fiber length of 90mm. Perturbation is considered in
Rx. a-b) Section number=30 and 45. LP0land LP11

Figures show that as the number of sections becomes greater, the coupling is achieved
at smaller standard deviation (See Fig. 4.15), because an increase in the number of sections
must produce more coupling between modes.

In the case of the fiber A, the coupling regime never was reached over the different
mesh at large values of curvature. This behavior is qualitatively consistent, because its large
core-cladding index difference makes this fiber resilient to the coupling.

The present result provides an idea of the coupling behavior in these fibers. We will

now present the experimental result.

4.7  Experimental result for s2 measurement

So as to validate the S2 method, we used the experiment of the Fig. 4.12b with a loop of
fiber (24cm) inside the wire mesh used with mesh 3 (table 4.3). Thereby, we compare the
theoretical value of group index difference Ang calculated by Prysmian tools for these fibers
(table 4.2) with the one deduced from the measurement (last peak). For instance, for a fiber
with An~5x10" (Fiber B), the value obtained experimentally, Any is around 9.2x10. Note
that Ang value calculated (9.2x10™) is in agreement with the experimental results (See Fig.
4.16 a-b).
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Figure 4-16: Fourier transform of the optical spectra by S2 a) Left: without perturbation (0Okg)
b) Right: with perturbation (6kg).

As expected, without perturbation, two peaks appear on S2 spectra, the peak at An~0
corresponds to the constant intensity and the peak at Ang,~9.2><10'4 is associated to a beat over
the whole fiber length (position Ang). In the presence of perturbation generated by the
wiremesh, three additional peaks appear at the positions (Ang(L2-L1)/L), (AngL1/L) and
(AngL2/L) (See Fig. 4.16b).

4.8 A-S2 from S2

As explained early, A-S2 and S2 are based on the same data acquisition, but they are
treated differently. Therefore, A-S2 analysis was applied to the dataset in order to retrieve the
proper peaks with the corresponding beat profile. As we have seen, A-S2 is based on
multivariate statistical analysis method allowing the separation of the interference terms
spatially and spectrally correlated. Contrary to S2, A-S2 can separate the spatial beat profiles
for LPO1-LP11e beats and LPO1-LP110 beats, as shown in the figure below.

On figure 4.17a and 4.17d, the first spectrum presents the result obtained with the S2
method (top figure) and then with the A-S2 (bottom figures) to compare the two methods for

fiber under the same perturbation.
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Figure 4-17: a-b) Upper: Spatial and spectral eigenvectors (LP0O1-LP11 beats) obtained by S2
and A-S2 analysis for uncoupled case. a) Lower-left: LPOl1+LP1le. b) Lower -right:
LPO1+LP11o0.

c-d) Upper: Spatial and spectral eigenvectors (LP01-LP11 beats) obtained by S2 and A-S2
analysis for coupled case (6kg ). ¢) Lower-left: LPO1+LP11e. d) Lower -right: LPO1+LP11o0.
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From figure 4.17 d) noted that the second peak (et¥) disappears on the A-S2 results,
since € and ¥ beats do not correspond to a LP0O1-LP11 beat (See Table 4.1). That is, e+¥ are
correlated and unseparated in spatial domain (see section 4.2). However, the coupling
between LPO1 and LP11o and between LP0O1 and LP11e can be analyzed by the ratio between
the amplitudes of peak p and a, as in the equation 4.18a.

Besides, we compare the energy of the last peak from S2 and the sum of the energy of
each last peak from A-S2. Here, energy was calculated by integrating PSD (power spectrum
density) within a frequency range for uncoupled (0 kg) and coupled (6 kg) cases. Commonly
the computation of PSD can be obtained directly by the method called FFT (Fast Fourier

Transform) spectrum of the signal. The results are shown in the following table 4.3.

Table 4.3
Weight (kg) Energy of the (o)
peak
S2 A-S2
0 0.0208  0.0234
6 0.0178 0.0184

Note that as expected the energy of LPO1+LP11 calculated by S2 is similar to the sum
of energy of LPO1+LP1le and LPO1+LP1lo calculated from A-S2. Moreover, the small
difference in this calculation can be attributed to the frequency window of integration.

In the following, the other results will be shown based only on the A-S2 method over

different conditions.

4.9 Experimental result for A-s2 measurement

Fiber A (largest core-cladding index difference) was installed at different positions in
the wire-mesh and submitted to different entrance conditions (centered and offset splice). One

of the results on the coupling condition is shown in the Fig. 4.18 a-b.
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Figure 4-18: Spatial and spectral eigenvectors obtained by S2 and A-S2 analysis for the fiber A
(An~15%10-3). We use a wire-mesh with a weight of 8kg and a straight fiber position inside to the
mesh. a) Left: LPO1+LP11le. b) Right: LPO1+LP11o.

It is obvious that, for this fiber, the perturbation is not sufficient to initiate coupling.
This explains why, we will only present the result of the fiber with a small core-cladding
index difference (An~5x107).

4.9.1 Effect of the weight on the optical fiber

Figure 19 shows the evolution of the spatial and frequency spectra as a function of the
weight applied to the fiber (An~5x10"%). For this experience, we have used the experimental
setup of Fig. 4.12a and a loop of fiber (98cm) positioned below the mesh 3.

The weight and the mesh structure generate perturbation in the fiber, and the coupling
between modes. Indeed, the coupling is detected by the appearance and evolution of
amplitude between the peaks, as we explained early. Using these results, we can generate the

next spectra for different conditions.
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Figure 4-19: Evolution of the beats and frequency spectra (u, p+6 and a) as a function of the
weight applied to fiber B. a) Left: LPO1+LP110. b) Right: LP01+LP11e.

4.9.1.1 Radius of curvature 98mm (fiber length =24cm)

Figures 4.20 and 4.21 show the evolution of the peak amplitudes according to the
weight for S2 and A-S2 analysis by using a loop of fiber (98cm) positioned below the mesh 3.
As the weight increases from Okg to 10kg, the energy transfer between the modes is more
significant. As can be seen, the evolution of these amplitudes is not linear and follows a trend
similar to that of a fiber coupler. Note that as the amplitude a decreases, the amplitude of +6
increases in almost the same proportion.

The evolution of the amplitude of peaks a, p+8 and p between the LPO1-LP11e and

LP0O1-LP11o analyzed by A-S2 are different (see Fig. 4.21-a-b), as their eigenvalue (see Fig.
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4.23-a-b) demonstrating that LP11e and LP11o behave differently as a consequence of the

asymmetry of the perturbation applied between the two axis of the fiber. Thus, the core shape

of the fiber can be temporarily disturbed owing to the stress field in the core, alike the

intensity and phase of the electric field of the modes LP11e and LP110 in a different way. At

the end, coupling coefficient M12e and M120 are not necessarily the same.

Figures 4.21 c-d represent the evolution of the p peaks as a function of weight. These

figures exhibit almost the same behavior than the coupling coefficient M12e and M120 (see
Fig. 4.22 a-b), evidencing the dependence of p to M12e and M120. Notice that LPO1+LP110

(lower-right) behaves almost linearly, whereas the LPO1+LP11le (lower-left) behaves non-

linearly.
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Figure 4-20: a) Evolution of the amplitude of the peaks as a function of weight in S2. b)

Evolution of the coupling coefficient as a function of weight.
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Figure 4-21: a-b) Evolution of the amplitude of the peaks as a function of weight in A-S2 for
LPO1+LP11e (upper-left) and LPO1+LP110 (upper-right). c-d) Evolution of the amplitude of the
M peak as function of weight in A-S2 for LPO1+LP11e (lower-left) and LPO1+LP11 (lower-right).
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Figure 4-22: a-b) Evolution of the coupling coefficient deduced by equation 4.18 as a function of
weight for eigenvectors LP01+LP11e (upper -left) and LPO1+LP110 (upper-right).

