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Kurzfassung

Gabriel Pelegrina Bonilla

Asymmetrische Faserschmelzkoppler fiir das optische Wellenlangen- und
Raummultiplexverfahren

Faseroptische Komponenten aus unterschiedlichen Glasfasern werden fiir das optische
Wellenldngen- und Raummultiplexverfahren eingesetzt, um neue Funktionalititen zu
ermoglichen. Dazu gehoren Faserschmelzkoppler aus mehreren Fasern, die verschmolzen
und anschlieffend verjiingt werden, um Licht aus einer oder mehreren Eingangsfasern
zu einer oder mehreren Ausgangsfasern zu koppeln. Das Ziel dieser Arbeit ist es asym-
metrische 2 x2 Faserschmelzkoppler bestehend aus unterschiedlichen Fasern universell
zu beschreiben. Dabei wurden sowohl Eigenschaften der Faserkoppler angepasst als auch
die Kopplungsmechanismen unter Berticksichtigung der Eigenmoden untersucht.

Asymmetrische Faserschmelzkoppler wurden experimentell durch das systematische
Vorverjiingen einer der beiden Fasern realisiert, um den maximalen Leistungstransfer
von der Quellfaser zur Zielfaser zu erhohen. Damit war es unter anderem moglich
zwei weit auseinander liegende Wellenldngen in dem Bereich von 795 nm und 1980 nm
mit einer Transmission von 90 % fiir z. B. Anwendungen in einem Thulium-dotierten
Faserverstarker zu kombinieren. Durch definiertes Einstellen der Kopplergeometrie
mittels Vorverjliingung, Reduzierung des Faserdurchmessers und entsprechender Wahl
des Verschmelzungsgrades wurde das Potential weiter ausgeschopft. Ein modenselektiver
Faserschmelzkoppler wurde erfolgreich demonstriert, um selektiv die LP1; Mode mit
einer Transmission von 80 % bei einer Wellenldange von 905 nm anzuregen.

Die Faserschmelzkoppler wurden numerisch modelliert, um Herstellungsparameter
abzuschitzen und um einen Einblick in den zugrundeliegenden Kopplungsmechanismus
zu erhalten. Deshalb wurde ein numerisches Model zur Beschreibung des Brechungsin-
dexprofils erarbeitet. Eine allgemeingiiltige Analyse wurde durchgefiihrt, um den Ein-
fluss von Verdnderungen der Kopplergeometrie auf die Eigenmoden und deren modale
Gewichtung zu untersuchen. Es konnte gezeigt werden, dass Modenkonversion in
asymmetrischen Faserkopplern stattfindet und dass die modale Zusammensetzung so
eingestellt werden kann, dass die relevanten Eigenmoden gleich angeregt sind, was einen

kompletten Leistungstransfer in die entsprechende Mode ermoglicht.

Schlagworter: Faseroptische Komponenten, Asymmetrische Faserschmelzkoppler, Wellen-

langenmultiplexverfahren, Raummultiplexverfahren



Abstract
Gabriel Pelegrina Bonilla

Asymmetric Fused Fiber Couplers for Wavelength- and Space-Division Multiplexing

Fiber optic components consisting of different glass fibers are employed for wavelength-
and space-division multiplexing in order to achieve new functionalities. This includes
fused fiber couplers (FFCs) consisting of several fibers which are fused and tapered and
which allow for coupling light from one or several input fibers to one or several output
tibers. The aim of this work is to generally analyze asymmetric 2x2 FFCs consisting
of different fibers including the experimental tuning of the coupler characteristics by
changing the degree of dissimilarity between the fibers and the numerical modeling of the
coupling mechanisms in terms of eigenmodes.

Asymmetric FFCs were experimentally realized by systematically pretapering one of
the fibers in order to efficiently increase the maximum coupled power from the original
tiber to the target fiber. Therefore, it was possible to combine two widely separated
wavelengths in the range of 795 nm and 1980 nm in a thulium-doped fiber amplifier with
a transmission of 90 % for both wavelengths in the signal fiber. By defined tuning of
the coupler geometry not only in terms of pretapering but also in terms of cladding
diameter reduction and proper adjustment of the degree of fusion the capabilities of
asymmetric FFCs were consecutively exploited. A fused-type mode-selective fiber coupler
was successfully demonstrated which showed a selective excitation of the LP1; mode with
a transmission of 80 % at a wavelength of 905 nm.

The FFCs were numerically modeled to estimate fabrication parameters and to gain
insight into the underlying coupling mechanism. Therefore, a numerical model capable
to describe the refractive index profile was elaborated. A universal analysis in terms of
eigenmodes was conducted and revealed the influence of changes in the coupler geometry
on the eigenmodes and their modal weighting. It was shown that mode conversion in
asymmetric FFCs takes place and that the modal composition can be tuned in a way that
the relevant eigenmodes are equally excited which enables a complete power transfer into
the respective mode.

Key words: fiber optic components, asymmetric fused fiber couplers, wavelength-division

multiplexing, space-division multiplexing
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CHAPTER 1

Introduction

Optical fibers consist of flexible and transparent extremely thin rods made of glass which
enable the transmission of light between the two ends of the fiber. Since the 1960s the field
of fiber optics has become indispensable in most photonic technologies. At the beginning
researchers dealt with the problem of high attenuation in the order of 20 dB/km caused by
material impurities [Kao66]]. The use of high-purity silica glass allowed for the reduction of
the attenuation to 4 dB/km which denotes the beginning of the optical fiber telecommuni-
cation era [Kec73]. The modern world-wide communication system relies on an extensive
network of optical fibers whose potential is unlocked by the use of branching devices to
route optical signals and to increase the bandwidth of the system [Tom08|]. Regarding this,
fiber couplers are essential components since they enable the coupling of light from one or
several input fibers to one or several output fibers. The application of fiber couplers and
optical fibers in general is not limited to telecommunication networks and extends also in
the field of fiber lasers and amplifiers. Since the emergence of lasers in the 1960s [Mai60]
researchers have build lasers made of fibers [Koe64; Sni61] for optical amplification of
several decibels per milliwatt of absorbed pump power. This was of significant impact
for the telecommunication as known today, because no solution for amplifying signals
in optical fibers existed at that time [Ric10]. With the continuous development of fiber
lasers and fiber based telecommunication systems the need for fused fiber components
increased significantly. Nowadays, a huge variety of fiber components exist which satisfies
specific demands of the respective system, for example for combining the pump and signal
radiation in a fiber laser or for increasing the bandwidth of telecommunication systems.

According to a forecast [Cis14] the global Internet traffic will increase from 62 EB/month
in 2014 to 132 EB/month in 2018. Up to now, the increasing demand for data-carrying
capacity has been satisfied by the use of several techniques in current commercial systems
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exploring and optimizing multiplexing in time, wavelength and polarization [Ric13].
Especially to be emphasized is wavelength-division multiplexing (WDM) which is based
on the undisturbed propagation of electromagnetic radiation of different wavelengths in
an optical fiber. The use of clearly separated wavelength bands allows for the transport
of information in different data channels, each of them increasing the bandwidth of the
system. In the 1990s this technique together with the availability of optical fiber amplifiers
resulted in an increase of the system capacity by a factor of 1000 in just 10 years [Ess12].
However, the combination of current techniques is exploited to a high degree [Qial2]
and new concepts are required to satisfy the world-wide growing demand for digital
data-carrying capacity. The currently most promising approach is the exploitation of the
spatial dimension as additional degree of freedom, commonly referred to as space-division
multiplexing (SDM) [Win14].

In order to successfully implement SDM in future optical networks, further optical
components are required to realize spatial mode multiplexers and demultiplexers and
optical amplification devices. Currently, a high variety of different mode multiplexers
already exists [Igal5|] including fiber- and waveguide-based adiabatic tapers and couplers.
All of these devices have in common that their function principle relies on an asymmetric
refractive index profile formed of two different in- and output waveguides. Since the
emergence of fused fiber couplers (FFCs) for WDM and fiber lasers in the 1980s, researchers
have drawn their attention to devices consisting of different fibers [Bir88b; Mor85; Sor86]
in order to exploit new functionalities.

In general, modeling of FFCs has always been a challenge. Intuitively, fiber couplers
have often been described by the coupled mode theory assuming two independent and
weakly interacting waveguides [Sny72]. However, it was found that common FFCs are
tapered to such an extent that the light is not guided by isolated waveguides anymore
but by the whole glass structure [Bur83|. Therefore, the cross section and the longitudinal
profile of the coupler need to be considered. Researchers have assumed different approxi-
mations of the transverse and longitudinal geometry in order to enable the calculation
of the eigenmodes which are commonly also referred to as super-modes. A complete
analysis in terms of super-modes of symmetric 2x2 FFCs using an accurately modeled
refractive index profile was made by Lacroix et al. [Lac94], but only for the case of two
identical fibers. However, asymmetric FFCs have not been extensively modeled in terms
of super-modes so far, worth mentioning here [Oka90]. However, previous studies were
performed under the assumption of independent waveguides using the coupled mode
theory [Ism14; Son02;|Son03|] whose results need to be interpreted carefully, as they lack
general validity and fail to describe FFCs exhibiting a high degree of fusion for which

independent waveguides cannot be assumed anymore.



The aim of this work is to perform a general analysis of arbitrarily fused asymmetric
2x2 FFCs consisting of different fibers. This includes on the one hand the experimental
tuning of coupler characteristics by changing the degree of dissimilarity between fibers
and on the other hand the universal description of the coupling mechanism in terms of
super-modes. Asymmetric FFCs are evaluated for applications in wavelength- as well as
space-division multiplexing.

This work is organized as follows: Chapter 2| gives a brief overview about the essential
fundamentals of optical fibers as well as their light guiding properties. The mechanism of
coupling in fiber couplers is extensively discussed based on both the coupled mode theory
and in terms of super-modes. In Chapter 3| the fused biconical taper technique is presented
which is commonly used for the fabrication of FFCs. For this purpose symmetric FFCs
are fabricated and characterized. In order to numerically investigate the FFCs in terms
of super-modes a numerical model for the calculation of the refractive index profile in
three dimensions was elaborated. This model is used to conduct an in-depth analysis of
the modal evolution throughout a symmetric FFC. In Chapter 4{and [5|asymmetric FFCs
are presented and numerically analyzed in terms of super-modes including the numerical
routines which are established and verified for the case of symmetric FFCs. Chapter 4]
focuses on asymmetric FFCs which can be used to increase the range of combinable
wavelengths for WDM applications. The power-splitting ratio is tuned by pretapering
one fiber in order to achieve coupling from the fundamental mode of one fiber to the
fundamental mode of the second fiber. A profound analysis of the coupling mechanism
is presented discussing the impact of pretapering on the evolution of the super-modes.
The concrete application of an asymmetric FFC for the combination of two widely sepa-
rated wavelengths is demonstrated in a core pumped thulium-doped fiber amplifier at a
wavelength of 795nm. In Chapter 5| the capabilities of asymmetric FFCs are exploited for
selective coupling from the fundamental mode of a single-mode fiber to the LP1; mode of
a few-mode fiber. These fused-type mode-selective fiber couplers are potential candidates
for SDM and are experimentally fabricated and numerically analyzed. The impact of
tuning the coupler geometry by cladding diameter reduction, pretapering and fusion
with respect to the transmission and the higher-order mode excitation are discussed. The
modal evolution of the super-modes in arbitrarily fused mode-selective fiber couplers
is analyzed enabling a profound understanding of the coupling mechanism. Finally, in

Chapter E] an overall conclusion is drawn and an outlook is given.






CHAPTER 2

Fundamentals of Fiber Optic Components

This chapter gives an overview about the theoretical background related to the present
work. It provides a compact description of the most relevant fundamentals. More detailed
information can be obtained from [Bur09] and common textbooks [Mit05;|Oka06; Pas08;
Rei97;(Sal07]]. First, the general properties of optical fibers are introduced and their light
guiding characteristics in terms of modes are discussed. On this basis, the combination of
independent fibers forming a fiber coupler is presented and the coupling of light from one
tiber to the other is interpreted according to two approaches. The use of these fiber optic
components in current applications is outlined and finally simulation methods are shown

which allow for a numerical characterization of these components.

2.1 General Properties of Optical Fibers

Optical fibers are cylindrical symmetric dielectric waveguides made from transparent
material such as fused silica glass. They enable low-loss transmission of light with typical
losses in the order of 0.15 dB km™. They consist of a core, with radius of ¢, and a refractive
index of n,, surrounded by a cladding with radius of r; and slightly lower refractive
index n.. Typically, the fiber core is doped with low concentrations of materials such as
germanium oxide to slightly increase the refractive index. For mechanical stability against
external influences the cladding is usually coated with a polymer material which is called
coating. For typical processing of the fibers the coating has to be removed making the
air the surrounding medium. The cross section and the one-dimensional refractive index
profile of a step-index fiber is depicted in Fig. In this work, single-mode fibers (SMFs)
or few-mode fibers (FMFs) are used with typical dimension of the fiber core diameter in
the order of 5 um to 10 pm which is slightly larger than the used wavelength. Multi-mode
tibers (MMFs) have typically fiber cores which are much larger than the wavelength.
Common fiber cladding radii are for example 125 um.
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Figure 2.1: Sketch of (a) the cross section and (b) the corresponding one-dimensional refractive
index profile of a step-index fiber. ., and n., denote the radius and the refractive index of the
core, while 7. and 1, represent the respective values of the cladding. The sketch is not drawn
to scale.

Light transmitted in an optical fiber is guided in the core whereby the light guidance can
be interpreted in terms of either geometric optics or wave optics. In the case of geometric
optics light is guided due to total internal reflection of rays at the core-cladding boundary
since the cladding is the optical thinner medium. The maximum angle of acceptance ©
to the optical path is defined by the numerical aperture (NA) and the refractive index
difference between core and cladding:

NA = sin @y = /12, — 1. (2.1)

The refractive index of the core and the cladding differs only slightly which means that
the fractional refractive index change is small:

2 2
A= Moo = Mg Teo — Mgl

2n2, Meo

<1 (2.2)

The refractive index of the cladding ranges from 1.44 to 1.46, depending on the wavelength
so that A is in the order of 0.01. In MMFs a high number of rays can be guided covering a
continuum of possible angles. However, in SMF or FMF the light guidance is described by
modes instead of rays and the angles have discrete values.
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2.2 Fiber Modes

In the wave optical description light guided in optical fibers is represented as a linear
superposition! of N discrete eigenmodes, each having different propagation constants f,
a unique and self-consistent transversal electric field profiles Ex(x,y) and two independent
polarization states. The amplitude and phase varies along the propagation direction z
with

zZ

E(x,yz) = Z Ex(x,y,z =0) - exp(—iBz), (2.3)
k=1

where the explicit time dependence exp(iwt) is omitted. The number of eigenmodes is
defined by the wavelength and the geometry of the optical fiber, whereby in the case of
an SMF N=1. For several superimposing eigenmodes, the resulting electric field profile
changes along the propagation due to different propagation constants of the eigenmodes
and results in an interference pattern.

The propagation constant is defined as phase change per unit length for light propagat-
ing in a medium or waveguide?. It relates to the wavenumber k, the phase velocity vy,
and the angular frequency w by

27T
= k= — =, 2.4
P = et Meff 1 Opn (2.4)

where ¢ is the effective refractive index. In general, the refractive index n = ﬁ
quantifies the factor by which the phase velocity vy, is decreased in a transparent optical
medium relative to the velocity of light in vacuum c. The effective refractive index n
corresponds to the refractive index of an eigenmode in a guided medium or waveguide.
The propagation constant 8 and the effective refractive index ¢ are equivalent up to the
constant factor of the wavenumber k. Both terms are used equivalently in this work and
have the same meaning.

The value of the effective refractive index (or analogous the propagation constant) of

an eigenmode guided by the core ranges from the refractive index of the cladding to the

1 Mathematically, the eigenmodes form a basis in a complete orthogonal system.

2 It should be mentioned that different definitions exist in literature. Sometimes the propagation constant is
denoted with the symbol  and is a complex quantity which is written as v = a + i3, where the real part «
is the attenuation constant and the imaginary part g the phase constant. In lossless media with & = 0 7y is
purely imaginary and equals i which is the reason why B is often called the propagation constant.
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refractive index of the core
Mep < Neff < Neo (2.5)

and is determined by the waveguide design and the order of the eigenmode. Therefore,
the phase velocity vpy, is different for each eigenmode, whereby the fundamental mode
has the highest n.¢ and the highest-order mode has the lowest 7. The numerical value
of the n¢¢ can be obtained by mode calculations as shown in Sec.
Mathematically, the set of guided modes is obtained by solving the Helmholtz equation
for electromagnetic waves in cylindrical coordinates
U 10U 10*U  d°U

lod 107U 07U o0p
ar2+rar+r28¢2+azz U =0, (2.6)

where U(7,¢,z) is a wave function of either the electric or the magnetic field. The ansatz

U(r,gz) = R(r)®(9) exp(—ipz) 27)

is chosen in order to separate Eq. into differential equations for the radial field
amplitude R(r) and the azimuthal field amplitude ®(¢). The solution of these equations
yields for the core region a sine or cosine function with a radially decaying amplitude
which is mathematically described by a Bessel-function J;(u) of the first kind and order
I. In the cladding region the solution is a modified Bessel-function K;(w) of the second
kind and order / which corresponds to an exponential decrease of the amplitude. The
normalized constants u and w determine the rate of change of the amplitude in the core
and cladding, respectively. A large value of u means more oscillation of the amplitude in
the core and a large value of w means a more rapidly decaying amplitude in the cladding.

Both constants are given as:

U= rw\/m and w = rco\/m' (28)

2

2)r? = V2 is a constant and

The sum of the squares u? + w? = k?(n2, — n

V= rwz%NA (2.9)

is the V parameter which describes the number of guided modes in dependency of the
fiber core radius r.,, the wavelength A and the numerical aperture NA.
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Most fibers are weakly guiding (A < 1; Eq. (2.2)) which means that the light is guided
approximately parallel to the fiber axis. Therefore, the longitudinal components of the
electric and magnetic fields are weaker than the transversal components so that the guided
waves are approximatively transverse electromagnetic (TEM).

So far, different solutions for Eq. in form of Bessel-functions were assumed for the
core and cladding region, respectively. Both solutions must be continuous and have a
continuous derivative at the core-cladding boundary. These two conditions are satisfied
in the weakly-guiding approximation and lead to the characteristic equation

Jizn(w) _ | Kisa(w) (2.10)

Ji(u) Kj(w)

Equation (2.10) can be solved graphically by plotting the left and right side of the equation
against u (refer to [Sal07] for the graphical solution). The left side has multiple branches

u

and the right side decreases monotonically with increasing # and vanishes when u = V
which leads to a cut-off of higher-order modes (HOMs). The number of intersections
determines the number of guided modes for a given V parameter and azimuthal number
I. Each intersection m corresponds to a propagation constant () with its correspond-
ing transversal electromagnetic field profile according to Eq. (2.7). Each eigenmode is
described by the indices I and m, whereby for I > 1 each mode set consists of two rotated
versions with identical propagation constant. In addition, each eigenmode can be in two
orthogonal polarization states which have in the case of the weakly-guiding approxima-
tion identical propagation constants so that they are classified as one eigenmode. The
solutions are called linearly polarized LP;,, modes. Some LP;,, modes are depicted in
Fig. Physically, m corresponds to the number of transverse intensity maxima in the
radial direction and / to the number of azimuthal nodes.

The number of intersections in the graphical solution of Eq. increases with increas-
ing V parameter. For V' < 2.405 only the fundamental LPy; mode is guided and the fiber
operates in the single-mode regime. For a given fiber geometry V' = 2.405 determines the
cut-off wavelength A, which means that for larger wavelengths the fiber is single-mode
and that for lower wavelengths the next HOM can be guided.

For an increasing V parameter the number of guided modes is proportional to V2 and it
is possible to guide an arbitrary number of modes. However, in most textbooks it remains
unmentioned that there is a non-zero lower limit for the V parameter for which light is
guided in the core. According to Black and Bourbonnais [Bla86| this corresponds to a
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Figure 2.2: Intensity profiles for different LP;,, modes in a step-index fiber.

critical V parameter given by

V., ~ % with  §= :J 2.11)
Below this critical V parameter V.. even the fundamental LPy; is not guided in the core.
This means that if the core is consecutively reduced in diameter to such an extent that the
light breaks out of the core the light is guided by the cladding instead!. At this transition
a former LP;,, core mode becomes a cladding mode which due to the strong refractive
index difference between cladding and air is not an LP},, mode anymore. In addition, it
should be mentioned that the V.. depends on the dimensionality. In two dimensions the
Ve is lower than in three dimensions which means that simulations must be performed in
3D in order to obtain reliable results.

2.3 Fiber Couplers

Fiber couplers? are basic fiber optic devices which are used for coupling light from one
or several input fibers to one or several output fibers. Such NxN fiber couplers can be

fabricated in different ways. One method is performed by thermally tapering and fusing

1 TItis assumed that the fiber has no coating. Otherwise the cladding light would be absorbed by the coating.
2 The term is also used for devices for coupling or launching light from free space into a fiber.
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two fibers together. Other methods comprise side-polished or etched fibers in order to
gain access to the fiber cores. In all of these methods, the fiber cores are brought in near
proximity to each other which allows for coupling light from one core to the other. There
are also optical couplers based on planar lightwave circuits where waveguides are brought
into substrates by etching or light inscription.

(a) o

untapered fibers

cross section
W

cores
Figure 2.3: Schematic of a 2x2 FFC in topview (a) and in cross section (b).