1,40E-04 1,40E-004
1,20E-04 1,20E-004
1,00E-04 1,00E-004
% 8,00E-05 Z 8,00E-005
Z 6,00E-05 £ 6,00E-005
£0.4,00E-05 2 4,00E-005

2.00E-05 200E-005 ———— |
0,00E+00 0,00E+000

0 2 4 6 8 10 0 2 4 6 8 10

Weight(kg) Weight(kg)

Figure 4-23: a-b) Evolution of the eigenvalue as a function of weight, LP01+LP11e (lower-left)
and LP01+LP11o (lower-right).

Figure 4.24 c-d corresponds to the variation of the power in each mode as a function
of weight. Each power modes is obtained by the average of square of each intensity over the
constant intensity. At Okg, 94.33% of total power is found in the LPO1 mode, while only
4.22% and 1.45% in the LPO1e and LPOlo respectively. By increasing the weight (coupling),
the power of the LPO1 mode is slightly modified but stays around 90% of the total power.
The variation of each mode power is detailed in the Figs. 4.24 b-d.

Besides, it must be noted that strong coupling occurs when two mixed modes (as the
case for LP11e and LP11o for 8kg) have almost equal amount of power (~50%) contained in
the core (See Fig. 4.21a).
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Figure 4-24: a) Evolution of the power in each mode as function of the weight (upper). b)-d)
Evolution of the power in LPO1 (lower-left), LP11le (lower-middle) and LP11o (lower-right) as
function of the weight(mesh 3, radius of curvature of 98 mm)..

Figure 4.21 can be compared with Fig. 4.15, which represents the simulations of the
mesh 2. Here, the comparison is qualitative due to the different natures of the variables, one
is the applied weight at the perturbation and the other the standard deviation of curvature.

Thereby, we compare the oscillatory variation of the shape more than the numerical values.

4.9.1.2 Radius of curvature of 49mm (fiber length =12cm)

Figures 4.25 and 4.26 show the evolution of the peak amplitudes according to the
weight for S2 and A-S2 analysis by using a different loop of fiber (49cm) positioned below the
mesh 3. Unlike the experiment with a radius of curvature of 98mm, the total exchange of the
amplitude between o and (B+d) occurs at 6kg that coincides with the maximum value of p. As
the macro curvature is more pronounced (radii of curvature smaller), LPO1+LP11le is

probably more sensitive to the coupling under this condition.
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Figure 4-25: a) Evolution of the amplitude of the peaks as a function of weight in S2. b)
Evolution of the coupling coefficient as a function of weight.
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Figure 4-26: a-b) Evolution of the amplitude of the peaks as a function of weight in A-S2 for
LPO1+LP1le (upper-left) and LPO1+LP1lo (upper-right). c-d) Evolution of the coupling
coefficient as a function of weight for eigenvectors LPO1+LP11e (lower-left) and LPO1+LP110
(lower-right).

The fact that modes LP11e and LP11o vary in a different way, demonstrates that the
applied weight exerts an asymmetric stress on the optical fiber. This behavior is also found in
the coupling coefficient (see Fig. 4.26 c-d). We can see that the evolution described by Fig.
4.26¢ is non-linear, which can be related to the strong coupling whereas the evolution shown
on Fig. 4.26d is more linear, which can be related to the weak coupling, (such as in Fig. 4.23
a-b). This behavior can be easily understood by looking at the evolution of amplitudes of p
beat; that is, for a non-linear variation of p, a non-linear evolution of M12 can be produced,

and for a linear variation of , a linear evolution of M12 can be obtained.
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Figure 4-27: Evolution of the power in each mode as function of the weight (mesh 3, radius of
curvature of 49mm).

0

Figure 4.27 presents the evolution of the power in each mode as a function of the
weight. As was previously the case, the LPO1 mode presents more than 90% of the total
power for all the weights.

Using the Fig. 4.15 as an illustration, we could have an idea about the coupling
evolution, because it represents the simulations of mesh 3. However, the actual simulations
cannot predict the effect of the macro curvature on different coupling regime. Therefore, we
will change the settings of the optical fiber in the wire mesh (Section 4.9.1.3)

4.9.1.3  Straight Fiber (fiber length =9.8cm)

For an appropriate comparison between the simulation and the experimental results,
we have placed a straight fiber inside the wire-mesh in order to avoid the macro-curvature
effect. Even if the simulation of the Fig. 4.15 is close from this experimental setup, we have
demonstrated that the simulations cannot reproduce exactly the experimental behavior, but

can predict the oscillatory behavior periodicity (compare Fig. 4.29a and Fig. 4.15).
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Figure 4-28: a) Evolution of the amplitude of the peaks as a function of weight in S2. b)
Evolution of the coupling coefficient as a function of weight.
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Figure 4-29: a-b) Evolution of the amplitude of the peaks as a function of weight in A-S2 for
LP01+LP1le (upper-left) and LPO01+LP1lo (upper-right). c-d) Evolution of the coupling
coefficient as a function of weight for eigenvectors LPO1+LP11e (lower-left) and LPO1+LP110
(lower-right).

In contrast with the previous experiments, the oscillation occur at 2kg, 6kg and 8kg for
LPO1+LP1le and at 9kg for LPO1+LP1lo. For LPO1+LP1le, we can see that the first
oscillation occur almost each 2kg, this periodic behavior is also found in coupler devices and

another experiences [Schulze, 2015].
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Figure 4-30: Evolution of the power in each mode as a function of weight (mesh 3, straight
fiber).

Figure 4.30 shows the variation of power as a function of weight. Here, the maximum
value is found in LPO1 (more than 85% of the total power), followed by modes LP11le and
LP11o, respectively. Notice that the maximum and minimum values of each mode coincide
with the total amplitude exchange of the peaks a and (3+6) from Fig. 4.30a, which means that
these graphs could give us an idea about the coupling.

By comparing these results with the previous one, we can deduce that the impact of the
position of the fiber inside the wire-mesh together with the macro-curvature value could

clearly affect the coupling regime. However, their impact cannot be measured on the present
conditions of the experiment.

4.7.2.2- Effect of mesh type

We have studied the mesh effect by using the experimental setup (Fig. 4.12b) with
different meshes: mesh 1, mesh 2 and mesh 4 (see table 4.2). Likewise, we have considered a

maximum input power on LP01 and the usual coupling test that consider a macro-curvature of
diameter of 98cm in the fiber under the mesh.
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Figure 4-31: a) Evolution of the amplitude of the peaks as a function of weight in S2. b)
Evolution of the coupling coefficient as a function of weight. The experimental setup uses mesh
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Figure 4-32: a-b) Evolution of the amplitude of the peaks as a function of weight in A-S2 using
mesh 4 for LP01+LP1le (upper-left) and LP01+LP11lo (upper-right). c-d) Evolution of the
coupling coefficient as function of weight for eigenvectors LPO01+LP11le (lower-left) and
LP01+LP11o (lower-right). The experimental setup uses mesh 4.
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The results from Figs. 4.31, 4.32 and 4.33 are related to the experiment with the finest
mesh (mesh 4). Notice that, a very weak coupling is produced on all the applied weight range,
which makes this mesh inappropriate for the coupling study. One explanation may be that the
wire is so thin that it does not produce a perturbation sufficient to induce the strong coupling,
even applying the maximum weight. This experiment was not simulated, because, the wire
diameter of the mesh is not considered into the model.

In the next experiments, only the evolution of the amplitude of the peaks o, p and
(B+3) and the coupling coefficient as a function of the weight in A-S2 will be presented,

because it is sufficient for comparing the mesh effect in the coupling.
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Figure 4-34: a-b) Evolution of the amplitude of the peaks as a function of weight in A-S2 for
LP01+LP1le (upper-left) and LPO01+LP1lo (upper-right). c-d) Evolution of the coupling
coefficient as a function of weight for eigenvectors LPO1+LP1le (lower-left) and LP01+
LPO1+LP110 (lower-right). The experimental setup uses mesh 1.

Figure 4.34 corresponds to the experiment with mesh 1, as in the experiment with
mesh 3, we can see that the oscillation occur at 6kg. Note that, even if these two experiments
suggest that coupling occurs almost at the same weight, the shape of Figs. 4.34 are not similar
to Figs. 4.22 since initial condition, fiber position and mesh are not the same. Likewise,

LPO1+LP11e achieves the coupling, while LPO1+LP11e never reaches.
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Figure 4-35: a-b) Evolution of the amplitude of the peaks as a function of weight in A-S2 for
LP01+LP1le (upper-left) and LPO1+LP1lo (upper-right). c-d) Evolution of the coupling
coefficient as a function of weight for eigenvectors LP0O1+LP11e (lower-left) and LP01+LP11o
(lower-right). The experimental setup uses mesh 2.

The results from figure 4.35 (mesh 2) demonstrates that the coupling is reached around
2kg. Contrary to the other meshes (almost same diameter), mesh 2 possesses the largest wire
diameter, making it difficult to predict when the strong coupling could be reached by
comparing only with the other meshes. In case that mesh 2 would have had almost the same
diameter than the other, under this condition the strong coupling would be reached after 6kg
as a consequence of a longer period of the grid. However, the experiment shows that the
strong coupling is reached around 2kg, instead of 6kg. One explanation may be that the wire
diameter length could generate an additional deformation on the fiber, as is described in Fig.
4.36.

Deformation
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Deformation
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Figure 4-36: Deformation as function of the wire diameter.
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It should be noted that each mesh produces different results (as we expected) and it
can affect the coupling regime, because the experiment depends on the fiber disposition under

the wire-mesh and mesh type.

4.9.2 A splice as localized perturbation

We used the experimental setup of the Fig. 4.12a with three different conditions for
the localized perturbation (splice): without splice, centered splice and offset splice (See Fig.
4.37). The coupling is measured through the evolution of the intensity of peaks between the
unperturbed and perturbed fiber. Using the method described above, we can deduce the
experimental value of coefficient, Mij. From this, we obtain the coupling coefficient to
describe the strength of the interaction between the eigenmodes, by using the equation 4.18.

Q=0 —0)

Centered splice

SEORNO

Offset splice

Figure 4-37: Localized perturbation by splice.

The theoretical coupling can be derived by using the amplitude transmission
coefficient from one upstream fiber mode to any downstream fiber mode. It is well described
by the so-called overlap integral. The theoretical prediction of Mij could be interesting to have
the evolution as a function of position to the core (equation 4.20).

Nyj=ff, ¥.¥.TdS=0; m=#n (4.20)

. However, in practice, we could not measure the offset between the optical fibers
(splice), so the experimental results cannot be compared to the theoretical simulations.

Therefore, we will only present the experimental results.
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Here y; corresponds to the field profile of an upstream fiber mode whereas w;
corresponds to a downstream fiber mode, T is the transmittance of the junction between the
two fibers. T depends of the amplitude and the phase. Generally, the different rates of overlap
between modes can be written in the form of a matrix or transition matrix of the mode. This
matrix is not square, because it depends on the modes number guided in each fiber, excepting
in this case (splice with the same fiber). Nevertheless, we can obtain the power transition
matrix between the modes by the square module of each term of this matrix |[ijJ°. In the
absence of the coupling, the transition matrix is square and the diagonal terms are equal to
one, that is, the power of a given mode remains in this mode (the modes in a perfect fiber are
identical and orthogonal to each another). However, when two fibers are not perfect, the

diagonal terms are less than one and could appear another diagonal terms.
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Figure 4-38: a-b) Evolution of the amplitude as function of the splice condition for LP01+LP11e
(upper-left) and LPO1+LP110o (upper-right). c-d) Evolution of the Ap/A as function of the splice
condition for LPO1+LP11e (lower-left) and LPO1+LP110 (lower-right).

Figures 4.38c-d show the evolution of the non-diagonal term of the coupling matrix
for different splice conditions for the small core-cladding index difference. Notice that these

182



Localized mode coupling measurement in FMF

figures are deduced from Fig. 4.38a-b. As we expect without perturbation, the non-diagonal
terms are very small (tend to be zero) and the values of B+3 and p are close to zero, but not
equal to zero due to the noise. For the centered splice, a weak coupling is reached, indicating
the difficulty there exists in realizing a perfectly centered splice, while for the offset splice, a
strong coupling can be reached depending to the offset and fiber. This method can be

recommended to examine the coupling effect on splices.
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4.6- Summary

Advanced S2 allows to measure and to analyze the modal crosstalk and the mode
coupling between all modes, including spatially degenerated modes of a particular fiber. The
measures of these parameters are crucial to study the fiber susceptibility and their impact on
emergent optical communication system based in MDM.

By using A-S2 and a wire-mesh, we have demonstrated the modal coupling of an FMF
that LP11, and LP11, modes undergo different coupling coefficients as a consequence of the
core deformation generated by the applied stress (perturbation).

We determined that the sensitivity of the mesh system depend on the mesh type used
and the dimension of the wire. Therefore, it is important to use an appropriate mesh that
allows measure the curvature in the fiber.

By using A-S2 and a splice, we have demonstrated qualitatively the mode coupling of
a FMF. Therefore, this method can also be applied to the analysis of the effect of other
perturbations, such as the splices and tapers.

In order to compare the theoretical microbending model and the experiments, we have
modeled the periodic perturbation (wire-mesh) by controlling the following parameters of the
model: number of sections, section length and total length. The obtained values from
simulation shows the amplitude behavior for different coupling of the degenerates modes,
instead of the beat modes, however, these results provide an idea about the behavior of the
optical fiber under coupling condition.
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5 CONCLUSION AND OUTLOOKS

As the demand for data transmission increases and the optical fiber capacity
approaches its limits, the research community is evaluating new ways and technologies to
overcome the capacity crunch. To date, it is not yet clear if MCF or FMF, both, or neither will
be the next generation of transmission fiber (chapter 1). MCF can minimize crosstalk among
spatial channels (inter-core crosstalk), but the communication system would need high
hardware complexity (the number of amplifiers, multiplexers, etc.) especially when scaling up
to more cores. Besides, the manufacturing methods needed to synthesize these fibers are more
complicated compared to the one used to manufacture FMF. However, an FMF-based system
requires higher dimension channel equalization in comparison with SMF, and its complexity
increases as the number of modes increases. Even if the SDM (MCF or FMF) system could be
a possible candidate to overcome the capacity crunch, there are many unknowns such as
optical amplifiers, nonlinearity in FMF, cost and power efficiency, etc. In this work, we
focused on the passive FMF, particularly on the study of the mode coupling.