The main focus of this work are 2 x2 fused fiber couplers (FFCs), as depicted in Fig.
which are fabricated by tapering and fusing two fibers. By tapering it is meant that the
fibers are heated and permanently pulled to narrow them down in a defined region. This
type of FFCs is for example used for the division of power or for the separation and
combination of wavelengths. In the first case, the initial power in fiber 1 is divided into
arbitrary power-splitting ratios (coupling ratios) of the power at the output of fiber 1
and 2. In the second case, two different wavelengths launched into fiber 1 are separated
according to their wavelength to fiber 1 and fiber 2, respectively. Note, that this can also
be used reversely for combining two wavelengths. Both of these applications are widely
used in the telecommunication sector for performing WDM or in fiber laser and amplifiers
for combining light with different wavelengths.

For these applications typically identical fibers are used and the respective couplers
are called symmetric FFCs due to the symmetric refractive index profile!. However, a
symmetric FFC is only a special case of an FFCs consisting of arbitrary fibers. These FFCs
are called asymmetric FFCs due to the asymmetric refractive index profile and are the
main focus of this work.

2.3.1 Coupling Mechanisms
The origin of the coupling in FFCs is typically explained by two approaches. The first is

named evanescent field coupling which describes the energy transfer between the core

1 The refractive index profile is the distribution of refractive indices of materials. In the frame of this work
the refractive index profile n(x,y,z) corresponds to the 3D geometry of the coupler structure that varies
with x, y and z.
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modes of the individual guides due to the overlap of their evanescent part. In this case the
light has to be confined in each core so that both can be considered independently. The
second mechanism considers the modes of the entire coupler and the beating between
them. This approach is valid no matter if independent cores can be assumed or not.
In general, taking the complete coupler into account is superior to the assumption of
independent cores. The eigenmodes of the complete coupler include the eigenmodes of
the independent cores, but not vice versa. The eigenmodes of the entire coupler are called
super-modes (SMs) and the coupling mechanism is referred to as super-mode coupling.
In this section both coupling approaches are presented and their application in typical
FFCs is discussed.

Evanescent Field Coupling

In case of evanescent field coupling the overlap integral between the core modes of fibers
1 and 2 is non-zero. Therefore, light launched into fiber 1 couples into fiber 2 and the
power in fiber 2 continuously increases up to a complete power transfer. With continuous
propagation the light couples back and forth between both fibers. The final power ratio
at the end of the coupler depends on the strength of the coupling and the length of the
coupler.

Mathematically, this can be described by the coupled mode theory! [Sny72]. The field
amplitudes in both fibers A; and A, are described as differential equations

dcllil = —ikAz exp (—iAPz) and d;;z = —ikAq exp(iABz), (2.12)

where «(V,d) is the coupling coefficient and A = 1 — Bo. Strictly speaking x(V,d) is in
general different for each core (k12 # «21), however under the assumption of identical
cores « is equal for both of them. In addition, «(V,d) depends on the separation of
the cores d(z) which in general changes in FFCs along the longitudinal position in the
coupler due to the tapered profile. Also x(V(r,A,NA),d) changes with wavelength. If
two unequal wavelengths are launched into one fiber of the coupler and the length is
chosen appropriately both wavelengths can be separated due to the differing coupling
coefficients. In order to calculate «(V,d) analytical approximations exist in literature, as
for example given in [Tew86]. Therefore, the evanescent field coupling approach allows
for the analytical description of the coupling.

1 The exact analysis of a coupler comprises solving the Maxwell equations using the boundary conditions
for different regions to determine the modes of the overall coupler. These modes are different from those
of independent waveguides. Under the weakly-guiding approximation it is possible to consider the
waveguides independently as if the other waveguide is absent. Coupling between waveguides is then
considered as small perturbation.
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According to the coupled mode equations the optical power in waveguide 1 and 2 is
given in general by

2 2
() =1- % sin?(yz) and P () = % sin®(7yz), (2.13)

where 7?2 = x2 + ATﬁZ. For two identical parallel cores with phase matched propagation
constants AB = 0 a periodic complete power transfer between both cores is achieved,
as depicted in Fig. (a realistic value for the coupling coefficient is assumed x =
0.5 x 103 m™!). At a normalized taper position of 1 the first coupling cycle is complete
and its coupling maximum is located at a taper position of 0.5. At the end of the coupler
at a taper position of 1.5 the power is completely coupled to the other core. In case that
both cores are different a phase mismatch is present A # 0 and the power transfer is
not complete anymore, as depicted in Fig. Here, the maximum coupled power is
limited to 25 %.

1 1 \/\/
5 0.75 \ / \ 5 0.75
3 — P, (@)/P, 3 — P, (@)/P,
£ 05 E 05
2 — P,(2)/P, 2 ——P,(2)/P,
o o
= 0.25 \ / F 025 /\ /\
0 0
0 0.5 1 1.5 0 0.5 1 1.5
Normalized taper position z*«/n Normalized taper position z*x/n
(a) Phase matched AB = 0m~1. (b) Phase mismatched AB = 1.6675 x 103 m~1.

Figure 2.4: Power transfer between two parallel waveguides with x = 0.5 x 10°m 1.

In conclusion, the power transfer or beating in the evanescent field coupling approach
both in the matched and mismatched case is due to a non-zero value of the coupling
coefficient. The difference in the propagation constants of both modes defines the maxi-
mum coupled power. In contrast to the evanescent field coupling approach where both
waveguides are considered independently, in the super-mode coupling approach the
complete coupler is taken into account.

Super-Mode Coupling

In general, in NxN couplers as fabricated by Mortimore et al. [Mor90a; Mor90b] the
number of eigenmodes which have non-zero intensity in the cores corresponds to the
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number of SMs. All further eigenmodes are referred to as cladding modes and are not
guided by the cores. In case of a 2x2 FFC with SMFs two SMs exists, which are referred
to as symmetric and antisymmetric SM. The SMs result from a sum (cf. Fig.[2.5(a)) and
difference (cf. Fig. b)) combination of the core modes of each fiber.

(a) (b)
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B : :
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Figure 2.5: Electric field profile of the symmetric (a) and antisymmetric (b) SM in a 2x2 FFC.

If the 2x2 FFC is symmetric the launched field is superimposed as equal addition of
the symmetric and antisymmetric SM. The number of SMs equals the number of cores.
However, if the coupler is asymmetric both SMs are excited in general unequally and only
the SM is excited which corresponds to the fundamental mode of the core where the light
is launched.

The symmetric SM (which can also be referred to as first SM) has the highest propagation
constant s and the antisymmetric SM (also referred as second SM) has the next lower
propagation constant 8, < fs. In general, both SMs propagate at different phase velocities
and they accumulate phase difference which leads to beating oscillations and therefore
results in a power exchange between both fibers. The power transfer is analogous to the
one shown in Fig. [2.4|for the evanescent field coupling approach. The length of a complete
coupling cycle is given by the beat length

27
_ , 2.14
R XERTXE &1
The beat length explicitly depends on the taper position z, because AB(z) changes along
a tapered coupler. At the beginning of the taper both SMs have quasi identical propagation
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constants so that no beating occurs, whereas in the taper waist AB(z) is maximal and the
SMs beat rapidly. Therefore, in the super-mode coupling approach the power transfer is
due to different propagation constants of both SMs and the maximum coupled power is
given by the excitation ratio of both SMs. This means that in case of equal excitation a
complete power transfer can be achieved, otherwise in case of an unequal excitation the
coupling is incomplete.

Considering the case of a symmetric 2 x2 FFC both SMs at the beginning of the coupler
remain equally excited along the complete coupler if the taper is adiabatic [Oka90]]. This
means that the taper is smooth enough and the cross section changes only slightly in z
direction so that the propagating light can adapt to the local set of SMs. Otherwise, if the
taper is too strong the propagating light cannot adapt to the local set of SMs and coupling
to lossy higher-order cladding modes occurs which results in increased insertion loss. A
mathematical description of the adiabaticity criterion is given in [Lov91].

In conclusion, the evanescent field and SM coupling approaches both explain the
periodic power transfer in fiber couplers. However, the evanescent field coupling approach
is limited to the case that independent waveguides can be assumed. In this case it offers
an analytic method to calculate the coupling. If the waveguides cannot be considered
independently the coupling has to be calculated according to the super-mode coupling
approach which implies the numerical calculation of the propagation constants.

Light Propagation
FFCs are normally fabricated by fusing and tapering two independent fibers creating a

unique 3D distribution of the refractive indices. The resulting refractive index profile is
depicted schematically in Fig. Light launched into one fiber is guided in the core up

(a) (b)

cores <

Figure 2.6: Schematic of the refractive index profile of a 2x2 FFC in topview (a) illustrating
the coupling along the longitudinal profile and in cross section (b).
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down-taper up-taper cores

to a position in the down-taper where the core radius is reduced to such an extent that

the light is not guided by the core anymore. This is the case for the most common FFCs
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and was first reported in [Bur83]. At this core-cladding transition the V parameter equals
Vec and the light is guided by the cladding-air boundary. In fact the entire fiber becomes
the core with the air as the cladding and the original core is only a small but significant
perturbation. In addition, the n.¢ of the SM equals n,; at this position.

According to the aforementioned approaches for describing the coupling this means that
in the cladding guided region the application of the evanescent field coupling approach
fails, because no independent waveguides exist anymore!. Then, the coupling must be
described by the super-mode coupling approach where the whole arbitrarily fused coupler
structure is considered.

In the core guided region the coupling can be described by both approaches, although
in this region nearly no coupling occurs. This is due to the fact that in common FFCs,
mostly fabricated with 125 pm cladding fibers, the core separation is too large to observe
significant coupling no matter how strong the fusion is. In the evanescent field coupling
approach this means that the coupling coefficient is zero and in the super-mode coupling
approach this means that the propagation constant difference is zero. Theoretically,
coupling could also occur in the core-guided region by using for example fibers with a
reduced cladding diameter. However, with increased extension the coupling is gradually
overtaken by coupling in the cladding-guided region [Pal03].

The power transfer between both fibers starts when the SMs begin to propagate with
different velocities and to accumulate phase difference in the down-taper which becomes
visible as characteristic mode beating. This occurs at the transition between the core
guided and the cladding guided region. The beat length defines by which fiber the light is
recaptured in the up-taper region when the cores become large enough to guide the light
again. Due to the fact that the taper is adiabatic, the transitions between core-cladding
and cladding-core guidance are loss-less.

In conclusion, it is the most powerful way to describe the coupling in FFCs by the
super-mode coupling approach. It allows for the theoretical consideration of arbitrarily
fused FFCs over the complete length. However, this implies an accurate refractive index
profile model of the FFC in order to numerically calculate the propagation constants and
the shape of the SMs. In the frame of this work such a refractive index profile model was
elaborated and is presented in Sec.

1 In the case that both fibers are only weakly-fused the light is guided in the cladding of the fiber where it
was initially launched. In this particular case the coupling could be treated according to the evanescent
field coupling approach and an approximation for x was derived [Pay85b]. Also the strongly-fused case
has been approximated by the use of a rectangular waveguide structure and an approximation for x exists
[Pay85al.



2.3 Fiber Couplers 17

2.3.2 Fiber Optic Components

Fiber optic components have become relevant in all fields of application where optical
fibers are employed. In fiber lasers and amplifiers they allow for combining the pump
and signal radiation in one fiber which enables pumping directly into the core of the fiber.
By specially designed components it becomes possible to combine wavelengths with a
separation in the order of 1um [Pel12] which can handle power levels in the order of
200 W [Ott15]. The large variety of fiber components also includes for example pump and
signal combiners for pumping double-clad fibers [Thel2].

In addition to the use in fiber lasers and amplifiers, fiber optic components are nowa-
days extensively used in optical communication systems for both long-haul optical data
transmission and high-speed local area networks. Fiber-optic links consist of a data trans-
mitter, an optical fiber (possibly with built-in fiber amplifier) and a receiver. Standard
wavelengths used for telecommunication are 1.3 pm and 1.5 um, because they show low
absorption in silica. The data rate can be increased by multiplexing several data channels
which are transmitted through the fiber and afterwards separated for detection.

Optical data can be transmitted by the use of several techniques which exploit all
possible physical dimensions, as time, frequency, polarization and space [Win14]. The
most common technique is known as WDM which relies on the transmission of several
densely packed wavelengths each of them assigned to a different data channel. For
example, up to 160 data channels with a spectral width in the order of nanometer are
used. Another technique is time-division multiplexing, where several data channels are
transmitted in a sequence of time frames. In case of polarization-division multiplexing
(PDM), several data channels are transmitted by exploiting the polarization dimension.
These methods are currently well established and already highly developed [Qial2].

For future developments the use of the spatial dimension is required, since it is the
only remaining degree of freedom which offers the potential to scale the capacity by
multiple orders of magnitude [Lil4; Ric13]. A concrete implementation of SDM is based
for example on the transmission of HOMs in optical fibers. Currently, research focuses on
the implementation of SDM in existing multiplexing systems based on WDM and PDM
[Chal4; /Chal5].

Photonic Lanterns

Especially interesting fiber-based mode-selective devices for SDM are so called photonic
lanterns (PLANs) whose operation principle is based on the adiabatic propagation of light
[Bir15]]. PLANS consist of N isolated SMFs that are packed into a capillary which has a
lower refractive index than the fiber cladding (cf. Fig. image taken from [Hual5al).
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The complete structure is then adiabatically tapered. In the taper waist the initial fiber
cores are reduced to such an extent that they do not guide the light which is instead guided
by the core generated by the fiber cladding. The low-index capillary is the new cladding
forming a multi-mode fiber section. Depending on the application, PLANs are cleaved
in the taper waist so that one side consists of SMFs and the other side out of the MMF

section.

Isolated \Low Index Capillary

SMFs

MMF

Inputs

Fiber Cladding
Figure 2.7: Schematic of a photonic lantern (image taken from || ).

The number of excited SMs corresponds to the number of the SMF cores [Bir12]. If for
symmetric PLANs consisting of N cores, light is launched into one fiber core all SMs get
excited. Those devices were initially developed for astrophysical applications [Bla09],
because reversely operated the N lowest order modes coupled into the MMF section
evolve into the fundamental modes of the N SMFs due to the adiabatic transition. In other
words, this allows for single-mode behaviour within an MMF. Any mode of a higher order
excited in the multi-mode section does not evolve into the SMF cores, because this would
be a violation of the conservation of entropy [Fon12].

Within the framework of SDM asymmetric PLANs made out of dissimilar fibers are of
major interest. Light launched into one fiber of an asymmetric PLAN excites only one
SM at the beginning of the taper. Light can be launched into each SMF which excites a
different SM, respectively. Due to the adiabatically tapered structure, the order of the
initially excited SM is preserved so that the initially excited n-th SM evolves into the
corresponding n-th mode in the multi-mode fiber section. Therefore, it is possible to
selectively excite for example the LP1; mode in the multi-mode fiber section simply by
choosing the input SMF with the corresponding propagation constant Yer14].

In conclusion, the principle of function of (mode-selective) PLANS relies on the adiabatic
propagation of light. This enables the selective excitation of HOMs without the need to
rely on mode matching conditions. A 2x2 FFC, as treated in this work, is basically a
PLAN consisting of two fibers and without the low-index capillary. With respect to the
propagation of light both devices are very similar.
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2.4 Simulation Methods

FFCs exhibit an axial varying waveguiding structure with a complex geometry which
consists of cores, cladding and the surrounding medium. A rigorous mathematical
description of such structures is challenging and has been approximated for example by
the coupled mode theory [Sny72]. As discussed in Sec. the coupled mode theory is
limited to the assumption of isolated waveguides. The super-mode coupling approach
allows for the description of arbitrarily fused structures. However, in this case numerical
calculations are required to obtain the propagation constants and shapes of the SMs. In
literature different methods exist as for example beam propagation [Kac87], effective index
[Chi86], finite element [Zhe86]] and others [Pal03].

In the frame of this work, the commercial software tool BeamPROP [RS010] was used
which is based on the beam propagation method (BPM) [Sca00]. BPM is widely used to
investigate linear and nonlinear lightwave propagation phenomena in axially varying
waveguides [Oka06]. Basically, it is a method which approximates the Helmholtz equa-
tion (cf. Eq. (2.6)) and solves it numerically. One of the approximations is the paraxial
approximation (% = 0) which can be assumed, since the electromagnetic field changes
only slightly in z direction. For the computation this means that only structures can be
calculated in which the electromagnetic field propagates mainly along the z axis, however
the computation speed is dramatically increased due to the fact that only the first order
derivative in z is involved. In addition to the paraxial approximation BPM exhibits also
simplification for scalar fields and unidirectional propagation. However, current simula-
tion tools as BeamPROP include the possibility to handle vectorial fields, bi-directional
propagation and the paraxial limitation. Standard numerical techniques are then used to
calculate the propagation in z direction. Typically, these are either the split-step Fourier
method or the ADI! method.

The simulation tasks in this work consist on the one hand of calculating the local prop-
agation constants and shapes of the SMs and on the other hand of calculating the light
propagation along the longitudinal varying profiles. The eigenmode calculation was per-
formed with BeamPROP, using the build-in mode solver utility based on the ADI method.
The light propagation was simulated with a self-implemented simulation tool [Ttin13]. It

uses a BPM algorithm based on the split-step Fourier method and was accelerated on a

1 The alternating direction implicit (ADI) method is a finite difference method for solving partial differential
equations which is based on the Crank-Nicholson scheme.
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graphics processing unit using the CUDA! architecture [NVI12]. Depending on the length
of the simulated FFC the calculation time? was about less then 4 min. In comparison to
that, a simulation run with the same parameters executed in BeamPROP takes by a factor
of more then ten computation time. Therefore, the tool [Tiin13] is significantly faster then
BeamPROP due to the execution on a graphics processing unit instead of the execution
on a single thread of a central processing unit. The simulation results of both simulation
tools are in good agreement with the experimental results and are further discussed in the
following Chapter

1 CUDA (also know as Compute Unified Device Architecture) is a parallel computing platform and pro-
gramming model describing NVIDIA graphics processors.
2 The simulation was executed on an NVIDIA GeForce GTX 680.



CHAPTER 3

Symmetric Fused Fiber Couplers

In this chapter basic symmetric fused fiber couplers are introduced and analyzed both
experimentally and numerically. A method for the fabrication of FFCs and their characteri-
zation is described and a numerical model for the calculation of the refractive index profile
in three dimensions is presented which is used to numerically characterize the fabricated
FFCs. A modal analysis is performed to describe the coupling mechanism according to

the SM coupling approach throughout the taper.

3.1 Fabrication and Characterization

Fused Biconical Taper Technique

In this work, FFCs were fabricated by the well-developed fused biconical taper technique
[Bri84; Kaw81]]. The presented experiments were performed with a commercial single-
mode tapering rig (SIFAM Fiber Optics) which is schematically depicted in Fig. For
the FFC fabrication process the fibers are fixed at the stepper motors with fiber clamps.
Both fibers are put into a ceramic crucible, which homogeneously distributes the heat,
and are twisted by rotating the right fiber clamp for 720°. A hydrogen burner is used to
warm up the crucible up to the softening temperature of fused silica® (approx. 1600 °C).
The burner consists of two torches which can be varied in height in order to adjust the
resulting temperature in the crucible.

The fabrication process is conducted in two consecutive steps (cf. Fig.[3.2): First the
fibers are pulled by applying axial tension for a certain pull length at a high temperature
in order to achieve the fusion of both fibers. The resulting degree of fusion (DOF) of both

fibers is mainly determined in this phase of the manufacturing process by the applied

1 Amorphous silicon dioxide.

21
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Figure 3.1: Schematic setup of the single-mode tapering rig for the fused biconical taper
technique.

extension (also called fuse extension) and the temperature in the crucible. In the second
step the FFC is continuously pulled at lower temperatures which is achieved by lowering
the burner height position. In this phase the taper waist is consecutively reduced in
diameter whereby the DOF is nearly maintained. During the whole pulling procedure
light is injected into one fiber while the transmission is monitored at the fiber outputs in
real-time by using photodiodes. With the help of computer assisted measurement and

control electronics the manufacturing process can be conducted fully automated.

., © ®
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Figure 3.2: Scheme of the FFC fabrication process conducted in two steps: First fusion of the
fibers and then tapering.

Temperature

Pulling Signatures

Two types of symmetric FFCs were fabricated using the SMFs 780-HP and SM2000 (cf.
Sec. for fiber parameters). Light sources at wavelengths of 795 nm and 1980 nm were
employed which showed single-mode guidance in the fibers, respectively. In Fig. the
measured characteristic pulling signature of an FFC made from 780-HP at a wavelength
of 795nm is depicted showing the transmission at both fiber output ports during the
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fabrication process. The FFCs were pulled up to their destruction which leads to an
unusual coupling behaviour at the end of the pulling signature. At an extension of
(13.5 £ 0.5) mm the light starts to couple from port 1 to port 2. The first coupling maximum
is located at an extension of about 18 mm and further maxima can be observed at approx.
21 mm and 22.5mm. The distance of the maxima decreases with increasing extension
which means that the periodicity of the coupling cycles changes during the pulling
process. This is due to the fact that the taper waist becomes thinner with consecutive
pulling and therefore the difference in the propagation constants between the symmetric
and antisymmetric SM increases resulting in a larger accumulated phase difference and
shorter beat length.

1 I I 1

A== 0T
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Extension in mm

Transmission

Figure 3.3: Measured pulling signature in a symmetric FFC made from 780-HP at a wavelength
of 795 nm.