In Chapter 3, a coupling model based on an expansion of ideal normal mode was
developed for FMF. This model accepts any refractive index profile and an arbitrary number
of modes, which extends its validity to the MMFs. Besides, it allows studying the mode
coupling induced by random perturbations in the FMF, such as micro-bendings and splices.
Mode coupling is modeled by dividing the fiber into numerous segments, each segment
possessing a random bending. Therefore, we obtained a propagation matrix, the principal
modes and their group delay for each random set of the following input parameters: fiber
length, number of sections and standard deviation of the bending radius. To validate the mode
coupling model, we compared the differences between the maximum and the minimum group
velocity delay of the principal modes divided by the distance, with the maximum differential
mode group delay (max|DMGD]|) between the LP modes derived from the wave equation
under the condition of weak-coupling. This model has been adopted and adapted by Prysmian
group to improve the set of tools they have already developed to model the behavior of
numerous optical fibers.

The model has been used to study the evolution of the group delay under different

coupling regimes, especially in weak and strong coupling conditions. As we discussed, a
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small standard deviation of the curvature and a small fiber length produce weak mode
coupling regimes and the group delays of the spatial modes (principal modes) are close to the
values of LP modes, in absence of coupling. In this regime, the group delay behaves linearly
as a function of distance. As the standard deviation of the curvature and fiber length increases,
the group delay tends to merge and a strong coupling is reached, as long as the fiber design
allows it. Under these conditions, we obtain a square root behavior of the group delay spread
as a function of the propagation length.

The evolution of the group delay as a function of the propagation distance has been
studied through a set of FMFs (10 spatial modes) with various effective index differences and
for a wide range of coupling strengths. Likewise, the group delay operator has been used to
evaluate these evolutions for groups of modes and its spread reduction induced by the mode
coupling process. We demonstrated under certain conditions (such as, high perturbations and
an effective index difference between modes above a threshold value) that the group delay
spread has a square root dependence on the propagation distance. This high perturbation
usually allows a strong mode coupling. This regime has been proposed for long-haul MDM
systems and imposes the use of coherent detection and full MIMO DSP. However, the MIMO
DSP complexity depends on the DMGD. To obtain a low DMGD and a simple MIMO, group
delays must be minimized by achieving a strong mode coupling, intentionally perturbing the
FMF and considering a design with a small difference of effective index between modes with
low bend losses for all modes. Further work in this area must be carried out to study the
feasibility of MDM systems using external perturbations.

As said before, long-haul transmission system use coherent detection and working on
the basis of the principal modes [Fan, 2005] could be an interesting approach to increase their
throughput, especially because these modes undergo a minimal distortion in modal coupling
during their propagation. As these modes are robust in terms of the modal dispersion, they are
good candidates MIMO-DSP as well. However, the other optical elements of transmission
systems (such as optical amplifiers, router...) will have to take into account this basis of
modes in their design.

In Chapter 4, we have measured the mode coupling by an advanced-S2 method. This
method allows to analyze the mode coupling between all modes, including spatially
degenerated modes. By this method and applying either homogeneous or periodic mechanical
stress (wire-mesh), we studied the mode coupling for a 2-mode FMF. The coupling between
the non-degenerated modes (LPo; and LPi;) and between degenerated modes (LP1ze and

LP110) was indirectly measured.
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Our measurements have demonstrated that the coupling coefficients of the LP1;, and
LP11. modes are sensitive to the mechanical stress, evidencing that the perturbation acts on
each axis of the fiber differently. This method can be applied to analyze the effects of other
perturbations, including splices. Besides, the conventional coupling model allows to obtain
the amplitude values of the degenerated modes and not the beat modes, which allows to

compare only the amplitude shape between the experimental and the simulation results.

What are the limitations of our study?

We found it difficult to compute the DMGD and losses when leaky modes are
included in the coupling mechanism because the GD and loss values between the guided and
leaky mode could vary significantly, especially in strong coupling regime. This made the
calculation of these values from numerical method using Matlab, impossible.

Data acquisition in the S2 method is sensitive to light, vibration, connecters, splice and
entrance conditions. Therefore, we have tried to control these parameters, especially the
influence of the input splice between the source and the fiber under test (FMF) to produce a
beat-free result on uncoupled conditions. Here, we have replaced the input splice by several
taper sections of the same FMF. However, the different tapers did not produce a beat-free

result.

Recommendations for further research

e Since the realistic long-haul-optical transmission systems use amplifiers, fiber
connectors, switches..., it would also be helpful to study the impact of these elements
on the mode coupling and not only the impact of the transmission fiber.

e It would be necessary to perform an in-depth exploration of how the different spatial-
mode-basis (LP, PM, OAM, and so on) influence the performance, latency, cost and
complexity of a MDM system, especially of a MIMO-DSP. Likewise, the application
of spatial-mode-basis is only thinkable if they can be excited without using costly
adaptive systems.

e More measurements and research works are needed on advanced-S2 to validate the

method on FMF with more modes.
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6 APPENDIX

A. Normalization

We consider LP,, notation (v and p modes) to study the normalization. Modes are eigen
vectors of the Maxwell’s equation, and thus are orthogonal by definition, meaning that they
do not interfere between each other [Snyder, 1983]. We will discuss here the
orthonormalization method. An integral overlap allows orthonormalization of modes as
defined in Eq. (A.1). Thus, for guided modes, the projection of the mode with itself ensures an
integral overlap of one (Y,, =1), whereas the projection between different modes (v, M)
produces a null overlap integral (Y., =0). Thereby, the overlap integral is equal or less than 1.
For radiation modes, the expression on the right side of the equation, will be a function delta

due to the continuous characteristic of the radiation modes.

szfwa'{’U'{’JdSzO; VT

i (A1)
szfwa'{’U'{’udSzl; v=1

To note that we apply the orthogonality and normalization conditions over the forward-
propagating modes. Here, A, is the infinite cross section, ‘Pp* correspond to the complex

conjugate of Y.

B. Shooting method

This method is based on an iterative method, which use Runge Kutta (RK4) to obtain the
approximate solutions of ordinary differential equations.
We will explain this method for guided modes by using the following differential equation
(2.24):
(V%> + k?n?% — B2)E,(r,0) = 0

Remember that y(x,y)=F(r).G(0). Thus, firstly we obtain its normalized version in order
to adapt it to the numerical method [Stoltz, 1982]. Then, we normalize the refractive index

profile and radius as in equations B.2 and B.3.
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ﬂ (2v+1) df 2(c _
oIl 4 (S—-B)f=0 (B.1)
R=r/a (B.2)
2 _ 2
S(R) = BB ) b b ) (B.3)
(ruon?)

Here R is the normalized radius, B is the normalized propagation constant, S(R) is the
normalized refractive index profile and F(R) is the field amplitude F(R) = R,. f(R) and f(R)
are the solutions over 0 and 1.

To solve the equation, we chose the initial condition. For example, for the guided
modes, the boundary condition was set at R=1 between the core and the cladding interface to
guarantee their continuity. Later, we integrate the equation B.1 by RK4 from R=0 to R=1 for
a trial value of B. As was demonstrated by [Molin, 2016], this method is unstable for guided

modes because it is not defined for R=0.

B.1. Using the shooting method (Runge kutta 4) to find the

radiation modes

Radiation modes have an oscillatory wave form in the cladding and a f that is real and
continuous. Radiation modes are derived by considering an infinite cladding. We adapt
differential equation 2.27 to the numerical method (see equation B.1).

To differentiate the radiation modes from the guided mode, we change the subindex v

tov.

cos(vB)

sin(vO) (B.4)

w(r,0) = F(r) {

Z,(r),in the equation B.5 corresponds to the different function solutions of the
differential equation in the core (r < a) and the cladding (r > a). Therefore, the radiation
modes can be described in the region r > a as the sum of the Hankel functions of the first
kind Hv and Hankel functions of the second kind Hv'® because the outward and inward
propagating cylindrical wave can be represented by these functions whereas in the region

r < a the radiation modes are represented by parabolic function (F,) [Marcuse, 1991]. Note
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that to resolve the equation, we must have noted that the power in each radiation mode must
be infinite and oscillatory for 0< r<co.

The function in the core and cladding can be summarized as:

A.E,(o.1) r<a

B.5
B-H&l)(p-r)+C-H§2)(p-r) r>a (8:5)

Z,(r), = {

With o = \/n2, - kZ — % forr<aand p =.n%-kZ—p? forr>a

To obtain B and C values as in the equation B.5, we have taken into account the

boundary conditions for Z,, and dZ,,/dr to guarantee the continuity in the region r=a.

Bl _ 1
] p-HP(p-a) HP (p-a)—p-HP(p-a) - HM (p- @)

. [ p P (o a) ~HP(p-a)] |

' -|E'(1)
—p-HM'(p-a) HP(p-a) ”

(B.6)

To solve the equation B.5 by the numerical method known as shooting method, we must
transform the second order equation into a system of first order equations. As a second-order
differential equation is equivalent to a system of two first-order differential equations, we
applied the same procedure with a very simple change of variable df/dR = w. In the end, we
obtain the equation B.7 and B.8.

2+ Z w4 VA(S(R) = B)f =0 (B.7)

m <{_f) - l—vz(g ~-B) - ﬁl (dfi) (B.8)

dR

Now, we can find the value of f(R) and f’(R) for a given R, by fixing a trial value
over the infinite possibilities of the radiation modes (Ko.nce>ko.nci >P ) and the initial

conditions of the equation B.9.
190



APPENDIX

Uinput(Ri) is (dfi) = ((1)) (B,Q)

0 1

2v+1

Uoutput = l_VZ(S —B) __l Uinput (B.lO)
R

Here, Uouput(Ri+1) for Ri+1 is calculated by RK4 algorithm.

B.2. Using the shooting method to find the leaky modes

Leaky modes can be calculated by solving the scalar wave equation B.1 of the
shooting method, under an appropriate boundary condition at the core-cladding interface
(R=1).

The function in the core and cladding can be summarized as:

) _ [H2 (vVB)-H3, (vVE)
f) HP (vVB)

VVBng s — v] (B.12)

Here, H,? is the Hankel function of the second kind of order. Note that in the cladding the
leaky field is defined by the Hankel function of the second kind and in the core leaky field is
defined by the modified Bessel function of the second kind.

C. Radiation modes

We can decompose exactly the transverse fields Et and ﬁt on the complete basis of all the
transverse fields of the modes of the fiber with the radiation modes. To calculate radiation

modes, we have used the method described in the section B.1.

—

E, = Yh=1 ag.Ep.e®? + 3, fooo apEpedp (C.1a)

He = ¥, ag.-Hg. D + ¥ [* a, Hy,dp (C.1b)
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To simulate, we have chosen a A=1550nm, a finite radius of 62.5um as in the MMF
standardization and the core radius of R=11pum and R=14um. To obtain the radiation modes,
we firstly validate the coefficient B and C (B=C=0.5) in the limit of c=p from equation B.5.
Where:

o =./nZ, -k%—p? forr<aand p =./n%-k%—p% forr>a

Secondly, we verify the continuity between E, and B- H”(p - ) + C - HP (p - 1)

a) R=14pm v=0

1 b) R=14pm v=0

0.5 ] ‘R

Normalized field (m

-05¢

50

0 5 10 15 20
Normalized Radius x(m) y(m)

Figure 6-1: Zv(R) of the 6-LP modes with R=14um v=0 b) field of the 6-LP modes with for Aneff
=-0.084 for R=14pum.

To normalize the radiation modes, we will take into account the eigenmode expansion
technique which we would have liked to use them in the coupling study (chapter 3). It should
be remembered that the radiation modes have infinite energy and so the normality condition
from equation A.1 cannot be expected to apply. Radiation modes (open structure) are
continuously oscillating and fields never vanish, thus the normalization integrals are
unbounded. However, we can include the Dirac delta function, §(p — p) (it should be a

distribution) to normalize these modes [Sammut, 1982]. §,,, is the Kronecker symbol.
Yy, = fwa ZyZ,dS = 8,,6(p — ) vu=12..N (C.3)

Z,(r) and Z,(r) in the equation C.3 are the different functions solutions for v and p
mode.

The normalization of the radiation modes could be accomplished by direct
computation of the normalization integral. However, due to the time limitation of the project,
the normalization problem has not been solved and so we cannot use radiation modes to the

coupling study in the next chapter.

192



APPENDIX

In order to compare with the guided mode fields (Fig. 2.16), Fig. 5.2a-h illustrates
those of the radiation modes at different propagation constants (between 5.5x10° and 5.88x10°
) keeping the condition (k.n,> k.n,>B) and the modes number to zero (v or u=0). Note that
in the guided modes, the envelope of the cladding field decays exponentially along the radius
direction, that is without losses, whilst the radiation modes exhibit an envelope of cladding
field monotonically and slowly decays. As B decreases, the number of oscillations tends to
increase.

Figure 5.3a- shows the radiation field at different modes (v=p=0, 1, 2, 3 and 4) with a
given B=5.88x10°. As v or W increases, the oscillation amplitude in the cladding decays and
the energy is confined in the core. For u=0, the amplitude of the oscillations inside the core
are greater than those of other radiation modes. Therefore, the impact of this mode on the
guided mode can be considerable with respect to the others.

For higher radiation modes p=5, 10, 15, 20, 25, the energy that was confined in the
core starts to move away from the core to the cladding. It shows that the higher order
radiation modes have oscillations far away from the core and their energy could be considered

negligible for the guided modes.

b B=5.5x10°

a) <101

Zv(R)

0 lug
100

122
100

-0.5 : : : :
0 0.5 1 15 2 25

0 0
Normalized Radius ¢ y(m)

4 B=5.6x10°

0.5

Zv(R)

0 Loyt
100
100

0.5 . . . .
0 0.5 1 1.5 2 2.5 0 0

Normalized Radius y(m)

193



APPENDIX

6
1 f) [=5.8x10
e) x 10710
6
0.5+
_ 4 |
&
>
N
0
0.5 : ‘ s ‘
0 0.5 1 1.5 2 25
Normalized Radius
h B=5.88x10°
| 5.
9) x 1071
6
0.5+
_ 4
&
>
N 2
ol
0
100
0.5 ; : : : =
0 0.5 1 1.5 2 2.5 0 o

Normalized Radius y(m)

Figure 6-2

Figure 6-3: a-h) Zv(R) and radiation field of 6-LP modes, R=14pm and v=0 for different
propagation constants.

o 0.5 1 15 2 25
Normalized Radius

pn=20 p=25 n=30

Figure 6-4: a) Zu(R) and radiation field of 6-LP modes, for different radiation modes. B)
Radiation field for higher modes.
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D. Galerkin method

By the Galerkin method [Gallawa, 1991], we adapt the differential equation into a set of
simultaneous linear equation to simplify the numerical method. This method uses the Hermite
or Laguerre-Gauss polynomial as solutions, which leads to a transformation of the differential

equation from 2.50 to 2.55 through of the transformation parameters D.1 a-b
q=V.R? (D.13a)

(V.R)2

fR)=J(R).e 2z (D.1b)

qﬁ+(l+1 q) +025[ —2.(1-1)+V.(S(q)—=B)].J=0 (D.2 a)

] aj _
q.d—qz+(l+1—q).%+g.]—0 (D.2b)

Here, g = 0.25[q — 2.(l —1) + V.(S(g) — B)] should be an integer to admit the
Laguerre polynomial Ly as a solution. Hence, this equation is expanded in terms of orthogonal

function basis as in [Gallawa, 1991].