In Fig. the pulling signature of an FFC consisting of two SM2000 fibers using a
light source at a wavelength of 1980 nm is depicted. In this case the coupling starts at an
extension of (9.5 & 0.5) mm and the first coupling maximum is located at an extension of
about 13.3 mm. For higher values of the extension a modulation of the envelope is visible
which is due to the fact that FFCs with many coupling cycles or very thin tapered fibers
are birefringent [Bil88; Lov85|]. This is due to the splitting of the propagation constant
for each SM into two, respectively for each polarization, so that in total four SMs are
involved [Bri85; Pay85b]. Weakly-fused couplers do not possess circular symmetry which
means that each SM splits into two SMs with a respectively different propagation constant
for each polarization axis. However, in strongly-fused couplers the cross section is less
asymmetric and the polarization induced splitting of the propagation constants is less
pronounced. Linear polarized light injected into the FFC with a slight offset angle from
the principal axes results therefore in a superimposed modulation in the pulling signature.

Since both FFCs were pulled up to their destruction, it was not possible to measure
the DOF in the taper waist. According to the DOF measurement of FFCs which were
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Figure 3.4: Measured pulling signature in a symmetric FFC made from SM2000 at a wave-
length of 1980 nm.

fabricated with similar parameters, both fibers are strongly fused!. The reproducibility
of the fabrication process was verified by pulling two FFCs made from SM2000 at a
wavelength of 1980 nm with identical fabrication parameters and measuring the pulling
signatures of both FFCs at the same fiber port (cf. Fig. [A.3).

In conclusion, these results demonstrate that the fused biconical taper technique can be
used to fabricate fused fiber components for common used wavelengths around 800 nm
and also for wavelengths in the innovative spectral region of 2 um [P1s13]].

3.2 Modeling the Refractive Index Profile of Fused Fiber Couplers

In order to numerically characterize the fabricated FFCs shown in the last section a
numerical model for the calculation of the refractive index profile of tapered fiber couplers
is required. In literature the shape of single fiber tapers has been extensively investigated
by assuming different taper profiles [Bir92]. Also the refractive index profile of tapered
fiber couplers has been described by the use of a sophisticated model solving the diffusion-
convection equation [Pon04a; |Pon04b]. In this work, a more basic numerical model for the

calculation of the refractive index profile is elaborated.

® @ ®
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Figure 3.5: Route for the refractive index profile calculation.

1 The specific value of the DOF of the fabricated FFCs should be in the order of 1.3 + 0.1 which is strongly
fused.
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The route, as illustrated in Fig.[3.5| is to first calculate the final diameter in the taper waist
Dy of a single fiber for a certain pull length or extension . In the next step a parabolic taper
shape is used to calculate the diameter of a single fiber for the transition between the taper
waist and the beginning of the taper. In the final step the transversal position of the fibers
to each other is calculated considering the overlap of both fibers by applying a certain
DOFE. Since the presented model should consider the core-cladding and the cladding-air
boundary, the same calculations need to be performed for the fiber core, as well. Chiang
[Chi87] demonstrated that the effect of the fiber core on the FFC characteristics, e.g. the
SM profile, is not negligible. Figure 3.6/ depicts a schematic of the refractive index profile
in the untapered and tapered case and also the cross section in the taper waist when both

fibers overlap to a certain degree.
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Figure 3.6: Schematic of the refractive index profile of an FFC in the untapered and tapered
case. [ is the extension, Az the width of the hot zone, L the length of the taper, X and Y the
diameters of fiber 1 and 2 in the taper waist, Z the width of the cross section in the taper waist
and w,) the width of the overlapped region in the taper waist.

3.2.1 Determination of the Hot Zone and the Diameter in the Taper Waist

During the heating process a certain cylindrical region of the glass volume is softened
which corresponds to the hot zone [Bur85]. The width of the hot zone Az, the region from
which the material is taken during the tapering, cannot be simply assumed as the breadth
of the heater flame, since it depends on the heat distribution in the crucible. The heat
distribution itself depends on parameters as the pressure and composition of the hydrogen
gas, the distance of the torches and the height of the burner. The hot zone is therefore a

characteristic parameter of the single-mode tapering rig. During the tapering the width of



26 3 Symmetric Fused Fiber Couplers

the hot zone Az remains constant whereas the volume from which the material is taken is
consecutively reduced. The glass volume which is removed from the hot zone solidifies.

In order to determine Az, various FFCs were pulled by applying axial tension with
different extensions. This results in a tapered region with the length of L = Az +I. The
FFCs were cleaved in the taper waist and the final diameter Dy of one fiber was measured
with the help of an optical microscope. The experimental data is shown in Fig.
Burns et al. [Bur85|] formulated an analytical equation, assuming the conservation of
the glass volume, to calculate the final diameter in the taper waist D li of a single fiber in
dependency of the initial diameter at the beginning of the taper D;, the extension / and the
width of the hot zone Az:

: ( _ AL) . D;. 3.1)

Df(Di,l,AZ) =

The analytical expression was fitted on the experimental data by calculating the mini-
mum deviation (method of least squares) of both data sets by varying the Az parameter.
The minimum of the result shown in Fig. 8.7(b)|indicates that the best fit corresponds to a
value of approx. 7mm. The corresponding curve for the analytical function is plotted in
Fig. The determination of the characteristic hot zone of the used equipment enables
the calculation of the diameter in the taper waist for arbitrary extensions.

E O exp.data = 15
£ 100 analytical function 5
a” £
= c 1
2 £
©
c

5 50 S
D ® 05
E o
£ 0
L D

0 0

0 5 10 15 20 25 3 4 5 6 7 8 9 10 11 12
Extension in mm Azinmm

(a) Final diameter in the taper waist Dy vs. the (b) Deviation of the analytical function to the
applied extension. The analytical function is for experimental data by varying Az. The best fit
Az = 7mm. parameter is Az ~ 7 mm.

Figure 3.7: Determination of the width of the hot zone Az.
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3.2.2 Parabolic Taper Shape

Based on the calculation of the diameter in the taper waist Dy it is possible to model the
transition between the beginning of the taper and the taper waist and therefore to calculate
the diameter at each taper position. In literature different taper profiles have been used, as
for example sinusoidal [Lov86] or parabolic [Bur83; Bur87| taper profiles. In the present
model a parabolic taper shape is chosen based on the measurement of the diameter along
different fiber tapers. In Fig.|3.8|longitudinal taper profiles at extensions of 10, 15 and
20 mm are shown (circles) which were measured with an optical microscope. It should be
mentioned that for each taper the length L is approximately the applied extension ! plus

the width of the hot zone Az which confirms the determined value of Az = 7mm from

Fig.
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Figure 3.8: Experimental measurement of the longitudinal taper profile for / of 10, 15 and
20 mm (circles). The solid lines are parabolic curves of the general form y = a(x — x0)2 + Yo-

The respective parabolic curves of the general form y = a(x — xp)? + yo in Fig.
(solid lines) indicate the parabolic shape of the tapers. In the central part of the taper the
measured profile corresponds to a high degree to a parabolic function. But at the outer
taper positions at the transition to the non-tapered region the profile deviates from the
parabolic form. This means for the modeling that the real smooth transition between
the tapered and non-tapered region is implemented as abrupt transition. However, the
impact of the deviations from the parabolic form at the outer taper positions is of minor
interest, because the light is guided in the cores and the exact shape of the cladding at
these taper positions is nearly irrelevant. The concrete implementation for the calculation
of the diameter at each taper position is shown in Sec. [B.1| of the appendix.
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3.2.3 Transversal Position of the Fibers and Implementation of the Degree of Fusion

Finally, the transversal position of both fibers to each other has to be calculated. According
to the parabolic taper shape of the fibers, the center position of the fiber or respectively the
position of the core in the 3D space is assumed to be a parabolic function in dependency
of the taper position, too (cf. Sec.[B.1|for the implementation). In addition, the overlap of
both fibers due to the fusion during the fabrication process has to be considered as well.
According to the single-mode tapering rig supplier’s manual [Opt08], the DOF is defined
as

2.7
DOF = 3= (3.2)

whereby Z is the width of the cross section in the taper waist, X the diameter of one fiber
and Y the diameter of the other fiber in the taper waist (cf. cross section in Fig. [3.6). In this
definition a DOF of 2 means no fusion (tangent fibers) and a DOF of 1 complete fusion
(circular cross section). The separation of the fiber cores d is given by

(X+Y)

d= (DOF — 1) (3.3)

(cf. Sec. for the derivation) and the width of the overlapped region w, (cf. Fig. is

DOF) . (3.4)

= 0 (126
It is important to note that the width of the overlapped region w,; is calculated in the
taper waist. The width of the overlapped region is then constant along the whole length
of the FFC. This results in a non-constant DOF throughout the FFC which is reasonable,
because the real DOF of fabricated FFCs changes from no fusion in the untapered region

to a certain DOF in the fused region.

3.2.4 Modeled 3D Refractive Index Profile

In addition to the position and diameter of the fiber cladding, also the parameters of
the fiber core itself are implemented in order to consider the core-cladding boundary. It
is assumed that the position of the core corresponds to the center position of the fiber
and that the ratio between the core and cladding diameter of the untapered fiber is kept
constant throughout the taper [Lov91].

In Fig. an example of a calculated 3D refractive index profile is depicted for an
extension of 15 mm and a DOF of 1.5. The cladding-air boundary is shown in blue and the
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Figure 3.9: Modeled 3D refractive index profile of an FFC with an extension of 15mm and a
DOF of 1.5. The cladding-air boundary is shown in blue and the core-cladding boundary in
red, whereby for illustration purposes the cores are not drawn to scale (enlarged by a factor of
5).

core-cladding boundary in red, whereby for illustrative purposes the cores are not drawn
to scale (enlarged by a factor of 5). Therefore, the refractive index profile model calculates
the distribution of the refractive indices n(x,y,z) in all three spatial dimensions.

3.2.5 Inverse Taper Ratio

In the model the longitudinal taper profile is fully defined by the hot zone and the
extension. However, the hot zone is fixed at the beginning of an experiment, whereby
the extension is consequently increased during the pulling procedure. The permanent
measurement of the transmitted power provides the characteristic pulling signature of
the FFC, as shown in Fig.[3.3|and The presentation of the pulling signature plotted
against the extension is very intuitive, but not universal and complicates the comparison
with experiments where different setups are used. Therefore, the use of a normalized
dimension of the cross section, for example the inverse taper ratio (%) , would be more
general. However, in the framework of this work it is desirable to maintain the intuitive
presentation using the extension in order to facilitate the interpretation of the results.
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Nevertheless, the inverse taper ratio allows for the comparison with other experimental
data in literature and is depicted in Fig. for the used refractive index profile model.
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Figure 3.10: Relation between the inverse taper ratio and the applied extension.

3.2.6 Simplifications and Limitations of the Refractive Index Profile Model

Although the presented numerical refractive index profile model should be in relative
good agreement with the real refractive index profile there are several simplifications and
limitations which are discussed in the following.

Twisting

In comparison to the FFC fabrication process the twisting of the fibers is completely
ignored in the modeling. Experimentally, the twisting is important to ensure the fusion
during the application of the axial tension. Numerically, this fact is irrelevant, since the
DOF can simply be adjusted. In addition, the twisting can also influence the polarization
properties especially in FFCs with many coupling cycles, due to the propagation constant
splitting of the SMs. Post-fabrication axial twisting can also be used to tune the power-
splitting ratio of the FFC [Bir88a; [Bir89]. Twisting influences the characteristics of the
FFC mainly because of the polarization which means that by not considering the twisting
polarization effects are neglected in the simulations. However, the self-implemented
simulation tool [T1in13] uses a scalar algorithm and therefore polarization effects are not
implemented. As discussed in the following section, experiment and simulation are in

relative good agreement and essential features are covered by them.

Degree of Fusion

A further simplification concerns the implementation of the DOF. The critical aspect is that
the position of the fiber cores is assumed to correspond to the middle of the respective
fiber. For the application of the DOF both fibers are moved into each other which leads to
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completely overlapping cores at a DOF of 1 (cf. Eq. (3.3)). This is due to the fact that the
material conservation is ignored in this model, but the core separation in the experiments
is non-zero even at the maximum DOF.

An alternative DOF definition, which considers material conservation, is given by
Lacroix et al. [Lac94]:

2rcl - dLacroix

2(2 - \/E)rcl

DOFLacroix = with  diacroi = 2(V2 = 1)1y (3.5)
for the fiber-center separation, whereby r,; is the unfused fiber-cladding radius. In this
definition DOFp,qr0ix = 0 is for tangent fibers and DOFy acroix = 1 for a circular cross
section. In addition, the position of the fiber cores is not assumed to be in the middle of
the respective fiber in this DOF| 4croix definition and is calculated by Eq. (3.5).

Both definitions given in Eq. and Eq. are different and correspond to each
other according to Fig. for a symmetric FEC!. In the definition of DOF} seroix the
lower limit of the width of the cross section in the taper waist Z is higher than the diameter
of one fiber, because the material conservation is considered. A DOF of 1.4 corresponds
to @ DOFacroix Of 1 in terms of core separation and is the experimentally lowest value for
the DOF where the core separation is considered correctly in the present modeling. This
means for the model used in this work that a value of the DOF below approx. 1.4 would
lead to FFCs with core separations lower than experimentally possible and it is therefore
not recommendable to use.

The respective core separations for both definitions of the DOF are shown in Fig.
The maximal difference between both definitions with respect to the core separation is
in the order of 1 pm as long as the DOF is above 1.4. For a DOF below 1.4 the fiber cores
approach more, because the core position is assumed to be the center position of the
respective fiber. Although, in reality the fiber cores do not approach more due to material

conservation.

1 This is calculated by varying the width Z of the cross section (cf. Fig. from the diameter of one fiber X
up to the diameter of both fibers X 4 Y.
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Figure 3.11: Comparison of the definitions of the DOF used in this work and the definition
DOF acroix given in [Lac94] for a symmetric FFC.

In conclusion, the actual implementation of the DOF in the numerical refractive index
profile model suffers from two problems. First, the separation of the cores is only reliable
in a DOF range between 1.4 and 2. The corresponding deviation with respect to the core
separation is negligible in this DOF range. Below a value of 1.4 the fiber cores would
approach more than experimentally possible. This problem can be avoided by simulating
FFCs with a DOF higher than 1.4 which should be an acceptable limitation'. However,
for symmetric and asymmetric FFCs with standard cladding diameter the exact value
of the DOF normally has a low impact on the coupler characteristics as discussed later
on in detail. Second, the calculated profiles are thinner than the real ones, because the
material which corresponds to the overlapped region is neglected. This might result in an
increased propagation constant separation and a shorter beat length.

Despite all these simplifications, it should be noted that it is nearly impossible to take all
experimental parameters into account: for example, the DOF throughout the FFC defined
by the heat distribution in the crucible during the pulling process, or the core dopant
diffusion.

1 If not stated otherwise the DOF definition given in Eq. (3.2) is used in this work.
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3.3 Numerical Characterization

In the previous Sec.|3.2la model for the calculation of the refractive index profile n(x,y,z)
was developed which is used in the following to simulate the properties of the fabricated
FFCs from Sec. The simulations were performed with help of the self-implemented
simulation tool [Tin13] described in Sec. based on the BPM algorithm.

Simulation Parameters

If not stated otherwise, the simulations in this work were executed with the parameters
given in Tab. The values for the grid dimensions and step sizes which were used
for calculating the refractive index profile n(x,y,z) represent lower limits, because rarely
higher grid resolutions could have been used. However, the accuracy is high enough
to guarantee the convergence of the results. The refractive index of the cladding n
corresponds to the refractive index of fused silica at a wavelength of 650 nm [Pol14].
According to the chromatic dispersion of fused silica, the refractive index of the cladding
changes for different wavelengths. However, a constant n,; was assumed in this work,
which is reasonable, since the important parameter is the NA or respectively the refractive
index difference between cladding and core. Strictly speaking also the NA is wavelength-
dependent, since the dispersion of undoped fused silica is different from the dispersion
of the germanium-doped fused silica (4 mol %) core. In the wavelength range between
800nm and 2pm the NA changes in the order of 0.001 [Men0O6] (cf. Fig. which
is negligible for the typical SMF NA of 0.13. Therefore, the NA is nearly wavelength-
independent and was assumed to be constant. According to the discussion in the previous
Sec. the refractive index profile model is inaccurate at a DOF below 1.4. Therefore, a
DOF of 1.5 was assumed in the simulations (if not stated otherwise) to ensure a reasonable
agreement between the real and the calculated refractive index profile. The input mode
was the fundamental fiber mode LPy;.

Table 3.1: Parameters of the refractive index profile grid n(x,y,z) for the BPM simulations
using the self-implemented simulation tool [Ttin13].

Parameter Value
Grid dimension x, y [-100 um, 100 um]
Step size (transverse) x, y 0.2um

Step size (propagation direction) z  0.25um
Mgl 1.4565 at 650 nm [Pol14]
DOF 1.5

Input mode LPo:
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Pulling Signatures

In Fig. and the experimental and simulated pulling signatures of symmetric FFCs
made from SM2000 and 780-HP are depicted, respectively. Considering the capabilities
of the presented refractive index profile model the simulations show a good agreement
with the experimental data in both cases. The simulated coupling starts at nearly the same
extension as the experimental does, whereby in the case of the simulated SM2000 FFC
the starting point occurs at an extension of (9.5 = 0.5) mm. In addition to the beginning of
the coupling, also the further trend of the pulling signatures with respect to the coupling
cycle position and periodicity agrees with the experimental data. In the case of the 780-HP
FFC the agreement is not as good as for the case of the SM2000 FFC. The beginning of
the coupling differs by 1 mm and the further coupling maxima are at slightly different
extensions.
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Figure 3.12: Experimental (exp) and simulated (sim) transmission in a symmetric FFC made
from SM2000 at a wavelength of 1980 nm.
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Figure 3.13: Experimental (exp) and simulated (sim) transmission in a symmetric FFC made
from 780-HP at a wavelength of 795 nm.

In general, the agreement is strictly speaking not exact which is mainly due to the fact
that the refractive index profile model suffers from certain limitations as discussed in
Sec. and it is nearly impossible to take all experimental parameters into account. In
the presented experiments for example it was not possible to set the correct DOF in the
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simulations, because the experimental value could not be measured. This is due to the
fact that the FFC was pulled up to the destruction in order to record the complete pulling
signature, impeding the measurement of the DOF. According to the assumption made in
Sec.3.1{concerning the experimental DOF of 1.3 £ 0.1 the refractive index profiles differs
in any case. In addition, the simulations are only reliable for few-cycle FFCs which do not
exhibit a superimposed modulation of the pulling signature due to polarization effects.

The agreement between experiment and simulation is meant in a more general way
which means that essential features are covered by the simulations. The beginning of
the coupling and the first coupling maximum are nearly at the same position within a
deviation of 1 mm and the periodicity of the coupling cycles increases with consecutively
pulling. With further progression the experimental and simulated curves differ which
results in the fact that for example the n-th experimental coupling maximum coincides
with the n-th minus one simulated coupling maximum. This is due to a slightly different
periodicity of the coupling cycles which accumulates so that the maxima drift apart.

This behavior also occurs in the experiment, because of slightly different fabrication
conditions, influenced for example by a slightly different heat distribution in the crucible.
Therefore, two successively pulled FFCs with the same fabrication parameters do not have
to exhibit exactly the same pulling signatures (cf. Fig.[A.3). Experimentally this is not a
big issue, since the output power is monitored during the pulling process and it can be
stopped at the desired coupling ratio. The simulation cannot deliver the exact extension
for the termination of the pulling process, but it offers the possibility to estimate the
process parameters which is for example useful for the fabrication of FFCs with specific
wavelength characteristics at which the respective light sources for the pulling process are
not available.

In conclusion, the general agreement between experiments and simulations is good and
confirms the suitability of both the simulation tool and the refractive index profile model
to analyze FFCs. In the following it is used to perform a modal analysis in order to gain

insight into the coupling mechanism.

3.4 Modal Analysis

As discussed in Sec. [2.3|the coupling in FFCs can be described by the evanescent field
coupling and the SM coupling approach. According to Bures et al. [Bur83] the coupling
in typical FFCs starts once the light breaks out of the core. Therefore, the analysis of the
coupling mechanism requires the calculation of the SMs. In symmetric FFCs consisting
of two identical fibers two SMs are present, the symmetric and antisymmetric SM which
are equally excited along the whole longitudinal taper profile. As opposed to this, in



36 3 Symmetric Fused Fiber Couplers

asymmetric FFCs the modal excitation is completely different and modal conversion can
take place along the FFC [Oka90].

For the understanding of the coupling mechanisms in asymmetric FFCs it is essential
to know the modal evolution along the propagation in the taper. Therefore, a modal
analysis of symmetric FFCs is presented in this section in terms of effective refractive index
considerations and modal decomposition. This facilitates the understanding of asymmetric
FFCs having a more complex modal evolution. In this section, the implementation of the
eigenmode calculation is explained and the SMs are calculated at the beginning of the
taper and in the taper waist. Afterwards, it is investigated how the SMs evolve along
the propagation in the taper in terms of their shape and 7. On this basis, the modal
composition along the complete taper is determined.

3.4.1 Implementation

The light propagation was simulated by the self-implemented simulation tool [Ttn13]
and for the calculation of the eigenmodes the built-in mode solver utility of BeamPROP
[RS010] was employed (cf. Sec.[2.4). Technically, the eigenmode calculation is performed
by launching a defined field into a straight waveguide section and determining the
converging eigenmode solutions. The calculations have to be performed in a straight
section, because in a permanently changing refractive index profile it is not possible to find
converging solutions of the eigenmodes. Therefore, a straight waveguide with the same
geometrical properties corresponding to the respective position in the taper was used. The
position of the launched 5 pm wide Gaussian field was in the center of the waveguide and
the first ten eigenmodes® were calculated?. Table 3.2l summarizes the minimal simulation
parameters for the eigenmode calculation.