Ji(q) = ak L g(@) (D.3)

Later, equation D.3 will be inluded into equation D.2a and normalized by the
orthogonality of Laguerre polynomials in the interval (0, o) with respect to the gamma

distribution. In this part the derivations follow the outline of [Molin, 2016].

((+2.k+0D. 525,

[ e9. g L (). Lh (q)dg —J —(1+k+ 0.2 “‘*”

(k+1- 1)
(k +1). D Okt

5kp—1 (D.4 a)

J, e g Ly (). Ly (9)dg = —(1 + DL Sgp_q + (1 + D16, (D.4b)
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[ em0.q" 1 L (q). Ly(q)dg = (1 + D)! (D.4 c)

The set of simultaneous linear equations are obtained by multiplying e 4. ql+1.L§D(q)

and integrating from 0 to co:

/ak.w (A+2k+D.80— (1 +k+1).64 — k.ak_lp)\

= . (k + D! S (k+ D)
—ap————.2.(1+ 2.k +1).6, -V.B.) ap.————.8
+ak.V.f e %.q".S(Li(q).L,(q)dg =0,v p=0,...,N
0
(D.5)
The equation D.5 can be written as in D.6
[T—1.1].4=0 (D.6)

Here, matrix T is a square matrix with dimension (N+1), I is the identity matrix and A
corresponds to the eigenvalues. I. A can be defined equally as the multiplication of a D
diagonal matrix by the B constant propagation matrix and represents the eigenvalue of D, It
should be noted that the equation is easy to compute numerically, because it becomes linear
and first order. In the end, the eigenvector ax are the mode field amplitude.

The Garlerkin method is not appropriate to find the leaky mode because the function basis

applied there does not take into account the boundary conditions of the leaky modes.

E. MIMO-DSP in MDM transmission system

The Multiple-Input Multiple-Output Digital signal processing (MIMO-DSP) presented in
the chapter 1 was analyzed to compensate the signal against the impairments suffered during
transmission. Therefore, the effect produced by CD, FMF, mode coupling and mode
dispersion must be compensated. In this chapter, we will adapt MIMO-DSP to MDM system

transmission. In a simplistic view, we consider a DSP in MDM (SDM). This DSP needs the
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contribution of all the other output signals to compensate mode coupling effect that occurred
in the FMF during the propagation and thus to recover each mode.

MIMO can be classified into simple MIMO and MIMO-DSP. A simple MIMO use the
direct detection, it is low cost, but it does not improve the performance significantly, because
the receiver does not have the phase information (Awad, 2009). In opposition to simple
MIMO, MIMO-DSP improves the performance, because it uses a coherent receiver which
allows obtaining phase and amplitude information at the end of the transmission. Besides, we
can use the higher order modulation formats to increase the data rate.

Figure E.1 shows a MIMO digital signal processing [Juarez, 2013]. Note that each basis
(LP or PM), carry a different data, which is mode-multiplexed (M-MUX) into the FMF, then
transmitted and mode-de-multiplexed (M-DEMUX) by a spatial filter and detected at the
receiver. LO is the local oscillator laser which transforms the pass band signal into a baseband
signal.

Then, MIMO-DSP is used to recover and to equalize the output information.

sl (t) a

‘ Perturbation §1(t)
n LJ x1(t) vl (t) ul(t) N
—’ - T - Channell, M1
Channell,M1 s2 (1) ﬂ
— 2(1) 2(t 52(t)
ey B ez 20N O B o
Channel2,|M2
le (t) "
°°° MODN ﬂ) yN (t)LN'(t) LNSt) Channeln, MN
Channeln, MN
PMo LP PMo LP
MDM using a FMF
Figure 6-5: MDM system using MIMO-DSP.
In figure 5.4, x1(t)....... XN(t) corresponds to the modulated input signal, yl(t).......
yN(t) are the optical output signal, ul(t)....... uN(t) are the complex envelope of the optical
signal, yl1(t)....... yN(t) are the pass band signals and ul(t)....... UN(t) are the baseband

signals. Hence, Yn(t) can be defined by considering the complex envelope of the optical

signal and w, is the optical carrier frequency, as in equation E.1a.
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yn () = uy(t). e t@ot (E.1.a)
The signal at the end of the de-multiplexer (yN(t)) can also be written as its inverse

Fourier transform (E.1b). Here, the signals are DE-multiplexed from LP-modes.

(@) = F(yn(w)) (E.1.b)

MIMO-DSP will be studied by assuming an MDM transmission system without noise

which uses an ideal coherent receiver without frequency compensation technique, and a
MIMO based on the Wiener Filter [Oppenheim, 2010]. Wiener Filter uses a complex filter
coefficient, allowing treatment of the signals of the Fig. 5.4 without decomposing the signal in
phase and quadrature component. A Wiener filter is an adaptive filter using the Minimun
Mean-Squared Error (MMSE, Fig. 5.5) solution of the cost function to equalize the output
signal of a distorted but noise free input signal. Thus, the MIMO Wiener filter can equalize

the output signal, sN(t), by minimizing the square error.
2 —~ 2
E{le®)?} = E{|sN(t) = sN(®)|} ~ 0 (E.2)

s(t)

—i.t,. DSP -
M(ts(e) etoot . hamnel @ w) o oag| 5@ @ e

LO

Figure 6-6: A simple MIMO Wiener system. Here, T(®) is the transfer function of the
propagation channel. h-1(t) represents the estimated inverse channel impulse response and e(t)
is the error. [Manolakis, 2005]

In a simplistic view, we consider a simple single-input single-output (SISO) Wiener
system. Here, the Wiener filter is studied for SMF and the channel is considered causal and
invariant of the signal. Therefore, an input signal, x(t) propagates through an SMF.

By following the Figure E.2, the output signal y(t) can be written as:
yn(@) = F X (0).T(z,w).a) (E.3)
The u(t) is sampled, and then convoluted with the h™(t) as in the equation E.4

§(t) = h71(t) * u(t) (E.4)
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Note that, the output signal is an estimate of the input data signal. Thus, the error, e(t)
is treated and used to estimate the input signal after its optimization. The optimization from
the Wiener filter is obtained when the expectation value of the square error is minimal
(Equation E.5).

E{le(t)?|} =E {|sN(t) —sN(t— T')|2} = Minimal value (E.5a)

T’ is time delay that be omitted for simplicity. The signal must be resampled by
considering the Nyquist criterion in order to avoid aliasing. The sampled version of equation

E.5 can be written as:

L 2
E{le(nT)?|} =E {|s(nT) - ZlLlfil:zol cl*firu(nT — lT)| } (E.5b)
The length of FIR filter is L¢;,- and the complex filter coefficient are cl*ﬁr. The error

signal can be represented as:

e(nT) = s(nT) — zﬁfj:;; i u(nT — IT) (E.6)

To minimize the square error |e(nT)?| = e(nT).e(nT)*, the equation E.5b must be

derivated with respect to the cf filter coefficients, as:

dle(mT)?| _ de(nT)
acf  dcf

de(nT)" _
acf o

e(nT)" + e(nT)

0 (E.7)

From the previous equations, we can obtain the following equation:

E{u(n — f).s"(m)} = %,7"_ ;. E{u(n — FHu*(n — L)} = 0, where fe [0,Lgr -1]

lfir=0 lfiT
(E.8a)
Lfir'_l * _ b
Tf - Zlﬁr=0 leiT'Rf'lfiT =0 (E8 )
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Equation E.8 can be divided into two parts: the first term, ¢ that corresponds to the
cross-correlation value between the output and input signal and the second term, Ry, that

describes the autocorrelation of the u(t) at different time f-1.

E.1. MIMO-DSP complexity

To study the complexity in MIMO-DSP, we will present the following example:

Example: Filter length Lg, =3

By the equation E.8b, we can obtain the following set of equation for L¢;=3
T'O = Co. R0,0 + Cl'RO,l + C2. RO,Z
T'l = Co. Rl,O + Cl' R1,1 + C2. R1,2 (Ega)

TZ - Co.Rz'o + Cl'RZ,l + CZ'RZ,Z

Equation E.9b is the matrix form of Equation E.9a

To Roo Ro1 Roz| fco

.[ﬁ] =|Ry0 Ri1 Riz|. [Q] (E.9b)
2 Ryo Rz1 Ryp €2
Tye = Ryy . C (E.9c)

Note that the vector ¢ comprises all the unknown filter coefficients, the vector, 7,5
contains the crosscorrelation coefficients and the matrix, R,,,, contains all components the
autocorrelation, whose size is Lgr X Lgir . The coefficient vector can be obtained by equation
E.9c.

Ry L7 =2¢ (E.9d)

Figure 5.6 shows the filter structure for a FIR length of Lg=3. Here, the number of

filter coefficient is equal to L.
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Figure 6-7: FIR filter for signal de-convolution.

The signal passes by the filter bank. Then, u(n) is delayed by Atg, and multiplied by the
complex filter coefficient. In the end, the estimated signal, 5(n) is obtained by the sum of all
these blocks. As discussed before, the estimation of the cross-correlation vector needs the
information of the input signal. It can be acquired for instance by training in real optical
transmission systems. Moreover, the output signal u(n-T4) suffers from the delay (Tq4) which
should also be taken into account. Here, the length of the delay is an important parameter to

obtain an appropriate detection, so that:

e |If the delay is too small, there is no correlation and the filter coefficients could be
estimated incorrect, which leads a higher error.

o If the delay is large, more than one filter tap necessary to minimize the square error,
which leads to increase the complexity of the system.
Assuming 1....i" input signals and D is the total output signals, the expectation value

of the square error can be described by:

Blles(nTY?1} = E{[si(nT) = £ 25" iy wanl = 11| | (€10

Note that the number of taps and equation change to Dx Ly

—

Tus, = Ruu . €, (E.11a)

R, is a matrix and its diagonal describes the autocorrelation of the output signal, the
non-diagonal values describe the correlation between the different output signals. The cross-

correlation vector, 7, comprises the correlation values between the input signal and all the output
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signals. Besides, equation E.11 describes a receiver structure with multiple input single output
(MISO), which can be adapted to the Multiple Input Multiple Output (MIMO) receiver by
considering DxD number of equation (cf. Fig. 5.7).

In Figure 5.7 shows a MISO assembly FIR to produce a MIMO. Here the output

signals are combined to obtain the 1,2,...1 input signal estimation.

Loy ci c

u(n)
Aty o H Atgiy }_T

- ’.7

Figure 6-8: FIR filter for signal de-convolution.

These MIMO are used in MDM transmission system with FMF. We can classify
MIMO in two groups depending on digital filtering technique: MIMO Time-Domain
Equalization (TDE) and MIMO Frequency-Domain Equalization (FDE).

e In MIMO-TDE, the digital filtering is commonly implemented by direct time domain
convolution and its complexity increase with the temporal memory length

e In MIMO-FDE, we used a Fast Fourier Transform algorithm and the overlap-save or
overlap-add method (Arik, 2013). For this MIMO, the complexity is related to the FFT
block length which can also produce high processing latency.

In this section, the Digital filtering and adaptation algorithm are not analyzed.

However, the approaches to reduce MIMO equalizer complexity will be mentioned:
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e The first approach is to design all the system components, de-multiplexers, FMF,
amplifiers and switches to minimize mode coupling crosstalk.
e The second approach is to design the transmission system with low group delay (GD)
spread, whose purpose is to use a temporally short MIMO equalizer.
For this second approach, the GD spread is the parameter used to reduce the
complexity in the FMF communication system detection (MIMO-DSP) [Savory, 2010], [Arik,
2015].

E.2. MIMO in weakly coupled

In the presence of a simple MIMO, the fiber must be designed so that the modes admit
a weak couple. In this regime, some modes could be coupled due to their almost similar
propagation constants, but others will never reach a coupling state.

The MDM channels in weakly-coupled regime do not need complex MIMO-DSP. In
this regime [Sillard, 2015], we need to consider:

e Minimizing mode coupling to limit the crosstalk and obtain the minimal effective area
of all modes.

e Choosing the appropriate fibers with a profile that allows low crosstalk and very large
effective area, regardless of its large DMGD. One of the good candidates is the step-
index (SI).

Weakly-coupled uses 2x2 or 4x4 MIMO with a small number of taps in order to
separate each spatial mode, without requiring the differential mode delay compensation and
digital signal processing. Thus, MIMO handles only the polarization diversity and modes
with the same propagation constant (degenerate modes). To date, 4 LP mode fibers with low
crosstalk have been reported [Sillard, 2011]. The main restrictions to increase the modes

number in this system are Aeff, attenuation and crosstalk (~25dB).

E.3. MIMO in strongly-coupled
In the presence of a MIMO complex, the fiber must be designed to admit a strong-

coupling. In this regime, the modes have nearly identical propagation constants which allow a

full coupling. To achieve this regime, external or intentional perturbation could be used.
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The MDM channels in strongly-coupled regime required a MIMO-DSP. In this regime
[Sillard, 2015], we need to consider:

e Minimizing the differential mode group delay (DMGD), regardless of mode coupling.

e Choosing the appropriate fibers with a profile that allows small differential mode

delay. One candidate is the fibers with graded-index profile (GI).

The strongly-coupled regime uses 2Nx2N MIMO techniques with 2 polarizationsxN
spatial modes that allow detecting all modes simultaneously and cross-talk compensation.
This strategy is appropriated if the numbers of multiplexed modes is significant. To date, 10
SDM channels (6 LP modes) with a spectral efficiency of 58 b/s/Hz (chapter 1) have been
reported [Chen, 2016]. The main limitations to increase the modes number are DGD and
differential mode attenuation.

To overcome the complexity of MIMO, DMGD must be as small as possible. For
example, [Zhao, 2015] has considered an ultra-low DMGD Fiber in spite of the difficulties to
achieve a low DMGD once LP number is important. The channel spread can be reduced by
introducing a strong coupling by an intentional perturbation. This reduction has an impact on
the equalizer taps length [Ho, 2011], but mode-depend-loss could appear. Other approaches,
such as [Sakamoto, 2013] use the DMGD-compensated fiber with a positive DMGD (P type)
or a negative DMGD (N type) or finally introduce a computational efficient algorithms in the
DSP side.