1 Due to unknown reasons BeamPROP does not calculate the eigenmodes according to their order which is
determined by the n¢. For this reason, the real second eigenmode is for example calculated on seventh
position, although the corresponding . classifies the eigenmode as the second. This circumstance makes
it necessary to calculate more eigenmodes than actually necessary and to sort them afterwards according
to the nq. In practice the calculation of ten eigenmodes has been shown to be sufficient, however this
leads to a significantly increased computation time.

2 The iterative method of the mode solver utility was used and the convergence tolerance was 1 x 10~ with
respect to the normalized effective index.
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Table 3.2: Parameters of the refractive index profile grid n(x,y,z) for the eigenmode calcula-
tions.

Parameter Value
Grid dimension x, y [-125pum, 125 um]
Step size (transverse) x, y 0.5um

Step size (propagation direction) z  0.5um

Mg 1.4565 at 650 nm [Pol14]
DOF 1.5
Input mode Gaussian (5pm 1 width)

The simulated electric field Egn (output from simulation tool) was decomposed on the
calculated eigenmodes E; (output from BeamPROP) by projecting the simulated field on
the eigenmodes with the coefficients c; given by [Paul2; Soh(04]:

G — [ Esim(x,y) - EF (x,y)dxdy (3.6)
\/ ff|ESIm x,y) [Pdxdy) - ff‘E XY dedy)

These complex coefficients can be used to calculate the reconstructed electric field E,. as

weighted superposition of the calculated eigenmodes E; with

N
Eree(xy) = > _ci- Ei(xy). 3.7)
i=0

The modal weight of each eigenmode is then given by |c;|2. To evaluate the accuracy of
the reconstruction the modal weights of the ten eigenmodes Z?:o |ci|* were summed,
whereby the sum is ideally 1. A minimal sum of 0.75 was identified as acceptable accuracy
and typically values between 0.8 and 0.95 were calculated. The difference to the ideal value
is mainly due to numerical inaccuracies which are attributed to discrete grid parameters
of both involved simulations. Lower values than 0.75 are assumed as an indication of
miscalculation. The problematic aspect in this two-part calculation is the locally correct
combination of both the simulated field and the corresponding eigenmodes at the exact
same position along the complete longitudinal taper. If the calculated eigenmodes do
not correspond to the eigenmodes at the taper position, the sum of the modal weights

drastically decreases.
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3.4.2 Calculation of Super-Modes

The SMs of a symmetric FFC consisting of two 780HP fibers were calculated at a wave-
length of 795nm and an extension of 20.3 mm which corresponds to the second coupling
maximum shown in Fig. Figure shows the electric field of the symmetric and
antisymmetric SM at the beginning of the taper, whereby the symmetric SM corresponds
to the first eigenmode and the antisymmetric SM to the second eigenmode defined by the
nef in descending order. The field is localized at the position of the fiber cores, respectively.
The first two eigenmodes are therefore core modes, whereby each mode of a higher order
is a cladding mode which expands into the whole cladding. In symmetric fiber devices, as
FFCs and photonic lanterns, light launched into one fiber core excites all SMs or, in other
words, the guided core mode is a superposition of all SMs. The number of the excited SMs
equals the number of the fiber cores [Leo10].
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Figure 3.14: Electric field of the SMs at the beginning of the taper in a symmetric FFC consisting
of 780HP fibers at a wavelength of 795 nm.
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Figure 3.15: Electric field of the SMs in the taper waist of a symmetric FFC consisting of 780HP
at a wavelength of 795 nm.

In Fig.[3.15|the electric fields of the SMs in the taper waist are depicted. At this taper
position the cores do not guide the light anymore and the SMs fill out the complete
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cladding. However, these cladding modes experience a residual influence of the cores
which leads to a localization of the field at their position. Apart from that, the SMs
are similar to the SMs at the beginning of the taper. The symmetric SMs are both line
symmetric and the antisymmetric SMs are centrally symmetric, whereby if the electric
fields” square of the absolute values is considered all SMs are line symmetric. In the
following, the evolution of the SMs from the beginning of the taper to the taper waist is
discussed.

3.4.3 Evolution of the Super-Modes and their Effective Refractive Index

Along the adiabatic taper transition from the beginning of the taper to the waist the core
guided SMs consecutively evolve into SMs guided by the cladding. Accordingly, the
decreases in the down-taper part as depicted in Fig.[3.16(a). At a taper position of approx.
8mm the nqg curves of the SMs cross the line of the refractive index of the cladding.
This point corresponds to the transition from core guidance to cladding guidance. Up
to this position the curves of both SMs have quasi identical n¢, are propagating at the
same phase velocity and are strongly localized at the position of the cores. In analogy to
quantum mechanics both SMs are degenerated [Leol0]. Both SMs experience only the
cladding refractive index and not the high refractive index difference to the surrounding
medium.

After the core-cladding transition the curves become non-degenerated which results
in different propagation constants s and B, of the symmetric and antisymmetric SM.
The splitting is due to the fact that both SMs notice the influence of the high refractive
index difference of the surrounding medium, an effect that is pronounced due to the
consecutively tapered thinner fibers. This splitting leads to the observed mode beating
and enables the power transfer from one fiber to the other. It is therefore essential for the
functionality of the FFC that the curves split up and accumulate phase difference, because
otherwise no mode beating would occur. Consecutive pulling would result in a longer
region with different propagation constants and therefore in more overall phase difference
and more frequent mode beating. In addition, the curves of both SMs would split up even
more since the cladding becomes thinner and the effect of the surrounding medium gets
more pronounced. This is the reason why the periodicity of the coupling cycles increases
with consecutive pulling (cf. Fig. [3.4).

In addition, Fig.[3.16(a) depicts the n¢s curves of the third to tenth eigenmode which
correspond to the first eight HOMs. These are all guided in the cladding and have
therefore n.¢ values below the refractive index of the cladding. At the beginning of the

taper all HOMs have identical values of the n.g, analogous to the curves of both SMs
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Figure 3.16: (a) Evolution of the n4¢ of the symmetric (s. SM) and antisymmetric (a. SM) SM
along the taper position of a symmetric FFC from the beginning of the taper (z = 0) to the
taper waist (z = 13.65mm). (b) Evolution of the intensity profiles of the symmetric and the
antisymmetric SM at a taper position between 4.36 mm and 10.9 mm. The simulation cross
section (in x and y dimension) for the eigenmode calculation in (b) is consecutively rescaled
for higher taper positions.

which have also identical values of the n.¢. With consecutive propagation in the taper the
curves split up due to the increased influence of the surrounding medium which in turn is
because of the lower cladding diameter. These curves are well separated from the curves
of the SMs and no mode coupling between the HOMs and the SMs should occur since a
large 1. difference exists [Xiall]. This means that light injected into the cores couples
solely between both SMs. This behavior is further analyzed in the next section by modal
decomposition.

The evolution of both SMs at a taper position between 4.36 mm and 10.9 mm is depicted
in Fig. [3.16(b). The SMs evolve smoothly from core guidance to cladding guidance due to
the adiabatically tapered FFC. At a taper position of approx. 8 mm both SMs expand into
the whole cladding and the shape of both SMs starts to differentiate, analogous the n¢
curves become non-degenerated. The influence of the cores is present along the whole
longitudinal taper and leads to a localization of the intensity’s maxima at their position,
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although the SMs are not guided by the cores anymore in the cladding guided region. The
considerations in this section were conducted only for the down-taper part of the FFC.
Due to the fact that the refractive index profile of the FFC is symmetric to the taper waist,
the shown results are symmetric to a taper position of 13.65 mm. This means that a taper
position of approx. 19 mm the light is recaptured by the cores in the up-taper.

3.4.4 Modal Decomposition

Based on the previously calculated evolution of the SMs the modal excitation of both SMs
is calculated in the following. This is achieved by simulating the light propagation and
the eigenmodes along a defined FFC with the parameters used in the previous section.

Figure[3.17(a) shows the result of the light propagation in the central plane of the FFC
over the whole longitudinal taper length and Fig. [3.17(b) the cross section at the indicated
taper positions. For better illustration the data points of each slice were normalized which
is the reason why the beating seems to be abrupt. The light is injected into the core of
the bottom fiber and leaves the FFC at the top fiber. Along the down-taper the light is
core-guided and significant mode beating can be observed at taper positions between
approx. 10mm and 18 mm. According to Fig. the SMs break out of the core at a taper
position of approx. 8 mm. However, in order to observe a significant amount of power
transfer from one side to the other, both SMs have to accumulate a notable amount of
phase difference which occurs at a taper position of approx. 10 mm. From here, mode
beating can be observed and due to the fact that the extension of the FFC corresponds to
the second coupling maximum (cf. Fig. the power beats three times between both
sides. It should be noted, that at higher extensions the power would beat more frequently
between both sides of the FFC due to the longer path with different propagation constants
of the involved SMs. In the up-taper part the light is recaptured by the cores and, due to
the chosen extension, the light leaves the FFC at the top fiber. Based on this simulation of
the light propagation together with the calculation of the eigenmodes along the taper a
modal decomposition can be performed.

The result of the modal decomposition along the complete taper is depicted in Fig.
which shows the modal weight of both SMs and the sum of the third to the tenth eigen-
mode. At the beginning of the taper both SMs are equally excited which is in agreement
with the fact that in FFCs the number of SMs equals the number of the cores [Leo10]. Light
injected into one of the cores excites both SMs and it is represented as superposition of
them. The SMs are equally excited along the whole taper. Although, at a taper position
between 6 mm and 9 mm, and 19 mm and 22 mm the modal weight of the HOMs increases

up to a value of 20 %. This corresponds in both cases to the region at which the transition
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Figure 3.17: Light propagation in a symmetric FFC in the central plane over the whole
longitudinal taper length (a) and the cross section at the indicated taper positions (b). The
light is launched into the core of the bottom fiber. For better illustration the data points of
each slice were normalized.

between core and cladding guiding occurs, just before the beginning of the power transfer
and just after that.

Theoretically, if the taper transition is adiabatic and the curves of the n.¢ do not interact
or cross with each other, no mode coupling can occur [Leo14; Yer14]. A non-adiabatic
taper transition would lead to mode coupling to HOMs, whereby this mode conversion is
irreversible [Lov91]. The power would be irrecoverably lost increasing the insertion loss
of the FFC. However, the experimental and simulated pulling signatures (cf. Fig. do
not show an increased insertion loss. In addition, the modal decomposition shows that in
the taper waist, where the coupling occurs, the HOM content is negligible. Therefore, it is
assumed that the local increase of the HOM content cannot be attributed to a non-adiabatic
taper transition. Probably the increased HOM content comes from numerical inaccuracies
of the simulated fields at the transition between core and cladding guiding. As depicted
in Fig.[3.17(b) the simulated field is slightly grainy in the region of the transition and in
the taper waist. This could be an explanation for the locally increased HOM content.
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Figure 3.18: Modal excitation in a symmetric FFC. The symmetric SM (s. SM) and the
antisymmetric SM (a. SM) are nearly equally excited along the whole FFC. HOMs are locally
excited at a taper position between 6 mm and 9 mm and between 19 mm and 22 mm.

Nevertheless, in the central part of the FFC where the mode beating occurs only both
SMs are equally excited with negligible HOM content. Therefore, the presented modal
analysis confirms the common statement that in symmetric FFCs both SMs are equally
excited [Oka90]. In conclusion, the presented method provides reliable information about
the modal content in symmetric FFCs and can be used to study more complex asymmetric
refractive index profiles.

3.5 Conclusion

In this chapter symmetric FFCs were discussed both experimentally and numerically.
FFCs were fabricated by twisting two identical fibers, heating them up and pulling them
while the transmission in both fibers is constantly monitored. The pulling signatures of
two FFCs were recorded at a standard wavelength of 795nm and at a less frequently used
wavelength of 2 pm demonstrating the applicability of the presented fused biconical taper
technique for the fabrication of FFCs in a broad wavelength region.

In order to gain insight into the coupling mechanism in FFCs, a numerical model capable
to calculate the refractive index profile was elaborated. The presented model considers
the parabolic taper shape, the overlap of both fibers during the fusion process and both
the core-cladding and the cladding-air boundaries. Parameters as the hot zone were
experimentally determined and the parabolic taper profile of the FFCs was verified. The
presented numerical refractive index profile model is in relative good agreement with the
real refractive index profile, although it suffers from certain limitations. Simplifications
concerning the twisting and the implementation of the DOF were extensively discussed.

The presented numerical refractive index profile model was used in a self-implemented
simulation tool based on the BPM algorithm to numerically characterize the experimentally



44 3 Symmetric Fused Fiber Couplers

fabricated FFCs. The simulations of the pulling signature show a good agreement with
the experimental data in both evaluated cases. The agreement is meant in a general
qualitative way, since essential features are covered by the simulation. The beginning
of the coupling and the behavior of the coupling cycles with consecutive pulling are
comparable. Nevertheless, the agreement is not perfect which is due to the fact that the
model suffers from certain limitations. Therefore, the simulation model cannot deliver
for example the exact experimental extension for the termination of the pulling process,
but it is suitable to reliably estimate the process parameters and to gain insight into the
coupling mechanism. However, the pulling signatures of identically pulled FFCs differ
slightly either way, because of minimal changes in the fabrication conditions.

Finally, the model was used to calculate the SMs and to perform a modal analysis in
terms of n.¢ considerations and modal decomposition in symmetric FFCs. The evaluation
reveals that before the transition from core guiding to cladding guiding the symmetric and
antisymmetric SMs are excited equally and have the same propagation constants. At the
transition point the curves of the n¢¢ become non-degenerated and the SMs accumulate
phase difference which leads to the typical mode beating in the taper waist. At the same
time both SMs expand into the whole cross section and become cladding modes. A modal
decomposition was performed and confirms both the fact that in symmetric FFCs the
number of excited SMs corresponds to the number of fiber cores and the fact that the
involved SMs are equally excited along the whole taper. Both facts are in agreement with
the theory of common literature.

The results presented in this chapter show that the established numerical analysis
routines are suitable for the understanding of symmetric FFCs. In the next chapters these
routines are used to analyze more complex asymmetric FFCs, for example for WDM and

SDM applications, which have not been investigated in terms of SMs so far.



CHAPTER 4

Asymmetric Fused Fiber Couplers for Wavelength-Division
Multiplexing

Fused fiber couplers are essential components in optical data networks and fiber-based
laser and amplifier systems. They enable for example the application of wavelength-
division multiplexing by combining several wavelength bands in one single fiber [Eis88].
In telecommunication this is used to increase the data-carrying capacity of optical trans-
mission systems and in fiber lasers and amplifiers to combine the pump and signal light.
Typically, identical SMFs are employed for these applications, but there are cases where
the use of different fibers is of interest, for example for extending the range of combinable
wavelengths. In addition, such FFCs can be also useful for integrated systems or for fiber
amplifiers and lasers where the pump light is outside of the single-mode range of the
signal guiding fiber. The lower limit of the combinable wavelengths is given by the cut-off
of the fibers. The use of a fiber guiding light below the cut-off wavelength would be unde-
sirable since only the power fraction in the fundamental mode would be transferred to the
respective other fiber. An approach for combining two widely separated wavelengths is
the use of FFCs consisting of different fibers, also referred to as asymmetric FFCs due to
the non-symmetric refractive index profile, whereby each fiber has single-mode guidance
for one of the wavelengths. In order to control the power-splitting ratio in asymmetric
FFCs Birks et al. [Bir88b] proposed to change the DOF in FFCs.

Other methods to control the power-splitting ratio in asymmetric FFCs can be trans-
ferred from the field of so called wavelength-flattened couplers [Bir95; Mor85]. These
couplers show a nearly constant power-splitting ratio over a wide spectral range [Lam85b].
Such couplers are fabricated by simply employing unequal SMFs, by pre-etching [Lam85a]
or by pretapering [Mor85] one fiber before the fabrication process. All these methods
have in common that an asymmetry is introduced into the refractive index profile of the
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coupler, either by using different fibers or by making one fiber unequal. Pretapering is a
flexible and simple method to modify the refractive index profile by tapering one of the
fibers before both fibers are tapered together. However neither extensive studies on the
impact of pretapering on the power-splitting ratio in asymmetric FFCs nor a profound
analysis of the coupling mechanism have been reported in literature so far.

In this chapter, two asymmetric FFCs designed for WDM applications are studied
experimentally and numerically. It is demonstrated that by pretapering one fiber it is
possible to combine two widely separated wavelengths, 633 nm and 1556 nm, and the
impact of the asymmetric refractive index profile on the coupling mechanism is discussed.
The application of asymmetric FFCs is analyzed for an FFC at wavelengths of 795 nm and
1980 nm which was employed for core pumping a thulium-doped fiber amplifier. Parts of
the presented results were published beforehand in [Pel12; Pel14].

4.1 Fabrication and Characterization

The standard fused biconical taper technique was used for the fabrication of asymmetric
FFCs as in the case of symmetric FFCs (cf. Sec.[3.I). The pulling procedure was conducted
with the help of light sources emitting at wavelengths of 633 nm and 1556 nm which were
injected into the pump and signal fiber, respectively. Light of the shorter wavelength
of 633 nm is called pump light and light of the longer wavelength of 1556 nm is called
signal light (according to the nomenclature in fiber amplifiers), although no specific laser
pumping scenario is targeted in this case. The wide wavelength separation of 923 nm
requires to use different fibers with single-mode guidance for the respective wavelength.

The specification of the used pump fiber (630-HP) and signal fiber (1310BHP) are given in
Al

4.1.1 Pulling Signatures at Different Pretaper Lengths

The fabrication was initiated with the pretapering process where only one fiber (in this
case the signal fiber) was tapered for a certain extension, also called pretaper length (PL).
Afterwards the standard fused biconical taper technique was conducted. Both fibers were
twisted, heated and pulled up to their destruction, while the transmission of light at both
wavelengths was monitored with the help of photodiodes. The transmission of the pump
light was measured at the end of the pump fiber and the signal light at the end of the signal
fiber. By doing so, only the transmission in one fiber was measured for each wavelength.

In Fig. 4.1|the transmission in an FFC at a wavelength of 633 nm at both fiber ports is
depicted, whereby a PL of 4 mm was applied to the signal fiber. In addition, the sum of

the transmission in both ports is plotted and reveals that the coupling is nearly complete
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during the whole pulling process and exhibits only losses in the order of a few percent.
Therefore, the measurement of the transmission at one fiber port is sufficient for the
characterization of an FFC. The transmission in the respective other fiber port is calculated

by subtracting the measured transmission from 100 %.
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Figure 4.1: Experimental transmission in an asymmetric FFC made from 630-HP and 1310BHP
(PL = 4mm) at a wavelength of 633 nm at both fiber ports. The sum of the power in both ports
equals nearly the launched power and the losses are in the order of a few percent.

An extensive study on the impact of pretapering on the pulling signatures was carried
out and is depicted in Fig. When both fibers are fused and pulled without pretapering
the maximum coupled power is limited to 20 % for both wavelengths, which means that
only a maximum of 20 % of the launched power coupled from one fiber to the other. In
order to analyze the influence of pretapering on the coupling behavior systematically,
different PLs (3 mm, 4 mm, 5 mm, 6 mm and 8 mm) were applied to the signal fiber and
the respective pulling signatures were recorded, as shown in Fig. b)—(f). By increasing
the PL the maximum coupled power of both wavelengths was substantially increased up
to a complete power transfer from one fiber to the other as depicted in Fig.[4.2(d) at a PL
of 5 mm (both wavelengths show zero transmission which means that the light couples
completely to the other fiber). Fig.[4#.2(d) further illustrates that the maximum coupled
power not only depends on the PL, but also on the applied extension during the pulling
process.

In Fig. #.2(d) both wavelengths show a complete power transfer at an extension of
approx. 17.5 mm (see dotted line), whereas the maximum coupled power decreased with
further pulling. It was further possible to combine both wavelengths in the signal fiber at a
PL of 6 mm (cf. Fig.[£.2(e)) and an extension of 16.4 mm (see dotted line). The transmission
was maximal for the signal light in the signal fiber and the transmission of the pump
light showed a minimum in the pump fiber, which means that if the fabrication process
was stopped at this extension, both wavelengths would be combined in the signal fiber

with a maximum coupled power of 85 %. Besides the fact that pretapering influenced the
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Figure 4.2: Experimental pulling signatures of the pump and signal light at different PL of the
signal fiber of (a) 0 mm, (b) 3 mm, (c) 4 mm, (d) 5mm, (e¢) 6 mm and (f) § mm.
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coupling ratio, it becomes clear from Fig.[4.2|that an optimal value for the PL must be found.
This can be seen in Fig. [£.2(f) at a PL of 8 mm, where the coupling ratio strongly decreased
showing no coupling for the pump light, and an unpredictable coupling behavior for the
signal light was observed. These results demonstrate that by pretapering one fiber it is

possible to control the maximum coupled power in asymmetric FFCs.

4.1.2 Degree of Fusion

The control of the coupled power can also be achieved by etching techniques [Lam85a]
or by adjusting the DOF [Bir88b]. Due to the fact that the FFCs were pulled up to the
destruction for the measurements shown in Fig.[4.2]the DOF could not be measured simul-
taneously. For this reason two FFCs with different DOF but otherwise same parameters
were pulled in order to estimate the DOF in the presented experiments and to evaluate the
influence on the coupling behavior. The DOF was changed by adjusting the fuse extension
at the beginning of the pulling process (cf. Sec.[3.1). FFCs were pulled up to an extension
of 20mm, cleaved at the taper waist and examined under an optical microscope.