In table E.1 is summarized the characteristics of these approaches (Weakly-coupled and

strongly-coupled).
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Table E.1: Weakly-coupled and strongly-coupled in FMF [Sillard, 2016].

Criterion: Min |Aneff]| FMF weakly-coupled FMF strongly-coupled
Parameter Step Index Graded Index

Aeff >80um2, increases with the modes >80um2

Attenuation It increases with the modes ~0.25dB/km| It increases with the modesr ~0.25dB/kn

Bend loses < 10dB/turn <10dB/turn

Losses higher-order LPx1 modes >19.34dB  |higher-order LPx1 modes >19.34dB

Min |Aneff]| Small It can be minimized

AB High

DSP-MIMO Most cases (2x2MIMOs or 4x4MIMOs) je'\'p’;'g'o'\]f'gv'w?ég\)""v'o complexity

Max |[DMGD]| High >>100ps/km Low<50ps/km

I e

Simplicity Yes No

Modes number limit  |9LP (Impact on Crosstalk) 12LP (Impact on MDL)

The previous review highlights that the coupling in fibers has already been studied
through many aspects. We propose to push these studies forward by adapting the coupling
model to FMF in MDM communication system.

F. DGD in stochastic differential equation

The strong coupling depends on the combination of effects of mode coupling over the
entire fiber [Poole, 1986]. Therefore, the group delay has a statistical behavior. To study the
DGD, we need to solve stochastic differential equations. Firstly, we assume that the curvature
represents a stationary random process, Rx(u)=<K'(z) K'(z-u) >, by considering the average
of the curvature over one section length. Here, the brackets are ensemble averages. Secondly,
curvature has a characteristic correlation length such that R(u)=0 for [u> correlation length,
where u represents the elements of the matrix U. Third, amplitude are complex and their
phase are sufficiently random.

<Om0n>=<0ma,>=0 for m#n
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We also express the power spectral density (PSD) of the curvature by :

Sk (ﬁ) = [Rg(u).e 2Pudu (F.1)

2.1

By assuming an FMF with 2-LP modes (m, n), equation 3.14 becomes:

- —iB, LK) .
a ((U,Z) = [1 K(Zn; _1 Bn a(Z) (an)
2em) = i K(2). e a," (w,2) (F.2b)
208 = LK(2). e 0" (w,2) (F.2c)

[Poole, 1988] describes the dispersion in an ensemble of fibers in terms of the second
moment about the variance <At(z)*>. Therefore, it can be expressed by considering the matrix
element. Note that <At(z)*>> is expressed in terms of the complex amplitude.

< AT >=4<|ay'|* + |ay'|? >

Then, we derive the equation with respect to z twice and later we use equations F.2b

and F.2c and their frequency derivatives. Thereby, we obtain the differential equation of

d<At?> d?<ATt?>

3 and 5 as in [Poole, 1988].
d<AT?> _ . d(Bm—Bn) e . d(Bm—Bn)\?
T = 147 < Ay Ay + a,. an’ > +2. (T) Z (F3)
where,

AB' = W corresponds to the difference in the group delay time per unit length.

By solving the stochastic coupled equation (3.53b and 3.53c) and assuming the
complex amplitudes and their frequency derivatives are constant over intervals of the order of
length section (weak-coupling approximation). We can obtaine the perturbation solutions for
the complex amplitudes that are later used to solve the differential equations that permit to

obtain <At(z)>> ( See equation F.4).

d?<At?(z)> d<AT?(2)> d(Bm—Bn))>
—a - 2h—F +2'( dw ) (F.4)

206



APPENDIX

Here, h = [ Rg(u).e™Pudu = Sy (3—6). h describes the ensemble-average ratio at

T

which power is transferred between modes. The solution of the equation F.4 are obtained over

the initial condition following < At?(0) > = d<at’©)> _ 0, thus, we obtain the mean-square
DGD (See equation F.5).
2
< At%(2) >= E[A7?] = (%) : [# (e72h% + 2. h.z — 1)] (F.5a)
_ 2
< At%(2) >= E[47?] = (W) . [ﬁ (e72h7 + 2. h.z — 1)] (F.5b)

To study the coupling regime, we can find the limit hz—0 for low-coupling or hz—o0

for strong-coupling. If z=L, we have:

1 oA 2 d m—Pn 2

limy,,o E[472(2)] = (52) .12 = ((PuBul)” 2 (F.6a)
. aAB\?% L dBm-Bn)\2 L

llmhz_)oo E[ATZ(Z)] = (a—f) “h = (%) “h (F6b)

It should be noted that the mean square DGD in low-coupling looks like the equation
3.51c. Here, DGD increases linearly. However, in strong-coupling DGD varies with the
square root of the length and it varies inversely with h or power spectral density of curvature.
Accordingly, there is a strong dependence on the fiber statistics.

The coupling regime in PM’s will be relevant to understand the results of the next section.
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NOTATIONS

> Refractive Indices and Related quantities

A
f)

Refractive index function

Core refractive index

Maximum of the core refractive index
Cladding refractive index

Refractive index without perturbations
Equivalent refractive index

Perturbed refractive index

Trench refractive index

Effective refractive index

Effective refractive-index differences
Radius parameter

Core radius

Power-law exponent

Relative refractive index difference

Shape of the index profile

> Fields and related quantities

Electric field

Magnetic field

Electric displacement field
Magnetic induction

Propagation constant

Propagation constant of the guided mode m
Fundamental propagation constant
Second order dispersion
Chromatic dispersion

Group velocity

Free space wavenumber

Transverse wavenumber of the bent fiber
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ke
w, At
jp

& &0, &Er

Transverse wavenumber of the equivalent fiber
Angular frequency, Wavelength, Time

Free current density vector, Free charge density

Permittivity, Vacuum permittivity, Relative permittivity

Vacuum permeability
Amplitude of the progressive wave for the electric field

Amplitude of the regressive wave for the electric field

Amplitude of the progressive wave for the magnetic field

Amplitude of the regressive wave for the magnetic field
Amplitude of the mode m for the electric field

Amplitude of the mode m magnetic field

> Fiber, Modes and related quantities

AL

01/R

Je)))

uw

Fiber length

Length of a fiber segment

Bend radius

Standard deviation of the curvature

Group delay per unit length

Group delay standard deviation

Number of modes

Modal parameters

Normalized frequency

Integer modal azimuthal number / angular quantization
Radial quantization

Bessel functions of the first kind

Modified Bessel functions of the second kind
Amplitude of the v mode

Laguerre polynomial of order | and g
Hermite polynomial of order i

Mode bend losses

Coupling coefficient for the electric field

Coupling coefficient for the magnetic field
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» Matrix notations and related quantities

[B(w)] Uncoupled propagation matrix: Propagations matrix of a degenerate mode
group

[K] Coupling coefficents between modes

[a(2)] Wave amplitude

[a] Propagation losses

M(w)] Propagation matrix

[U(w)] Lossless propagation matrix

D, Phase of the fundamental mode

Aay Difference between the propagation constants of the fundamental mode and
mode, N

ABy Difference between the propagation constants of the fundamental mode and
mode, N

[T(w)] Group delay matrix

[T] Delay per unit of length

[G(w)] Group delay operator matrix

[1] Indentity matrix
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