In Fig.[4.3(a) the experimentally measured transmission of the signal light in the signal
fiber at a PL of 4 mm is depicted. The DOF was measured to be 1.28 and 1.43 for the two
FFECs. For comparison the curve shown in Fig. c), for which no information about the
DOF is available, is also plotted. The results show that in this configuration of a strongly
fused FFC a variation of the DOF in the order of 0.15 has no significant influence on the
coupling behavior (cf. Fig. for the general reproducibility). Especially, the maximum
coupled power is practically the same for all three curves. However, a difference of 0.15 in
the DOF compared to the maximum span of 1 is relatively low. The results further indicate
that the used configuration produces FFCs with a DOF in the order between 1.28 and 1.43.
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Figure 4.3: (a) Experimentally measured transmission of the signal light in the signal fiber at a

PL of 4mm. The FFCs show a DOF of 1.28 (blue curve) and 1.43 (red curve). For comparison

the curve from Fig. c) is also plotted (black curve). (b) Photograph of the cross section

of the cleaved taper waist at a DOF of 1.43 (according to the red curve). The shape of the

calculated refractive index cross section is indicated by the white line.
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Fig.[4.3(b) shows a comparison between a photograph of the cross section at the taper
waist of the FFC with a PL of 4 mm at an extension of 20 mm (according to the red curve
in Fig. a)) and the calculated cross section with a DOF of 1.43 (drawn in white). In
contrast to the measured cross section the calculated one shows a non-smooth transition
between both fibers, because the refractive index profile was generated by overlapping
circles around the position of the cores and neglecting the material conservation.

In contrast to the work presented by Birks and Hussey [Bir88b], no significant influence
on the coupling behavior due to a change in the DOF could be observed in this work,
although the variation of the DOF was in a comparable order of 0.2. The difference is
probably because in the here presented FFCs the effect of the cores is more pronounced
since the difference in the cut-off wavelength of the fibers is about 700 nm (cf. Tab.
compared to a difference in the cut-off wavelength of only 150 nm in [Bir88b]. Due to the
high dissimilarity of the fibers used in this work, pretapering one of them has a stronger
impact on the coupling behavior then changing the DOF.

4.1.3 Output Beam Profile

At a PL of 5mm and an extension of 17.5mm (cf. Fig. d)) a complete power transfer
of the pump light to the signal fiber can be achieved. An FFC fabricated at this param-
eter set would be highly interesting for the application in a fiber amplifier (a concrete
scenario is shown in Sec.[4.4). As a consequence of the high difference between the cut-off
wavelengths of both fibers, the pump light can be multimoded in the signal fiber. The V
parameter for the pump light (633 nm) in the signal fiber is 5.5 which means that theoreti-
cally in total approx. 4 modes could be guided. However, it is not clear which of these
modes are excited at the signal fiber output.

Therefore, the intensity beam profile was measured with a CCD camera during the
pulling process simultaneously to the output power. The measurements were performed
at a wavelength of 795 mm, whereby the respective V parameter is 4.4 and theoretically
a total number of approx. 3 modes could be guided. Figure 4.4/shows the measured
transmission in the pump and signal fiber and the respective output beam profiles at the
signal fiber for each coupling maximum. The output beam profiles have the shape of the
fundamental LPy; mode during the complete pulling process. There is no indication of an
increased HOM content, as for example for the LP;;, LPgp; or LPy; mode. Therefore, the
coupling takes place from the fundamental mode in the pump fiber to the fundamental
mode in the signal fiber. A more comprehensive discussion on how the modes evolve in
the coupling region is given in Sec.

In conclusion, the transmission in asymmetric FFCs was systematically tuned by modi-
fying the refractive index profile. The modification was applied by different PLs of the
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Figure 4.4: Experimentally measured transmission in the pump and signal fiber (applied PL of
5mm) at a wavelength of 795 mm. Beam profiles at the signal fiber output during the pulling
process at the coupling maxima are depicted.

signal fiber and a significant increase of the maximum coupled power was achieved. The
measurement of the output beam profile reveals that in case of the pump light the coupling
occurs between the fundamental mode in the pump fiber and the fundamental mode in
the signal fiber.

4.2 Numerical Characterization

In the previous Sec. 4.1|asymmetric FFCs were experimentally analyzed and the coupled
power was maximized at specific values of the PL and extension. The simulation of these
structures can significantly improve the understanding of the coupling behavior and can

be used to estimate fabrication parameters, as for example the PL.

Pulling Signatures at Different Pretaper Lengths

The transmission in the experimentally analyzed asymmetric FFCs was simulated with the
help of the models presented beforehand (cf. Sec.|3.2/and and the results are depicted
in Fig. For the simulations a DOF of 1.5 was assumed which is comprehensible, since
in this case the DOF experimentally has only a minor impact on the pulling signatures
and it is not completely controllable during the fabrication process.

As in the experiment when no pretaper is applied in the simulation, the coupling ratio
is limited to nearly 30 % for both wavelengths and no complete power transfer is possible.
A gradual increase of the PL from 3 mm up to 6 mm results in an enhancement of the
maximum coupled power for both wavelengths with a coupling ratio of up to 100 %. A
complete power transfer occurs for the signal light at a PL of 4 mm and an extension of
about 15mm (cf. Fig. [#.5(c) dotted line) and for the pump light at a PL of 6mm and an
extension of about 16.5mm (cf. Fig.[4.5(e) dotted line). A further increase of the PL to
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Figure 4.5: Simulated transmission of the pump and signal light at different PLs of the signal
fiber of (a) 0 mm, (b) 3mm, (c) 4 mm, (d) 5mm, (¢) 6 mm and (f) 8 mm.
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8 mm results in a dramatic decrease of the coupling ratio for both wavelengths, a behavior
which was also observed in the experiment. As in the experiment, the coupling ratio of
both wavelengths is strongly influenced by pretapering the signal fiber. In addition, the
coupling starts respectively at lower values of the extension with increasing PL and the
transmission changes in dependence of the applied extension.

The simulations show that a combination of both wavelengths in the signal fiber is
possible, as depicted in Fig.[4.5(c) at a PL of 4 mm and an extension of 19.7 mm. In contrast,
the experimental results show that a combination can be realized at a PL of 6 mm and an
extension of 16.4 mm (cf. Fig.[4.2(e)). Therefore, the simulation does not account for the
exact position in terms of transmission and extension of each coupling maximum. This
effect gets pronounced when long couplers with many oscillation cycles are considered
which makes it nearly impossible to predict the exact value for the optimal extension. The
critical aspect for this discrepancy is the transfer of the refractive index profile including
exact geometry and fiber parameters of the fabricated FFCs from the experiment to the
simulations (cf. discussion in Sec.[3.2.6)). Although not all features of the experimental
results are explained by the simulation the general agreement is good.

Parameter Scans

In order to better estimate the fabrication parameters a more accurate variation of the
PL was performed, as depicted in Fig. Here, the transmission in the signal fiber
was calculated for both wavelengths for varying extension and PL. This is useful for the

optimization of FFCs for the application in fiber amplifiers.
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Figure 4.6: Simulated transmission in the signal fiber for PLs between 0 mm and 8 mm and
extensions in the range of 7 mm and 23 mm for the signal (a) and pump light (b).

In this scenario it is desired to maximize the transmission in the signal fiber for both
wavelengths. Therefore, the transmissions of the pump and signal light were multiplied
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and the result is depicted in Fig.[£.7} This indicates that the product of the transmission is
maximal at a PL in the range between approx. 4.5 mm and 4 mm at extensions of 19.5mm
and 20.5mm, respectively. This corresponds to the numerical parameter set which is
already determined in Fig.[.5(c) and it proves that theoretically no better parameter set
exists. It should be noted that from the manufacturing perspective it is recommended to
target a broad maximum in order to facilitate the stopping point at the end of the pulling
process.
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Figure 4.7: Product of the transmissions of the signal and pump light in the signal fiber.

In conclusion, the simulations can give an estimation of the PL for an experimental
realization of an FFC. By consecutive experimental optimization, asymmetric FFCs, which
efficiently combine two wavelengths, can be fabricated. The simulation accounts for the
general qualitative behavior of the FFC performance and allows to gain insight into their
operation and the underlying coupling mechanism. In the following Sec. 4.3| this routine
is used to calculate the modal composition of the simulated light and to evaluate the
influence of pretapering on the modal excitation of the eigenmodes of asymmetric FFCs.

4.3 Modal Analysis

According to the experimental and numerical results of the last Sec.[4.1]and .2 pretapering
of one fiber can be used to efficiently control the coupling behavior in asymmetric FFCs
enabling a complete power transfer between both fibers. In order to understand the
effect of pretapering on the coupling behavior a modal analysis of asymmetric FFCs is
performed in the following.

First, the guiding properties of asymmetric FFCs are generally discussed and the SMs
in the taper waist of a pretapered and non-pretapered asymmetric FFC are calculated.
Afterwards, it is investigated how the SMs evolve along the propagation in the taper in
terms of their shape and n,¢ for the signal and pump light, respectively. On this basis, the
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modal composition in dependence of the applied PL, the extension and the taper position

is analyzed, accordingly for the signal and pump light.

4.3.1 General Considerations of Guiding Properties at Different Wavelengths

In general, the impact of pretapering on the coupling behavior does not depend on the
wavelength. Nevertheless, for WDM applications, especially if two widely separated
wavelengths are involved, it must be considered that both wavelengths experience re-
fractive index profiles with different guiding properties which in part result in distinct
characteristics for each wavelength.

First of all, the transition between core and cladding guiding occurs at different ex-
tensions (or taper positions) for each wavelength. For the fibers used in this section
(630-HP /1310BHP) the transition of the pump light occurs at an extension of 13.2 mm in
the pump fiber and for the signal light at an extension of 11.8 mm in the signal fiber. The
critical V parameter is V[, ~ 0.75 for the pump fiber and V&, ~ 0.86 for the signal fiber
which means that the fiber cores become non-guiding for the respective wavelength when
the given critical V parameter is reached along the taper.

As depicted in Fig. [f.2(a) without any pretapering the coupling started for both wave-
lengths after their respective transition point is reached. The coupling for the signal light
started accordingly at lower values of the extension with increasing PL of the signal fiber
since the transition point was reached earlier. Therefore, the transition point between core
and cladding guiding is different for the pump and signal light. However, this is also
the case in symmetric FFCs and the functional principle for WDM applications. Different
wavelengths show different beat lengths which allows for the separation or combination
of the wavelengths. The difference between the symmetric and asymmetric FFC is that
when the light propagation in the core is considered the respective other core has different
guiding properties.

At the core-cladding transition point of the pump light the signal core can influence the
coupling behavior, because it can theoretically guide the pump light. The V parameter of
the pump light in the signal core is about 1.8 which is well above the critical V parameter of
the signal core V.. This means that the fundamental mode of the pump light in the signal
core could be excited. Therefore the observed influence of pretapering on the coupling
behavior of the pump light is mainly due to the change in core diameter of the pretapered
signal fiber. This explains why the signal fiber has to be pretapered, because the influence
of the signal core on the coupling behavior of the pump light is consequently reduced.
Furthermore, it can be reasonably assumed that the change in the refractive index profile
of the cladding due to pretapering also influences the coupling behavior of the pump light,
because it directly affects the properties of the SMs.
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In contrast to the pump light, the signal light cannot be guided by the pump core
at the transition point, because the V parameter of the signal light in the pump core is
0.34 which is below the critical V parameter VF. Thus, it can be assumed that the core
of the pump fiber has only a negligible influence on the signal light, and a change in
core diameter of the pump fiber due to pretapering would have no significant influence
on the coupling behavior of the signal light. Therefore, the influence of pretapering on
the coupling behavior of the signal light is mainly due to the change in the refractive
index profile of the cladding, because after the transition point the FFC effectively is a
cladding-mode device [Bir88b] and coupling is dominated by the beating of the SMs.

In summary, these considerations reveal that when considering asymmetric FFCs the
fiber cores cannot be simply neglected and the influence of pretapering is different for both
wavelengths. For the signal light the pump core is non-guiding in the coupling region,
but for the pump light the signal core can guide the fundamental mode. The shape of
the refractive index profile directly affects the SMs and their coupling behavior which is
further discussed in the following section.

4.3.2 Calculation of Super-Modes

The electric field of the SMs of an asymmetric FFC were calculated for an extension
of 16 mm considering the non-pretapered case and the pretapered case (PL = 4mm, cf.
Fig.[4.5(c)). Figure 4.8(a)-(d) shows the calculated SMs of both wavelengths in the taper
waist of a non-pretapered FFC. The signal fiber is located on the left and the pump fiber
on the right side of the FFC (as in indicated in Fig.[4.8(a)). Due to the asymmetry of the
refractive index profile of the FFC the SMs of the signal and pump light are remarkably
different.

The symmetric SM of the signal light (cf. Fig.[4.8(a)) expands into the whole cladding,
whereas the maximum is solely located at the position of the signal fiber core. The pump
fiber core seems to have no influence on the excited SM, because of the lower V parameter
compared to the signal fiber core. The antisymmetric SM of the signal light is nearly
central symmetric (cf. Fig.[£.8(b)) and similar to the antisymmetric SM of a symmetric FFC
(cf. Fig.[3.15(b)). The maximum of the symmetric SM of the pump light (cf. Fig.[4.8(c)) is
only located at the position of the signal fiber core and corresponds to the fundamental
core mode of the signal fiber at the pump light, because the V parameter is above V.. The
maximum of the antisymmetric SM of the pump light is located at the position of the
pump fiber core (cf. Fig. d)). Thus, light launched into the pump fiber predominantly
excites the antisymmetric SM. The SMs of the signal light are only slightly influenced by
the pump core and it could be theoretically neglected in the calculation. In contrast, the
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SMs of the pump light are strongly influenced by the signal core which should not be
neglected in the calculations.
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Figure 4.8: Calculated electric field of the symmetric and antisymmetric SMs of the signal
(first row) and pump light (second row) in the taper waist of an FFC with an extension of
16 mm and no pretaper (a)-(d) and a PL of 4mm (e)-(h). As indicated in (a) the signal fiber is
located on the left and the pump fiber on the right side of the FFC.

Figure e)—(h) shows the calculated SMs for the same case, but with a PL of 4 mm
applied to the signal fiber (located on the left side of the FFC). The SMs of the signal
light in the non-pretapered case and the pretapered case are remarkably different. In the
pretapered case the maximum of the symmetric SM (cf. Fig.[4.8(e)) is located at the position
of the pump fiber core and not at the position of the signal fiber core. The antisymmetric
SM (cf. Fig. [4.§(f)) shows a maximum located at the position of the signal fiber core.
Therefore, pretapering clearly influences the SMs of the signal light which can result in
a complete power transfer, as shown in Fig. [£.5(c). The SMs of the pump light are only
slightly influenced by the applied pretaper (cf. Fig.[4.8(g) and [4.8(h)). Figure }.5/(c) shows
that in this configuration no power transfer occurs for the pump light and therefore the
parameter set of extension and PL does not result in a complete power transfer.

4.3.3 Evolution of the Super-Modes and their Effective Refractive Index

In Sec.[3.4|the evolution of the 7 along the taper of a symmetric FFC has been analyzed.
It has been shown that up to the core-cladding transition both SMs have identical propa-
gation constants ;s and B, which split up at this transition point. Due to the difference of
the propagation constants, phase difference is accumulated leading to mode beating in
the coupling region. Furthermore, it is shown that both SMs are equally excited along the
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complete longitudinal taper. However, in asymmetric FFCs the modal analysis has to be

performed for the signal light as well as the pump light.

Signal Light

As depicted in Fig. 4.9| for the signal light the behavior of the n. curves is completely
different in asymmetric FFCs, whether the signal fiber was pretapered (PL = 4 mm) (cf.
Fig. #.9(a)-(b)) or not (cf. Fig.[#.9(c)-(d)). For the signal light both SMs are core-guided
at the beginning of the taper, but they have different propagation constants and the
core-cladding transition of both SMs occurs at different taper positions.

In the pretapered case shown in Fig.[£.9(a) the core-cladding transition of the symmetric
SM occurs at a taper position of 5mm and for the non-pretapered case shown in Fig. [4.9(c)
at a taper position of 7mm. Up to the core-cladding transition the symmetric SM corre-
sponds to the core mode of the signal fiber and the antisymmetric SM to the core mode of
the pump fiber and any mode of a higher order is a cladding mode. The ¢ curve of the
symmetric SM is influenced by pretapering the signal fiber and shifts to lower values of
the 1.4 which means that the fundamental mode of the signal fiber breaks out of the core
earlier (cf. blue curves in Fig. a) and (c)). The ng curve of the antisymmetric SM on
the other hand is not shifted by pretapering, because it corresponds to the core mode of
the pump fiber which is not significantly influenced by the pretapered signal core.

In comparison to a symmetric FFC both SMs have different progressions of the n.
curves along the complete FFC and the SMs propagate at different phase velocities.
However, in the asymmetric case only one SM is excited at the beginning of the FFC. Thus,
in this case light injected into the signal fiber excites only the symmetric SM. If only one
SM is excited along the FFC no mode beating can occur, inhibiting any power transfer to
the other fiber. Therefore, pretapering is used to tune the refractive index profile in a way
that the antisymmetric SM is excited along the longitudinal propagation.

In the pretapered case (cf. Fig.[£.9(a)) at a taper position of approx. 6 mm the ¢ curves
of both SMs approach so that coupling between both SMs can occur. The coupling between
the SMs is more likely between modes that are close in n¢g [Birl5;|Lov91]]. The evolution
of both SMs at a taper position between 3.15mm and 7.35 mm is depicted in Fig. 4.9(b)
and reveals that at a taper position of approx. 6.3 mm, where both ¢ curves are closest
to each other, both SMs expand into the whole cladding. In the non-pretapered case the
neg curves of both SMs are well separated along the complete FFC (cf. Fig.[£.9(c)) and the
evolution of the SMs does not show an expansion of the SMs into the whole cladding (cf.
Fig.[£.9(d)). Therefore, it seems that the antisymmetric SM cannot be excited in the taper
transition due to the fact that the n.4 are not similar and both SMs do not show mode
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Figure 4.9: Evolution of the nq¢ and the intensity profiles of the symmetric (s.) and antisym-
metric (a.) SM along the taper position of an asymmetric FFC for the signal light. The PL
was 4mm (a)-(b) applied to the signal fiber. The non-pretapered case (c)-(d) is also shown.
The simulation cross section (in x and y dimension) for the eigenmode calculation (b),(d) is
consecutively rescaled for higher taper positions.

overlap. Figure[#.9)also illustrates qualitatively why it is necessary to pretaper the signal
fiber in this case. Due to pretapering it can be achieved that the n.¢ curve of the initially
excited symmetric SM subsequently approaches the curve of the targeted SM which is in
this case the antisymmetric SM. Then, coupling occurs from the fundamental mode in the

signal fiber to the fundamental mode in the pump fiber.

Pump Light

The evolution of the 7.4 and the SMs of the pump light is depicted in Fig. whereby a
case with a PL of 6.3 mm (a)-(b) is considered and a PL of 4 mm (c)-(d). Ata PL of 6.3 mm
and an extension of 16 mm a power transfer to the signal fiber was observed as depicted in
Fig. The n¢s curves for this parameter set are shown in Fig. a), where the curves
of the symmetric and antisymmetric SM approach at a taper position of approx. 9.5 mm
and the respective SMs expand into the whole cladding at this position (cf. Fig.[4.10|b)).
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Figure 4.10: Evolution of the ¢ and the intensity profiles of the symmetric (s.) and antisym-
metric (a.) SM along the taper position of an asymmetric FFC for the pump light. The PL was
6.3 mm (a)-(b) and 4 mm (c)-(d) applied to the signal fiber, respectively. The simulation cross
section (in x and y dimension) for the eigenmode calculation (b),(d) is consecutively rescaled
for higher taper positions.

At a PL of 4mm and an extension of 16 mm, which corresponds to an optimal parameter

set for the signal light, but not for the pump light, no power transfer to the signal fiber
was observed as depicted in Fig. The results shown in Fig. (c)-(d) depict that
the n¢¢ curves do not approach and the symmetric SM, which corresponds to the signal

fiber core mode, does not break out of the core. Therefore, the symmetric SM is not excited

which inhibits any power transfer. In the case that no pretaper is applied the 7. curves

would differ even more. In addition, the signal core would guide also more modes, since

the V parameter of the signal core for the pump light is in the order of 5.5. Due to the high

V parameter of the signal core for the pump light several core modes are supported at the

beginning of the taper. The number of HOMs is consecutively reduced by pretapering the

signal fiber.



4.3 Modal Analysis 61

At a PL of 6.3 mm this means that both 90°-rotated versions of the LP;; mode could
be excited in the signal core at the beginning of the taper. In Fig.[4.10(a) the LP;; modes
correspond to the curves which break out of the core at a taper position of 3 mm. In case of
a PL of 4 mm the 45°-rotated versions of the LP»; and LPp, modes are theoretically guided
which break out of the core at a taper position of approx. 1 mm.

In conclusion, pretapering one fiber has an immense impact on the evolution of the
SMs in an FFC. By defined selection of the pretapered fiber and the applied PL, the
nege curve of the initially excited SM and the targeted SM can be approached enabling
coupling between them. In the presented case of a WDM application coupling between
the fundamental modes of both fibers is desired. Therefore pretapering the signal fiber, or
the fiber designed for guiding the longer wavelength, is necessary in order to tune the 7.
curve of the symmetric SM. Pretapering the pump fiber, or the fiber guiding the shorter
wavelength, would shift the n.¢ curve of the antisymmetric SM to lower values which is
potentially interesting for SDM in order to excite HOMs. This topic is discussed in detail
in Sec. bl The considerations concerning the n¢¢ curves and the evolution of the SMs are
valuable to qualitatively discuss the excitation of the SMs and the coupling between them.
Although, they cannot definitely reveal if a SM is really excited or not. Therefore, a modal
decomposition is performed in the following section.

4.3.4 Modal Decomposition

The coupling behavior in asymmetric FFCs, as shown by the experimental and numerical
pulling signatures in Fig. 4.2l and is mainly determined by the PL and the applied
extension. Therefore, a modal decomposition is performed on the one hand at a fixed
taper position and varying PL and extension and on the other hand at a fixed PL and
extension, but along the longitudinal profile of an FFC.

Influence of Pretapering

Figure shows the modal weight |c;|? of both SMs and the first HOM in the taper waist
of an FFC for varying PLs of the signal fiber. The FFC has a fixed extension of 16 mm. The
signal light was launched into the signal fiber and the pump light was launched into the
pump fiber. The remaining HOMs have no significant contribution, so they are not shown
here. The SMs are excited unequally when no pretaper is applied which means that only a
partial power transfer from one fiber to the other can be achieved. Signal light launched
into the signal fiber mainly excites the symmetric SM (cf. Fig.[4.§(a)), whereas pump light
launched into the pump fiber mainly excites the antisymmetric SM (cf. Fig.[#.8(d)). In
general, the SM is excited, whose field is localized in the fiber core where the light was
initially launched.
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Figure 4.11: Modal weight |c;|? of the symmetric (s.) and antisymmetric (a.) SMs and the first
HOM in the taper waist of an FFC with an extension of 16 mm for different PLs of the signal
fiber. The signal light (a) was launched into the signal fiber and the pump light (b) into the
pump fiber.

Consecutive pretapering of the signal fiber leads to a change in the modal weight of
the excited SMs in the taper waist; for the signal light the modal weight of the symmetric
SM consequently decreases with increasing PL while the weight of the antisymmetric SM
increases with further pretapering. At a PL of 4mm the symmetric and antisymmetric
SMs show equal modal weights. Due to the equal excitation in the taper waist a complete
power transfer is possible and the output of the light is determined by the mode beating.
This is in agreement with Fig. [£.5(c) (PL = 4 mm) where the signal light shows a complete
power transfer! at an extension range of around 16 mm. Further pretapering leads to an
unequal excitation of the SMs again and also to the excitation of an HOM at a PL of 6 mm.
This could be the reason for the observation of an unpredictable coupling behavior of the
signal light in the experiment (cf. Fig.[4.2(f)) and the simulation (cf. Fig.[4.5(f)) at higher
PLs. The same matching of the modal weights can be observed for the pump light but at a
different PL of 6.3 mm. Figure [.5(e) shows a complete power transfer for the pump light
at a PL of 6 mm and an extension of around 16 mm.

Influence of the Extension

The experimental and numerical pulling signatures in Fig.[4.2land [4.5 reveal that besides
the PL the applied extension also has a significant impact on the coupling behavior and
the maximum coupled power for both wavelengths. In order to evaluate this effect a

1 Coincidentally, at this extension the signal light is fully transmitted in the signal fiber. However, the
coupling cycles at an extension of 15 mm and 16.8 mm show a nearly complete power transfer of the signal
light.
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modal decomposition in the taper waist for different extensions at a constant PL of 4 mm
was performed.

The results are depicted in Fig. and reveal a clear influence of the applied extension
on the modal composition in the taper waist. An equal excitation of both SMs occurs at
an extension of 16 mm for the signal light (cf. Fig.[#.12(a)) and 20 mm for the pump light
(cf. Fig. b)). This leads theoretically to a complete power transfer! at the respective
extensions as shown by the pulling signature in Fig. [£.5(c). Therefore, as opposed to the
symmetric FFCs a complete power transfer is only possible for specific values of the PL
and the extension. This is reasonable since both determine the refractive index profile of
the FFC in the coupling region and by that the properties of the SMs.
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(a) Signal light. (b) Pump light.

Figure 4.12: Modal weight of the symmetric (s.) and antisymmetric (a.) SM and the first HOM
in the waist of an FFC with a PL of 4 mm applied to the signal fiber. The signal light (a) was
launched into the signal fiber and the pump light (b) into the pump fiber.

Mode Conversion

The considerations so far show the impact of the PL and the extension on the modal
excitation of the SMs, but only at one determined position in the taper (in the taper waist).
In the following the mode conversion along the longitudinal propagation is discussed.
In symmetric FFCs mode conversion between the SMs does not take place because the
SMs are orthogonal at any position when the adiabatic conditions are satisfied [Oka90].
Therefore, the symmetric and antisymmetric SMs are excited equally over the whole
length of the FFC and the power transfer is caused completely by the beat phenomena
of the SMs (cf. Sec.[3.4.4). In asymmetric FFCs mode conversion between the SMs takes

1 However, in Fig. c) the signal light is transmitted in the signal fiber due to the resulting mode beating
but the coupling cycles at an extension of 15 mm and 16.8 mm show a nearly complete power transfer.
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place so that the power transfer is influenced not only by mode beating but also due to the
unequal excitation of the SMs [Oka90].

Signal Light ~ Figure[#.13(a) shows the evolution of the modal weights of the SMs along
the taper position in an FFC with an extension of 16 mm and a PL of 4 mm for the signal
light. At the beginning of the FFC the SMs are excited unequally, and the symmetric SM
is mainly excited. In this region the SM corresponds to the fundamental core mode of
the signal fiber (cf. Fig.[#.9(a)). Figure [4.13(b) depicts the respective light propagation
in this configuration where the light was launched into the signal fiber (top). For better
illustration the data points of each slice were normalized which is the reason why the
beating seems to be abrupt.
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Figure 4.13: Signal light modal excitation (a) and light propagation (b) along an FFC with an
extension of 16 mm and a PL of 4 mm. The light was launched into the signal fiber (top). The
data points of each propagation slice were normalized. The symmetric SM is denoted with (1),
the antisymmetric SM with (2) and the HOM with (3).

At a taper position of approx. 5 mm the modal weight of the symmetric SM starts to
decrease and the modal weight of the antisymmetric SM starts to increase. In accordance
with the results shown in Fig.[4.9(a) this corresponds to the position of the core-cladding
transition of the symmetric SM. The modal weight of the SMs reaches an equal excitation
at a taper position of approx. 7 mm which remains constant in the middle section of the
FFC. In this section no further mode conversion takes place and a complete power transfer
occurs as shown in Fig. [.13(b). In the up-taper region the light is recaptured by the signal
core (at a taper position of approx. 18 mm) and the symmetric SM becomes the dominant
eigenmode of the FFC again. In this configuration the signal light is transmitted at the end
of the signal fiber.
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Pump Light In Fig.[#.14(a) the modal weights of an FFC with an extension of 20 mm and a
PL of 4 mm for the pump light are depicted. At the beginning of the FFC the antisymmetric
SM is predominantly excited, because the pump light was launched into the pump fiber
(bottom) (cf. Fig.[£.14(b)). The antisymmetric SM corresponds to the fundamental core
mode of the pump fiber. The modal weights equalize when the core-cladding transition
occurs at a taper position of approx. 10 mm, where the mode beating starts.

In contrast to the signal light (cf. Fig.[4.13(a)) these curves show a different behavior for
the up-taper region compared to the down-taper region. This is due to the fact, that the
pump light is influenced by the signal core (cf. discussion in Sec.[4.3.1). The signal core
becomes guiding for the pump light at a taper position of 15 mm. In Fig. a) this leads
to an increase of the modal weight of the symmetric SM, whose maximum is located in
the signal core. The pump core becomes guiding for the pump light at a taper position of
17 mm which leads to an increase of the modal weight of the antisymmetric SM, whose
maximum is located in the pump core. At the end of the FFC both SM are excited nearly
equally and the light is guided in both cores as depicted in Fig. [£.14(b).
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Figure 4.14: Pump light modal excitation (a) and light propagation (b) along an FFC with
an extension of 20 mm and a PL of 4 mm. The pump light was launched into the pump fiber
(bottom). The data points of each propagation slice were normalized. The symmetric SM is
denoted with (1), the antisymmetric SM with (2) and the HOM with (3).

In conclusion, the analysis of the modal evolution in asymmetric FFCs demonstrates
that by pretapering mode conversion from the originally excited SM to the second SM of
the system can be achieved. The modal composition is tuned in a way that the second SM
of the system becomes equally excited along the propagation in the FFC which enables a

complete power transfer by mode beating. Otherwise, if the refractive index profile is not
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modified, both SMs can be in general arbitrarily excited along the whole length of the FFC.
Adequate pretapering tunes the mode conversion in the desired way.

4.4 Fused Fiber Couplers for Core Pumping Thulium-Doped Fibers at 795 nm

In the 630-HP/1310BHP FFC considered so far in this chapter the combination of wave-
lengths with a separation of 923 nm was demonstrated. However, it is possible to combine
wavelengths with even higher separations, for example for applications in thulium-doped
fiber amplifiers. Lasers based on thulium-doped fibers extend the directly accessible
wavelengths towards the wavelength region of 2 ym. The absorption spectrum of thulium
shows mainly three maxima at 1630 nm, 1210 nm and 795 nm, whereas the last absorption
maximum has a nearly twice as large absorption cross section compared to the others
[Jac99]. Additionally, pumping at 795 nm is favorable, as there is the possibility of direct
core pumping by laser diodes. Because of the cut-off, employing equal fibers for the pump
and signal light would lead to high losses [Bir88b]. To overcome this, an asymmetric
FFC consisting of two different fibers with single-mode guidance for the respective wave-
length was fabricated [Pel12;Say13]. Light sources at 795 nm and 1980 nm were employed,
whereby as pump fiber a 780-HP and as signal fiber a SM2000 were used.
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Figure 4.15: Experimental transmission of the pump and signal light at different PLs of the
signal fiber of (a) 0 mm, (b) 1.8 mm and (c) 3.5 mm.

The transmission was experimentally recorded for different PLs of the signal fiber (0 mm,
1.8 mm, 3.5mm) and the corresponding results are shown in Fig. The pulling signa-
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tures show the same characteristics as for the case of the 630-HP /1310BHP FFC shown in
Fig. When no pretaper is applied the power transfer is limited (cf. Fig.[4.15(a)) and
due to consecutive pretapering a complete power transfer can be achieved (cf. Fig. f.15(b)
dotted line). At higher values of the PL the maximal power transfer decreases again (cf.
Fig.[4.15(c)). Furthermore, the beginning of the coupling starts for both wavelengths at
lower values of the extension with consecutive pretapering and the transmission changes
in dependence of the applied extension. These characteristics correspond to those ob-
served in the previously discussed 630-HP/1310BHP FFC (cf. Fig. , but there are also
some differences. When no pretaper is applied the maximum coupled power is higher in
the case of the 780-HP /SM2000 FFC and the optimal PL is in the range of 1.8 mm instead
of approx. 5mm in the case of the 630-HP/1310BHP FFC. Therefore, the exact progression
of the pulling signatures depends on the specifications of the used fibers.

According to the pulling signature shown in Fig. [4.15(b) a parameter set with a high
transmission of the pump and signal light in the signal fiber is at a PL of 1.8 mm and an ex-
tension of 18.5 mm. Based on these results an FFC was fabricated showing a transmission
of 90 % for the pump light and 95 % for the signal light in the signal fiber. The application
of this FFC was demonstrated in an all-fiber core pumped thulium-doped fiber amplifier
[Pel12].

The amplifier setup consisted of the FFC, a thulium-doped fiber (OFS TmDF200, cf.
Tab.[AT), a single-mode pump diode emitting at a wavelength of 795 nm and a seed source
operating at a wavelength of 1980nm. The optimal length of the thulium-doped fiber
was chosen so that the residual pump light was nearly 0 %. At a seed power of 0.8 mW
and a pump power of 70 mW the seed signal was amplified to 2.5 mW. The maximum
achievable gain in this configuration was 5 dB, which was limited by the pump power of
the commercially available laser diode. For future applications in core pumped thulium-
doped fiber amplifiers, higher amplification factors should be possible with the availability
of high-power single-mode laser diodes in the wavelength range of 795 nm.

4.5 Conclusion

In this chapter asymmetric fused fiber couplers, consisting of different fibers, were an-
alyzed both experimentally and numerically. The fundamental coupling mechanisms
in asymmetric FFCs were studied and a concrete WDM application was demonstrated
in a fiber amplifier setup. The fundamentals of asymmetric FFCs were discussed based
on experiments and simulations of an FFC consisting of 630-HP and 1310BHP fibers at
wavelengths of 633 nm and 1556 nm. Both wavelengths could be combined experimen-
tally with an efficiency of 84 % for the signal light and 94 % for the pump light. This
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was achieved by systematically pretapering the fiber intended for guiding the longer
wavelength. Therefore, it is shown that pretapering one fiber can be used to efficiently
increase the maximum coupled power up to a complete power transfer from the fun-
damental mode in the original fiber to the fundamental mode in the target fiber. The
same qualitative behavior in FFC characteristics was explained with help of the presented
simulation tool and refractive index profile model. The simulations can give a preliminary
estimation of the parameter set for an experimental realization of an FFC. By consecutive
experimental optimization, asymmetric FFCs which efficiently combine two wavelengths,
can be fabricated. The simulation accounts for the general qualitative behavior of the FFC
performance and allows to gain insight into their operation and the underlying coupling
mechanism.

It was shown that the fiber cores may not be simply neglected when asymmetric
FFCs are considered, since the fiber core of one fiber can be non-guiding for its original
wavelength while still showing guidance for the other wavelength. Both wavelengths
experience refractive index profiles with different guiding properties. The calculation
of the symmetric and antisymmetric SMs of the FFC reveal that the SMs of the signal
and pump light are remarkably different and directly influenced by the refractive index
profile of the FFC. Therefore, the influence of pretapering is different for both wavelengths.
The SMs of the signal light are quasi not influenced by the pump core, whereas the SMs
of the pump light are dominated by the signal core. The calculation of the n.4 and the
evolution of the SMs along the taper reveal that pretapering has an immense impact on
those. By defined selection of the pretapered fiber and the applied PL, the n¢¢ curve of
the symmetric SM and the antisymmetric SM can be approached in order to theoretically
enable coupling between both. In the presented case of a WDM application coupling
between the fundamental modes of both fibers is desired. Therefore pretapering the fiber
designed for guiding the longer wavelength is necessary in order to tune the n.¢ curve
of the symmetric SM. Pretapering the fiber guiding the shorter wavelength is potentially
interesting for SDM in order to excite HOMs. This topic is discussed in detail in the
following Chapter

An in-depth analysis of the modal composition of the light was carried out in simulations
in order to determine the excitation of the SMs. Mode conversion in asymmetric FFCs
takes place and leads to a change of the modal weight of the excited SMs. Without
any modification of the refractive index profile both SMs can be in general arbitrarily
excited along the complete taper. However, in the central part of the FFC where the mode
beating occurs an unequal modal excitation of the SMs inhibits a complete power transfer.
By pretapering mode conversion from the originally excited SM to the other SM of the
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system can be achieved. The modal composition is tuned in a way that the second SM
of the system becomes equally excited along the propagation in the FFC which enables a
complete power transfer. These findings improve the understanding of FFCs consisting of
different fibers and enable the fabrication of novel and special fused fiber components.
Therefore, it was possible to fabricate an FFC capable of multiplexing wavelengths in the
range of 795nm and 1980 nm with a transmission of 90 % for both wavelengths in the

signal fiber which was employed in a core pumped 2 pm thulium-doped fiber amplifier.






CHAPTER 5

Asymmetric Mode-Selective Fiber Couplers for Space-Division
Multiplexing

Single-mode fibers guiding only one single spatial mode are rapidly approaching their
transmission capacity limit [Ess10]. In order to delay this capacity crunch [Win14] various
approaches have been completely optimized including wavelength-division multiplexing
(WDM) and polarization-division multiplexing (PDM). Currently, the concept of space-
division multiplexing (SDM) has come into focus to increase the data-carrying capacity of
optical fibers [Ric13]. This approach uses a fiber or waveguide design capable of guiding
several higher-order spatial modes instead of using a single-mode waveguide which is
intrinsically limited to one spatial mode. The use of the spatial dimension as additional
degree of freedom can highly increase the number of data channels.

Current devices for the application of SDM cover both fiber-based and waveguide-
based approaches in order to realize spatial mode multiplexer and demultiplexer. Such
waveguide-based devices include asymmetric Y-junctions [Lov12b], tapered velocity
mode-selective couplers [Riel3] and integrated asymmetric mode-selective devices [Gro14;
Han13; Riel4]. Recently, Gross et al. [Gro14] reported 3D tapered mode-selective couplers
which were written directly in a photonic chip by using a femtosecond laser. These devices
exhibit extremely efficient one-to-one mode mapping with an ultra-high bandwidth.
In order to implement SDM in future fiber optical networks successfully fiber-based
components are predestinated in order to achieve a high degree of compatibility with
existent telecommunication systems. Despite waveguide-based approaches have strongly
advanced in recent years, fiber-based solutions have still a good potential for the future
and are currently in active development. Few-mode erbium doped fiber amplifiers [Jun11]
have been presented which currently support up to 6 spatial modes [Jun14]. Multiplexing

devices can be realized by, for example, planar lightwave circuits [Han14], acoustooptic
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devices [Son14]| or fiber devices which include photonic lanterns [Leo10; Leo05; [Leo14;
Noo(9; Vell5;|Yer14], photonic crystal fiber devices [Cail5; Lai07;|Wit08], long-period fiber
gratings [Amil1} Lil2a} Li12b; Lil3|], multicore fibers [Mat12; Zhul2|] or mode-selective
fiber couplers (MSFCs).

MSECs can be implemented with the help of FMFs guiding several spatial modes. Such
MSFCs can be realized as fused-type multi-mode couplers [Jun13;Sho99|], weakly-fused
directional couplers [Ism14], twisted fused couplers [Wit08] or fused-type fiber couplers
[Son00; Son02; Son03]. Song et al. [Son02] demonstrated a weakly-fused MSFC which
couples the LP1; mode in one fiber and the LPy; mode in the other using a special elliptical
core two-mode fiber and an SMF. A numerical analysis was carried out according to
the evanescent field coupling approach assuming independent waveguides. Also the
LPgp; mode [Son03|] and the LPy, cladding modes [Lee05] could be selectively excited
by adequate tuning of the coupler geometry in terms of reduced cladding diameter and
pretapering. However, the results presented by Song et al. [Son00; Son03] lack profound
numerical characterization and they do not present a versatile model to describe the
coupling mechanism in arbitrarily fused MSFCs. Ismaeel et al. [Ism14] discuss the
coupling mechanism in weakly-fused MSFCs based on inter-modally phase-matching the
propagation constants, but this model is not applicable to well- and strongly-fused MSFCs,
because both fibers cannot be considered as isolated.

In this chapter, fused-type MSFCs exciting the LP1; mode are investigated experimen-
tally and numerically by the use of the same techniques as in Chapter 3| and 4| First,
the fabrication of MSFCs and the pretreatment of the fibers by etching is introduced.
Afterwards, the experimental characterization of the fabricated MSFCs is presented and
the impact of tuning the coupler geometry in terms of cladding diameter reduction, pre-
tapering and fusion on the transmission and the HOM excitation are discussed. The
transmission in the experimentally analyzed MSFCs was simulated with the help of the
models presented beforehand (cf. Sec.[3.2land [3.3). Finally, the modal evolution of the
SMs in arbitrarily fused MSFCs is analyzed by calculations of the n.4 and by modal
decomposition. Parts of the presented results were published beforehand in [Pel15]].

5.1 Fabrication

The standard fused biconical taper technique [Kaw81] was used for the fabrication of
MSEFCs (cf. Sec.[.1). The pulling procedure was conducted at a wavelength of 795nm
using different standard circular-core fibers, 630-HP and 1310BHP which are the same
fibers already used in Chapter 4 for WDM applications. The specifications of the used
fibers are given in[A.1} Ata wavelength of 795nm the 630-HP guides only the fundamental
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LPy; mode and acts therefore as SMFE. At this wavelength the 1310BHP guides the LPy;
mode and several HOMs and acts therefore as FMF. Figure 5.1{(a) illustrates the function
of an MSFC, where the LPy; mode launched into the SMF selectively excites an HOM in
the FMF, i. e. the LP;; mode or the LP»; mode.

(@) (b)

> hydrofluoric acid
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LPos FMF > O K -
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Figure 5.1: (a) Mode-selective fiber coupler (MSFC) consisting of an SMF and an FMF. The
fundamental LPy; mode is launched into the SMF and can selectively excite HOMs in the FMEF,
i. e. the LP; mode or the LP»; mode. (b) Arrangement of fibers and hydrofluoric acid for the
etching process.

Etching

Prior to the MSFC fabrication both fibers were etched by 40 % hydrofluoric acid to reduce
the cladding diameter. This is required in order to split up the n.¢ curves of the HOMs
and to achieve a selective excitation of the L1 mode. The theoretical details are discussed
in-depth in Sec. Before the etching process, a section of the fibers of approx. 35 mm was
stripped, cleaned and a group of 4 fibers was arranged in parallel positions as indicated
in Fig.[5.1(b). A hydrofluoric acid drop of 1 ml was dosed by a syringe and positioned
in a way that the stripped section of the fibers was equally covered in order to achieve
homogeneous etching. The final cladding diameter is set by adjusting the etching time,
whereby the etching rate is non-linear and increases with time. In this configuration
an etching time of (45 & 2) min produces cladding diameters in the order of (60 + 5) um
and an etching time of (53 £ 2) min results in cladding diameters of (40 £ 5) pm. The
etching process was stopped by filling up to 101 of water into the reservoir to dilute the
hydrofluoric acid. After the etching process, the fibers were dried, cleaned, checked for
damages and the cladding diameter was measured with the help of an optical microscope.

Figure [5.2(a)-(b) shows SEM images of a fiber tip which was etched to a diameter
of 60.75um. The surface of the etched fibers is smooth and the etching seems to be
homogeneous as also indicated by an optical microscope image shown in Fig.[5.2(c). Rarely,
the etched fibers showed damages as indicated in Fig.[5.2(d) which can be attributed to
the etching process. It is assumed that the surface damage is due to unfavorable changes
of the environmental conditions during the etching process. Typically, etching processes

are sensitive to variations of the ambient temperature and humidity. These parameters
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could not be adjusted reliably in the laboratory so that the etching results differ in terms
of quality and cladding diameter for each etching procedure. This makes it necessary to
inspect each fiber after the etching process to ensure the use of non-damaged fibers for
the MSFC fabrication process. In conclusion, the general quality of the etched fibers was
verified to be good and only fibers without visible damage were used for the performed

experiments.

| —
[ ——

Figure 5.2: SEM images (a)-(b) of an etched fiber tip and optical microscope images of a well
etched (c) and badly etched (d) fiber section.

Pulling Procedure

The pulling procedure of the MSFCs started with the pretapering process where only
the SMF was pretapered for a specific PL. It should be mentioned that in comparison to
the FFCs for WDM applications discussed in Chapter |4] the fiber designed for guiding
the shorter wavelength (pump fiber) was pretapered instead of the fiber designed for
guiding the longer wavelength (signal fiber). Etched cladding diameter and PL were
estimated based on simulations which are discussed later on (cf. Sec.[5.3). Afterwards
both fibers were twisted, heated and pulled, while the transmission at both fiber outputs
was monitored with photodiodes. In addition, the near-field output intensity pattern at
the output of the FMF was monitored simultaneously to the transmitted power with the
aid of a focusing lens, a beam splitter and a CCD camera.

To consider the modified fiber diameter due to etching, the fuse and pulling process was
conducted completely manually, whereby the pulling speed was set to 0.02 mm/s during
the fusion process and 0.04 mm/s during the pulling process and the gas pressure was set
to 42 mbar. Furthermore, the burner height which directly determines the temperature in
the crucible has to be adapted to the reduced fiber diameter. Otherwise the temperature
would be too high for the reduced glass volume of the fibers and would destroy them.
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The optimal burner height was determined by measuring the DOF of the pulled FFC and
consecutive adaption of the burner height afterwards. A preliminary burner height was
obtained by determining the maximum burner height during the automatically conducted
pretapering process which the equipment determines by measuring the axial tension on
the fiber.

A basic proof of the fabrication of FFCs with etched fibers is given in Fig. The
pulling signature of a symmetric FFC consisting of two 780-HP fibers etched to a diameter
of 65 ym each shows that the coupling starts at an extension of (10.5 £ 0.5) mm which is
3 mm less compared to the case with non-etched 125 um fibers (cf. Fig.[3.3). It is assumed
that this is due to evanescent field coupling between both fiber cores before the core-
cladding transition. Since both fibers have a reduced cladding, the cores are closer to
each other which can enable direct coupling between them. However, evanescent field
coupling is overtaken by SM coupling, because the core-cladding transition occurs at an
extension of approx. 13.5 mm which is still before the first coupling maximum.
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Figure 5.3: Pulling signature in a symmetric FFC made from 65 pm etched 780-HP fibers at a
wavelength of 795 nm.

5.2 Experimental Characterization

In this section MSFCs are experimentally characterized by analyzing the impact of the
cladding diameter, the PL and the DOF on the transmission and the selective excitation of
HOM:s. Pulling signatures are presented for MSFCs made from unetched fibers at different
PLs and for MSFCs made from fibers etched to a diameter of (40 + 5) um at different PLs
and DOF.

5.2.1 Impact of the Cladding Diameter and the Pretaper Length

Unetched Fibers

Figure 5.4/ shows pulling signatures of MSFCs made from unetched 125 pm fibers. The
experiments were performed at a wavelength of 795nm and the outputs at the SMF (solid

lines) and the FMF (dotted lines) were measured for different PLs of 0 mm, 2 mm, 4 mm

and 6 mm, which were applied to the SMFE. The near-field output intensity pattern of the
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FMF was measured simultaneously and is depicted for the indicated extensions. The

measured DOF for all pulling signatures is 1.2.
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Figure 5.4: Experimentally measured transmission at a wavelength of 795 nm at the output of
the SMF (solid lines) and FMF (dotted lines) during the fabrication process for different PLs
of 0mm, 2mm, 4 mm and 6 mm applied to the SMF. Both fibers are non-etched and have the
standard cladding diameter of 125 um. The insets show the output intensity pattern of the
FMF at the indicated extension.

The results show that a maximal transmission of 20 % in the FMF can be achieved by
pretapering the SMF with a PL of 6 mm. At lower PLs no significant power transfer to the
FMF was observed. However, at a PL of 6 mm the transmission in the FMF is irregular
and shows a flat profile instead of regular coupling cycles with minima and maxima.
The corresponding transmission in the SMF exhibits on the other hand regular coupling
cycles. The sum of the transmission at both fiber ports is not complete and accordingly
the insertion loss is relatively high. The minimum of the SMF transmission is in the order
of 45 %, whereby the transmission in the FMF is in the order of maximal 10 % and the
losses are approx. 45%. The maximal transmission of 20 % in the FMF is achieved at
an extension of 13 mm and the corresponding output intensity pattern cannot be clearly
assigned to a typical LP fiber mode. The intensity patterns at other extensions are different,
whereby the pattern at an extension of 15.6 mm has the shape of an LP;; mode and the
pattern at an extension of 21.6 mm the shape of an LP;; mode.

Therefore, it seems that several HOMs are undefinedly excited and no selective exci-
tation of an specific HOM, as the LP;1, occurs. The excitation of higher-order cladding
modes is probably the reason for the high losses at the transmission minima of the SMF. If
higher-order cladding modes are excited in the down-taper, they are not recaptured by
the cores in the up-taper and they tend to be absorbed by the fiber coating. In order to
enable a selective excitation of HOMs, etched fibers with a reduced cladding diameter are

used and characterized.
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Etched Fibers

Theoretically, an increased selectivity is achieved by reducing the cladding diameter of the
fibers. A lower limit for the cladding diameter is given by the mechanical handling of the
fibers during the etching and pulling process. In accordance with preliminary experiments
and simulations a cladding diameter in the order of (40 & 5) um was identified as a reliable

value, whereby thinner fibers can practically not be handled.
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Figure 5.5: Experimentally measured transmission at a wavelength of 795 nm at the output of
the SMF and FMF during the fabrication process for the non-pretapered case (a) and for the
case that a PL of 3.5mm is applied to the SMF (b). The insets in (b) are showing the output
intensity pattern of the FMF at the indicated extension.

In Fig.|5.5|the experimentally recorded pulling signatures at the output of the SMF and
FME, both having a cladding diameter of (40 = 5) pm, are depicted. In the non-pretapered
case (cf. Fig. a)) no power is coupled to the FMF which is analogous to the case
with non-etched fibers. When a PL of 3.5 mm was applied to the SMF (cf. Fig.[5.5(b))
a substantial increase of the maximum coupled power from the LPy; mode guided in
the SMF to the LP;; mode in the FMF was observed. At the beginning of the pulling
process a maximum at an extension ranging from 7 mm to 12mm was detected with a
transmitted power of maximal 45 %. The intensity pattern shows a selective excitation
of the LP;; mode. At an extension of 12.7 mm the transmission in the LP;; mode was
66 %. Considering the overall losses at the beginning of the tapering process in the order
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of 30 %, this corresponds quasi to the complete remaining power. At this extension the
initially launched LPy; mode is nearly completely converted into the LPj; mode. A further
coupling cycle was detected at 13.5 mm extension showing a more annular mode rather
than a two-lobed LP;; mode. Due to the fact that a circular-core FMF was used, mode
coupling between the 90°-rotated versions of the LP1; modes can occur [Yerl4]. The
ring-shaped intensity patterns in Fig. b) indicate this coupling behavior.
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Figure 5.6: Wavelength dependence of the fabricated MSFC. The data points were normalized
to the overall transmitted power. At a wavelength of 905nm 80 % of the injected power was
transmitted in the FMFE. The output intensity pattern indicate the excitation of an LP; mode.

The pulling process was stopped at an extension of 13.55 mm for further packaging of
the MSFC. Upon completion of the pulling process the coupling ratio changed, so that 60 %
of the overall transmitted power was in the FMF and 40 % in the SMF. Therefore this MSFC
is not suitable for an efficient LP;-excitation at a wavelength of 795nm. The spectral
characteristics of this MSFC were measured with an optical fiber analysis system (Photon
Kinetics 2500) and the results are shown in Fig. The transmission is maximal in the
FMF at wavelengths of 832 nm and 905 nm. The selective LP-excitation was verified at a
wavelength of 905 nm (cf. intensity pattern in Fig. and it was measured that 80 % of
the injected power was transmitted in the FMFE.

In conclusion, the reduction of the cladding diameter and the application of an adequate
pretaper substantially increase the power transfer and enables the selective excitation
of, for example, the LP;; mode. The impact of pretapering is analogous to the impact
discussed in Chapter and it enables the power transfer between both fibers. However,
the choice of the fiber to pretaper defines which mode is excited. By pretapering the FMF
or signal fiber the fundamental LPy; mode is excited (cf. Chapter ) and by pretapering
the SMF or pump fiber the LP1; mode is excited in the FMF (cf. Chapter[5). Only by
pretapering it is not possible to achieve a complete power transfer and a defined HOM
excitation. Reducing the cladding diameter of the fibers to (40 &= 5) pm further increases
the power transfer and allows for a selective excitation of the LP1; mode.
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5.2.2 Discussion of the Loss Mechanisms

The pulling signatures in Fig.[5.5{show in both cases, non-pretapered and pretapered, that
at the beginning of the tapering process a part of the launched power is irrecoverably
lost. It was measured that the power transmitted in the SMF decreases during the pulling
process to less than 75 %, although no power is coupled to the FMF. This loss during
the pulling process was observed in several of the performed experiments with etched
fibers, but not in the experiments with unetched fibers. Therefore, it is assumed that the
loss might be attributed to fiber damage during the etching process [Zho13], microbends
[Mar84], core dopant diffusion [McL88] or a combination of these loss mechanisms.

The general quality of the etched fibers was verified with SEM images to be good
and only fibers without visible damage were used for the performed experiments (cf.
Fig. a)—(c)). Nevertheless, it cannot be excluded that fiber damage introduced by the
etching process leads to losses during the fabrication. In addition, microscopic bends
[Mar84] of the fibers can occur during the fusion process leading to bending losses. These
microbending losses get pronounced in etched fibers, because they are very thin and more
susceptible to deformations.

Another source of losses can be the diffusion of core dopants due to the application of
a high temperature and axial tension which reduces the core-cladding index difference
and increases the core diameter [McL88};Sho99]]. Pickett et al. [Pic88] identified this effect
as loss mechanism which occurs in the fabrication of tapered fibers due to nonadiabatic
transitions of the core-guided mode at the input and output sections of the fiber taper.
The transition must be adiabatic in order to prevent uncontrollable mode coupling to
higher-order cladding modes and to be low loss. It was tried to minimize the influence of
this effect by running the tapering process at the lowest possible temperature. However,
temperature change also affects the resulting DOF which is why the reduction of the
temperature is limited. In addition the DOF directly influences the coupling behavior as

discussed in the following.

5.2.3 Impact of the Degree of Fusion

The non-pretapered MSFC realized for Fig.[5.5(a) was pulled up to an extension of 13.7 mm,
cleaved at the taper waist and examined under an optical microscope, measuring a DOF
of 1.75. For the pulling signature in Fig. [5.5(b) no information about the DOF is available,
since the coupler was housed for further characterization. Based on experiments with the
same parameters the DOF was estimated to be in the order of (1.70 £ 0.05) and therefore
well-fused.

In order to evaluate the influence of the DOF on the coupling behavior, the pulling
signature of a weakly-fused MSFC with a DOF of 1.98 was recorded and is depicted in
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Figure 5.7: Experimentally measured transmission at a wavelength of 795 nm at the output of
the SMF and FMF during the fabrication process for a PL of 3 mm with a DOF of 1.98 (a) and
for a PL of 3.5mm and a DOF of 1.5 (b). The insets show a photograph of the cleaved taper
waist. The insets in (b) show the intensity pattern at the FMF end at the indicated extension.

Fig.[5.7(a). No coupling was detected in the weakly-fused case in comparison to the
MSEFC with a DOF of (1.70 £ 0.05) and nearly the same PL (cf. Fig.[5.5(b)). The applied
PL on the SMF was 3 mm for the MSFC shown in Fig.[5.7(a) and 3.5 mm for the MSFC
shown in Fig.[5.5(b). Therefore the applied PL is not exactly equal, but this difference in
terms of the PL should have only a minor influence on the coupling behavior. In addition,
a strongly-fused MSFC applying a PL of 3.5 mm was pulled with a DOF of 1.5 whose
pulling signature is depicted in Fig.[5.7(b). In this case the LP;; mode could be selectively
excited at extensions of 6 mm and 8.5 mm with more than 40 % transmission. Compared
to the pulling signature for the case with a DOF of (1.70 & 0.05) (cf. Fig.[5.5(b)) this one is
different in terms of transmission and extension of each coupling maximum. Although,
for the fabrication of all MSFCs a quasi identical PL of 3.5 mm was applied to the SMF, the
pulling signatures are remarkably different due to the varying DOF in the range between
1.98 and 1.5.

These results point out how sensitive the fabrication of MSFCs is to variations of the
coupler geometry. Besides a cladding diameter reduction and an appropriate PL, also the
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right choice of the DOF is crucial for an efficient excitation of HOMs. Ismaeel et al. [Ism14]
discussed weakly-fused couplers based on inter-modally phase-matching the propagation
constants in each arm of the asymmetric fused coupler. In the weakly-fused case both
arms can be considered isolated and due to the small fused region the fields in both arms
can overlap. As stated in [Ism14] a stronger fusion makes it more difficult to find the
right phase matching condition in terms of the evanescent field coupling approach since
both fibers become a combined structure and cannot be considered isolated. The pulling
signature shown in Fig. b) demonstrates that it is also possible to achieve the right
conditions to selectively excite HOMs in strongly-fused MSFCs.

A modal analysis in terms of the SM coupling approach, as performed in Chapter 3jand
is used in the following to analyze the impact of the DOF on the coupling behavior in
MSECs. So far in literature this has only been analyzed by the evanescent field coupling
approach which is restricted to the assumption of independent waveguides [Ism14; |Lee05;
Son02; |Son03]].

5.3 Numerical Characterization

In the previous Sec.[5.2] MSFCs were experimentally analyzed and the impact of cladding
diameter reduction, pretapering and fusion was discussed. In order to execute the pre-
sented experiments, numerical studies were performed beforehand to obtain detailed

information about the fabrication parameters.

Unetched Fibers

Therefore, the transmission in the FMF, when light was launched into the SMF, was
calculated depending on the PL of the SMF and the extension. First, standard cladding
diameters of 125 pm for both fibers were assumed and the well-fused case with a DOF of
1.7 (cf. Fig. a)) was considered.

In the non-pretapered case no power is coupled to the FMEF, but at a PL of 6 mm the
maximal transmission is in the order of 40 % in the FMF (cf. Fig. b)). However, the
respective output beam profile at an extension of 11 mm seems to be a superposition of
different LP modes. In addition, the sum of the transmission in the SMF and FMF is
not complete for the pulling process and therefore the insertion loss is quite high which
could be attributed to the excitation of lossy higher-order cladding modes. These features

correspond qualitatively to those observed in the experiments shown in Fig.

Impact of the Degree of Fusion

In order to analyze the impact of the cladding diameter reduction, diameters of 45 pum for
both fibers were assumed and the well-fused case with a DOF of 1.7 (cf. Fig.[5.9(a)-(b))



82 5 Asymmetric Mode-Selective Fiber Couplers for Space-Division Multiplexing

—
Q
~
—
O
~
—_

8 1
E 7 — SMF
c 6 0.8 S 5 0.75
e Ty (2]
S 9 06 & 2@
o . —
5 4 = £ 05
% 2 02 (= 0.25
21
o
0 0 0
6 9 12 15 18 21 4 6 8 10 12 14 16 18 20 22
Extension in mm Extension in mm

Figure 5.8: Simulated transmission in the FMF, when light was launched into the SMF, for
cladding diameters of 125um for both fibers. The well-fused case with a DOF of 1.7 is
considered for varying PL (a) and the pulling signature at a PL of 6 mm with the output beam
profile at an extension of 11 mm is depicted.

and the weakly-fused case with a DOF of 1.95 (cf. Fig.[5.9(c)-(d)) were chosen. In the
non-pretapered case no power is coupled to the FMF no matter if the MSFC was well-fused
or weakly-fused. By increasing the PL to values between 2 mm and 5 mm the maximum
coupled power from the SMF to the FMF was substantially increased in the well-fused
case. In Fig.[5.9(b) the pulling signature at a PL of 3.5 mm is depicted, demonstrating a
complete power transfer and excitation of the LP1; mode at an extension of 10.6 mm. In
the weakly-fused case the PL must be further increased to values between 4.5 mm and
5.5 mm in order to achieve a significant power transfer. The respective pulling signature
at a PL of 5.37 mm is depicted in Fig.[5.9(d) and shows a transmission of 80 % in the FMF
at an extension of 11.6 mm exciting the LP1; mode. In comparison to the well-fused case
the coupling behavior is different with respect to the number and the position of the
coupling cycles. Therefore, the optimal PL for achieving a complete power transfer and
an LPj;-excitation depends sensitively on the DOF.

In conclusion, the simulations confirm qualitatively the experimentally observed impact
of reduced cladding diameter, pretapering and the DOF on the transmission and the
selective excitation of the LP1; mode. A comparison of the experimental (cf. Fig.5.5/and
and simulation (cf. Fig. results shows a qualitative agreement between both, since
the essential features, as LPj-excitation and maximum coupled power, are explained
by the simulation. Although, the simulation does not account for the exact position,
in terms of transmitted power and extension, of each coupling maximum. This is due
to the simplified refractive index profile model for the simulation, which neglects the

material conservation, and the fact that it is difficult to take all experimental parameters
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Figure 5.9: Simulated transmission in the FMF, when light was launched into the SMF, for
cladding diameters of 45 um for both fibers. Well-fused case with a DOF of 1.7 (a) and weakly-
fused case with a DOF of 1.95 (c). Pulling signatures at a PL of 3.5 mm in the well-fused case
(b) and at a PL of 5.37 mm in the weakly-fused case (d) are depicted.

into account. The agreement is comparable to the agreement shown in Chapter [3|and [ for

symmetric and asymmetric FFCs.

5.4 Modal Analysis
In weakly-fused MSFCs both fibers can be considered isolated and due to the small

fused region coupling between the fields in both fibers can occur. Ismaeel et al. [Ism14]
discussed these types of MSFCs based on inter-modally phase-matching the propagation
constants, but at the same time emphasizing the difficulty to find the right conditions in
strongly-fused MSFCs in which both fibers cannot be considered as isolated. In order to
understand the coupling behavior in well and strongly-fused MSFCs a modal analysis is
performed in terms of the SM coupling approach.

First, the SMs of an MSFC at the beginning of the taper and the taper waist are calculated.
Afterwards, it is investigated how the SMs evolve along the propagation in the taper in
terms of their shape and 7. for a well- and weakly-fused MSFC. On this basis, the modal
composition in dependence of the cladding diameter and the DOF is analyzed.
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5.4.1 Calculation of Super-Modes

Figure shows the six lowest-order SMs at the beginning of the taper and the taper
waist, defined by the respective propagation constant in descending order. The eigen-
modes were calculated for an MSFC with the same parameters as used for Fig.[5.9(b) (PL
of 3.5 mm and DOF of 1.7) and at an extension of 10.6 mm.

FMF core
Cladding

Beginning

Figure 5.10: Intensity profiles of the six lowest-order SMs of the cross section at the beginning
of the taper and the taper waist, defined by the respective propagation constant in descending
order. The eigenmodes were calculated for an MSFC with the same parameters used in
Fig. b) (PL of 3.5 mm and DOF of 1.7) and at an extension of 10.6 mm.

At the beginning of the taper the first SM corresponds to the LPy; mode of the FMF and
the second and third SMs are the two 90°-rotated versions of the LP1; mode. The fourth
SM corresponds to the LPy; mode of the SME. The fifth and sixth SMs correspond to the
two 45°-rotated! versions of the LP,; mode of the FMF. The seventh SM (not shown here)
corresponds to the LPyp; mode guided in the FMF core and all further eigenmodes are
cladding modes.

In symmetric fiber devices, as FFCs and photonic lanterns, light launched into one
tiber core excites all SMs or in other words the guided core mode is a superposition of
all SMs. The number of the excited SMs equals the number of the fiber cores [Leo10]. In
the asymmetric case, where the cores have different radii and numerical apertures, the
SMs at the beginning of the taper correspond to the respective core modes of the fibers.
The number of the overall core guided modes depends on the V parameter of both cores.
In this case the FMF core guides up to 6 different modes, whereby the LPy; and LP»; are
represented by two different orientations. The SMF core guides only one mode, so that in
total 7 SMs exist in this configuration. Light launched into the SMF only excites SMs with

1 The orthogonal orientation state of an LPy,, mode is obtained by rotation of % [Lov12al].
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non-zero intensity in the SMF core which is here only fulfilled by the fourth SM. Since for
an MSEC the idea is to achieve mode coupling, for example to the LP;; mode (respectively
to the second SM), this mode has to be excited along the propagation in the MSEC.

As long as the SMs are core guided each of them can be easily assigned to an LP mode.
Along the propagation to the taper waist the SMs consecutively evolve into cladding
modes (except for the first SM in this case) which are remarkably different from the SMs at
the beginning of the taper so that the corresponding LP;,, mode cannot be simply assigned
(cf. Fig. . Therefore, the further discussion is based on the numeration, i. e. the fourth
mode instead of LPy; mode in the SME, as clarified in Fig.

5.4.2 Evolution of the Super-Modes and their Effective Refractive Index
Well-Fused MSFCs
In the following the n¢ of the six lowest-order SMs along the propagation in the taper of

a well-fused MSFC with a DOF of 1.7 are calculated (cf. Fig.[5.11(a)). The parameters of
the MSFC are the same used for the calculation of the SMs in the previous Sec.
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Figure 5.11: (a) Evolution of the n.¢ and the intensity profiles of the n-th SM along the taper
position for an MSFC with the same parameters used in Fig.[5.10]and (c) with a cladding
diameter of 125um. (b) Intensity profiles of the second and fourth SM at a taper position
between 2.8 mm and 7 mm are depicted. The simulation cross section (in x and y dimension)
for the eigenmode calculation (b) is consecutively rescaled for higher taper positions.

Since light is launched into the SME, the fourth SM is excited at the beginning of the
taper. At a taper position of 3.8 mm the . of the fourth SM equals the cladding refractive
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index which means that the SM is not guided anymore in the core and becomes a cladding
mode. With further progression the n.¢ approaches the neg curves of the 90°-rotated
versions of the LP1; mode (2. and 3. SM) at a taper position of 4.5 mm. If the #¢ of the
SM cross or interact with each other during the taper transition, mode coupling between
the respective SMs can occur [Leol4]. Or in other words, coupling is more likely between
modes that are close in nqg [Birl5; Lov9l].

Therefore, in the pretapered-case mode coupling between the fourth SM and the LPy;
mode set, which correspond to the second and third SM, can occur if both SMs spatially
overlap to a high degree. At this position the LP1; mode set becomes non-degenerated,
because both SMs evolve into cladding modes of a non-circular refractive index profile.
Figure[5.11|(b) shows the evolution of the second and fourth SM at a taper position between
2.8 mm and 7 mm. At the taper position of 4.5 mm where the n.¢ curves are closest to each
other, both SMs expand into the whole cladding. The second and fourth SM show visually
a high degree of mode overlap. Both SMs seem to be a combination of the LP;; mode
located at the FMF and the LPy; mode located at the SMF.

In Fig. a) the ¢ curve of the fourth SM in the non-pretapered case is also depicted!.
In this case the fourth SM breaks out of the core at a higher value of the taper position of
6.1 mm and the n.¢ curve does not approach any other n.¢ curve of a higher-order SM
after the core-cladding transition. At a taper position of 3.7 mm the n.¢ curve crosses the
e curves of the LP1; mode set and becomes the second SM. Note, that at this intersection
the LPy; mode in the SMF is core guided and that a power transfer to the FMF can take
place only due to evanescent field coupling. For this, the cores have to be in near proximity
which is apparently not the case, since no coupling occurs (cf. Fig.[5.5(a)).

The fact that the fourth SM becomes the second SM seems to be contradictory, since it
is well known from the field of photonic lanterns (cf. Sec. (and in the down-taper
part an FFC is effectively a two-fiber photonic lantern), that the n-th SM evolves into
the n-th SM in the taper waist as long as the transition is adiabatic [Leol4]. However
in this case, the involved SMF (V parameter = 1.80) and FMF (V parameter = 4.37) are
more different in terms of V parameter than typically mode-selective photonic lanterns
are, as e. g. investigated by Leon-Saval et al. [Leo14]]. Due to the large difference of the V
parameter the propagation constants of the SMs cross or interact with each other during

the transition so that mode coupling could theoretically occur.

1 The impact of pretapering the SMF on the SMs guided by the FMF is negligible compared to the impact
on the fourth SM. This is because pretapering the SMF affects mainly the SMs guided in the SMF core.
Vice versa, pretapering the FMF would affect mainly the SMs guided in the FMF core. Therefore, it is
reasonable to depict the ne¢ curve of the fourth SM for the pretapered and non-pretapered case together
with the ¢ curves of the remaining SMs of the pretapered case.
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As a reminder, in Chapter [ the fiber designed for guiding the longer wavelength was
pretapered in order to couple the LPy; modes in both fibers. Figure[5.11{a) also illustrates
qualitatively why in this case it is necessary to pretaper the SMF or the fiber designed for
guiding the shorter wavelength. Due to pretapering it can be achieved that the initially
excited SM breaks out of the core earlier and subsequently approaches the n¢ curves
of the targeted SM; in this case the LP;; mode which corresponds to the second SM. In
general, by pretapering the SMF the n.¢ curves of the SMs guided in the SMF are shifted
to lower taper positions, whereby the curves of the SMs guided in the FMF are fixed. Vice
versa, by pretapering the FMF the n.¢ curves of the SMs guided in the FMF are shifted to
lower taper positions, whereby the curves of the SMs guided in the SMF are fixed. Further
pretapering of the SMF could therefore result in the excitation of SMs having a higher
order, but is practically limited by the mechanical handling of a strongly pretapered fiber.
Alternatively, an FMF with a higher V parameter could be used which would shift the 7.
curves of the HOMs to higher values of the taper position while the n.¢ curves of the SMs
guided in the SMF remain at their position. By this, the practically inconvenient strong
pretapering of the SMF could be avoided.

These findings are valid for arbitrary wavelengths and can be easily transferred to
telecommunication wavelengths. However, the progression of the n.¢ curves changes
according to the considered wavelength. For higher wavelengths the n¢¢ curves shift to
lower taper positions because the SMs break out of the core at lower taper positions and
also the progression itself changes due to the modified cladding diameter in the cladding
guided region. The limit for increasing the wavelength is given by the guidance of the
fundamental mode in the SMF and the LP;; mode in the FMF. The behavior for shorter
wavelengths is considered, respectively.

In addition to an adequate choice of the PL, it is necessary for the fabrication of MSFCs to
reduce the cladding diameter of typical fibers with 125 pm cladding diameter for example
by etching which was experimentally shown in Sec. The evolution of the 1 along
the taper position for fibers with a 125 pm cladding diameter is depicted in Fig. [5.11fc).
In comparison to the case with 45 um cladding diameter all n.¢ curves overlap after the
core-cladding transition which results in strong coupling between all these SMs making
it impossible to selectively excite one of them. A reduction of the cladding diameter
enhances the impact of the refractive index of the surrounding material (in this case air)

and therefore the n¢5 curves split up allowing a selective excitation of the desired SM.
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Weakly-Fused MSFCs

Besides the cladding diameter reduction and the applied PL the DOF has an immense
impact on the characteristics of MSFCs. Therefore, fusion and pretaper must be well-
matched in order to achieve an HOM excitation. In the following the modal evolution in a
weakly-fused MSFC with a DOF of 1.95 is analyzed. In Fig. the evolution of the . is
depicted with the same PL as in the well-fused case (cf. Fig.[5.11) and at a modified PL of
5.37 mm as obtained from the simulations shown in Fig. c)-(d).
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Figure 5.12: Evolution of the n.¢ and the intensity profiles of the n-th SM along the taper
position for an MSFC with a DOF of 1.95 and a PL of (a) 3.5 mm and (b) 5.37 mm and otherwise
with the same parameters used in Fig. Intensity profiles of the second and fourth SM
along the propagation in the MSFC for a PL of 3.5mm (c) and 5.37 mm (d) are depicted.
The simulation cross section (in x and y dimension) for the eigenmode calculation (c)-(d) is
consecutively rescaled for higher taper positions.

The trend of the ¢ curves in Fig.[5.12{(a) is similar to the well-fused case, although
the fourth SM shows the same behavior as the . curve of the non-pretapered case in
Fig.[5.11{a). The ¢ curve of the initially fourth SM becomes the second SM and intersects
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the nq curves of the LP1; mode set at a position of 4.5 mm, but no coupling occurs at this
taper position, as can be seen from low transmission values in Fig.[5.9(c). The evolution of
the second and fourth SM is depicted in Fig.[5.12(c) and reveals that along the taper the
respective SMs remain localized in the fiber where they were initially excited. Therefore,
the chosen PL of 3.5 mm seems to be inappropriate for this DOF, although the . curves
of the fourth and second SM intersect with each other.

A change of the PL to 5.37 mm leads to the fact that the fourth SM breaks out of the
core at a lower taper position of 2.8 mm (cf. Fig. b)). The fourth SM and the LPy4-
corresponding mode set approach each other at a taper position of 5.6 mm. In contrast
to the case with a PL of 3.5mm the LP;; mode set becomes non-degenerated at this
position. The evolution of the second and fourth SM, shown in Fig. d), demonstrates
that at this position both SMs expand into the whole cladding and show visually a high
degree of mode overlap. Therefore, light launched into the SMF should excite both SMs
at this position. This is further investigated quantitatively in the following by modal
decomposition.

5.4.3 Modal Decomposition

The considerations concerning the n.¢ curves of MSFCs are valuable to qualitatively
discuss the excitation of the SMs and the coupling between them. Although, they cannot
definitely reveal if a SM is excited or not, e.g. at the taper positions where the 7
curves of the SMs approach. Therefore, a modal decomposition of the simulated light
field in different MSFCs is performed. MSFCs with standard 125 pm diameter fibers are
considered and compared to the case with reduced cladding diameter.

Well-fused MSFCs with 125 um Diameter Fibers
As discussed in Sec. and [5.3] MSFCs made from standard 125um diameter fibers

suffer from low transmission in the FMF and no selective HOM excitation. A modal
decomposition was performed for a well-fused MSFC with the same parameters used
in Fig. 5.8/ (DOF=1.7, extension=11 mm, PL=6 mm) and the results are shown in Fig.
The modal weights of 10 calculated SMs are depicted, whereby the order of the SMs is
not allocated due to the fact that the order changes multiple times along the propagation®.
This circumstance is pronounced in the case of standard 125 pm fibers since the n.¢ values
of the SMs are close to each other. Nevertheless, it becomes clear from Fig. a) that

1 Inaddition to the fact that the order of the SMs changes multiple times along the propagation in the MSFC,
BeamPROP does not calculate the eigenmodes according to their order. This complicates the calculation of
the modal excitation.
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multiple SMs become excited along the propagation. At the beginning of the taper only
the fundamental mode of the SMF is excited. After that in the down-taper mainly three
SMs are excited in the central part of the MSFC and in the up-taper part even more SMs
are excited. The excitation of several SMs is also illustrated in Fig. [5.13(b) where the
light propagation is depicted. Especially in the up-taper part of the MSFC an interference
pattern in the FMF core demonstrates the beating of several SMs. Therefore, in MSFC with
125 pm diameter fibers no selective HOM excitation occurs since several SMs are excited

along the propagation.
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Figure 5.13: Modal excitation (a) and light propagation (b) along a well-fused (DOF=1.7)
MSEFC with an extension of 11 mm, a PL of 6 mm and cladding diameter of 125 um. The light
was launched into the SMF (bottom).

Well-Fused MSFCs with 45 um Diameter Fibers

The selective HOM excitation is achieved by reducing the fiber cladding to diameters in
the order of 45 pm. In Fig.[5.14(a) the modal excitation along the well-fused MSFC with
the same parameters (PL=3.5mm, DOF=1.7) used in Fig. and is depicted. At
the beginning of the taper up to a taper position of 4 mm only the fourth SM is excited,
since the light was launched into the SMF exciting the LPy; mode in the SMEFE. At a taper
position of 4 mm the modal weight changes up to the point at 4.6 mm where the second
and fourth SM are equally excited. This zone corresponds to the part in Fig.[5.11[a) where
the fourth SM breaks out of the core and the n¢s curves approach each other. On the
up-taper part at a taper position of 13.6 mm the light is recaptured by the cores and mainly
the LP1;-corresponding second SM persists excited. The corresponding light propagation
is shown in Fig.[5.14(b) demonstrating the mode conversion from the LPy; mode to the
LP;; mode and the beating between both SMs in the taper waist. At the cladding-core
transition around a taper position of 13 mm the residual mode content has a maximum
of approx. 25 %. This was also observed at the modal decomposition of symmetric FFCs
shown in Fig.[3.18| which was mainly attributed to numerical inaccuracies.
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Figure 5.14: Modal excitation (a) and light propagation (b) along a well-fused (DOF=1.7)
MSFC with an extension of 10.6 mm, a PL of 3.5 mm and cladding diameter of 45um. The
light was launched into the SMF (bottom).

The modal weighting of the involved SMs in the central part of the coupler between
4.6 mm and 12.8 mm changes along the taper position. This is different to the behavior
observed in asymmetric FFCs shown in Fig. and [4.14| where the modal weights remain
constant in the central part. The changing modal weights are due to the fact that the
refractive index profile of an MSFC with a low coupling cycle number at short extensions
is considered (cf. Fig.[5.9). Therefore, a modal decomposition in an MSFC at a higher
extension at the fifth coupling cycle (PL=4.5 mm, extension=13.3 mm) was performed (cf.
Fig. which demonstrates that the modal weights remain constant in the central part
of the MSFC. At the core-cladding and cladding-core transition of the SMs the modal
weights change on a millimeter scale and between these points the modal weights remain
constant. This constant section is only visible if refractive index profiles with several
coupling cycles are considered.

The presented results show that due to adequate pretapering and fusion mode con-
version from the LPy; mode to the LP;; mode is achieved. Theoretically, it is possible
to operate the MSFC the other way around to converted an HOM into the fundamental
LPyp; mode. When the LP;; mode is launched into the FMF mode conversion to the LPy;
mode also occurs for the presented configuration. This was verified by simulations and
corresponds to the light propagation shown in Fig. b) when light is launched into
the FMF (top fiber, launched on the right). In order to experimentally verify the mode
conversion from the LPq; mode to the LPy; mode it is necessary to reliably excite only the
LPy; mode which is not easy feasible. It was tried to excite HOMs by butt-coupling an
SMF and an FMF with slightly offset center positions. However, by this method it was not
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Figure 5.15: Modal excitation (a) and light propagation (b) along a well-fused (DOF=1.7)
MSFC with an extension of 13.3mm, a PL of 4.5mm and cladding diameter of 45 um. The
light was launched into the SMF (bottom).

possible to generate solely the LPq;. The employment of a spatial light modulator which
was not accessible could enable the LP; mode excitation.

Weakly-Fused MSFCs with 45 um Diameter Fibers

According to the previously discussed results DOF and PL must be well-matched in
order to achieve a low-loss HOM-excitation. In Fig.[5.16[a) the modal excitation along the
weakly-fused (DOF=1.95) MSFC with the same parameters used in Fig.[5.12(b) is depicted.
Due to the application of a PL of 5.37 mm on the SMF an excitation of the LP;; mode can
be achieved.
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Figure 5.16: Modal excitation (a) and light propagation (b) along a weakly-fused (DOF=1.95)
MSFC with an extension of 10.6 mm and a PL of 5.37 mm. The light was launched into the
SMF (bottom).

From the beginning of the taper up to a taper position of 5mm only the fourth SM is
excited, since the light was launched into the SMF exciting the LPy; mode. According
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to Fig.[5.12(b) the fourth SM breaks out of the core at a taper position of 2.8 mm, so that
the fourth SM persists excited after the core-cladding transition. The modal weight does
not change until the n.¢ curves approach at a taper position of 5mm. At this position
the modal weight of both SMs is first equal and then oscillates up to a taper position
of 12.6 mm where the modal weight remains constant. The LP;; mode in the FMF is
recaptured by the core at a taper position of 13 mm and the LPy; mode in the SMF at a
taper position of 14.8 mm. At the end of the taper the LP1; mode is excited with a ratio of
30 % which is also visible in the respective light propagation (cf. Fig. b)). In this case

no mode beating occurs, since it is the beginning of the first coupling cycle.

In conclusion, the performed modal decomposition reveals that the LP;;-corresponding
SM is excited in the presented well-fused and weakly-fused MSFCs. At the taper position
where the n. curves approach the modal weights of the corresponding SMs change
dramatically and coupling between them occurs. At this position the involved SMs
expand into the whole cladding showing mode overlap to a high degree. This is a direct
result of the application of the correct amount of pretaper and fusion. Due to the cladding
diameter reduction the amount of excited SMs is decreased enabling a selective excitation
of the LP1; mode. Therefore, the simulation results confirm the experimental observation
that the coupling behavior is very sensitive to variations of the refractive index profile,
whereby all three parameters must be chosen adequately for the fabrication. The cladding
diameter of the fibers can be measured exactly prior to the fabrication process and also the
PL can be applied reliably. However, the DOF is difficult to control during the fabrication
and cannot be simply adjusted, since it depends on the heat distribution in the crucible
during the fusion process. Therefore, it is challenging to find the correct parameter set
and to successfully apply it.

5.5 Conclusion

In this chapter fused-type MSFCs which selectively excite HOMs were experimentally
and numerically analyzed. The fundamental coupling mechanisms were studied and a
versatile model is presented to describe arbitrarily fused MSFCs. A concrete application
for SDM was demonstrated by exciting the LP1; mode at wavelengths of 795nm and
905 nm.

Experimental pulling signatures of different MSFCs were recorded to analyze the impact
of the cladding diameter, the PL and the DOF on the transmission and the excitation of
HOMs. MSFCs with standard cladding diameter of 125 um were pulled which showed
low transmission in the FMF and an undefined excitation of HOMs. Therefore, both
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fibers were etched to a cladding diameter of 45 pm, in order separate the 7.5 of the SMs
in the coupling region. An MSFC was successfully realized which showed a selective
LPq;-excitation and a transmission of 80 % in the FMF at a wavelength of 905 nm. This
was achieved by defined tuning of the coupler geometry in terms of cladding diameter
reduction, adequate pretapering and fusion. It was shown that the DOF has a major
impact on the coupling behavior and as a consequence the applied PL on the SMF has to
be adapted. The recorded pulling signatures reveal that it is possible to achieve the right
conditions to selectively excite HOMs even in strongly-fused MSFCs.

Numerical simulations were performed to estimate fabrication parameters and to dis-
cuss the impact of variations in the coupler geometry. Simulations of MSFCs with stan-
dard fibers of 125 um diameter reveal that the transmission in the FMF is low and the
corresponding output beam profile does not correspond to an LP;; mode. Therefore,
simulations were performed with reduced fiber diameters of 45 um. For specific values
of the PL and the DOF the simulations demonstrate that a high transmission in the FMF
with simultaneous LPy;-excitation can be achieved. The simulations confirm qualitatively
the experimentally observed impact of reduced cladding diameter, pretapering and the
DOF on the transmission and the selective excitation of the LP1; mode.

In order to understand the coupling mechanisms in MSFCs a modal analysis is per-
formed by analyzing the n.¢ and the SMs of the whole cladding structure. The evolution
of the SMs along the propagation in the taper showed that it can be achieved by adequate
pretapering and appropriate fusion that the n.¢ curves of the initially excited SM and
the targeted SM approach once the SMs become cladding modes of the tapered struc-
ture enabling coupling between them. In the presented case of an SDM application the
fundamental mode in the SMF and the LP;;-corresponding SM in the FMF expand into
the whole cross section showing mode overlap to a high degree which is achieved by
pretapering the fiber with the lower V parameter. The properties of the SMs in terms of
negf and shape are determined by the refractive index profile which in turn is defined by
the cladding diameter, the PL and the DOF.

An in-depth analysis of the modal composition of the simulated light was carried out in
order to reveal if a specific SM is excited or not at the taper position where the 1.4 curves
approach. It is shown that in MSFCs made from standard fibers with 125 um cladding
diameter several SMs are excited along the propagation inhibiting the selective excitation
of the LP1; mode. By reducing the cladding to diameters in the order of 45 um selective
mode conversion from the LPy; mode to the LP1; mode is achieved. The mode conversion
is initiated at the taper position where the 7.4 curves approach and the shape of the SMs
overlap. The performed modal decomposition reveals that the LP;;-corresponding SM is
excited along the propagation in the presented MSFCs.



CHAPTER O

Summary and Outlook

Fiber-based multiplexing devices consisting of different types of fibers are widely used
in the field of fiber optics to exploit new functionalities. This includes, among others,
devices consisting of N fibers which are fused together and pulled in order to enable
coupling of light from one or several input fibers to one or several output fibers. These
asymmetric fused fiber couplers (FFCs) are commonly described in terms of the coupled
mode theory or in terms of eigenmodes (also called super-modes (SMs)). However, the
description based on the coupled mode theory is limited to the assumption of independent
waveguides whereas the description based on SMs allows for the modeling of FFCs in
general. The aim of this work was to analyze arbitrarily fused asymmetric 2x2 FFCs
including the experimental tuning of the coupler characteristics by changing the degree of
dissimilarity between the fibers and the numerical modeling of the coupling mechanisms
in terms of SMs.

To get a general idea of the coupling mechanisms in FFCs, symmetric devices were
discussed both experimentally and numerically first. Therefore, a numerical model capable
to describe the refractive index profile of such tapered fibers was elaborated in order to
calculate the light propagation and the properties of the SMs. The essential features of the
experimental characteristics are in agreement with the simulation, so that the modeling
can be reliably employed to estimate process parameters and can be used to perform a
complete analysis in terms of SMs. The evaluation of the coupling in symmetric FFCs
reveals both the fact that in symmetric FFCs the number of excited SMs corresponds to the
number of fiber cores and the fact that the symmetric and antisymmetric SM are equally
excited along the whole longitudinal taper. Both findings are in agreement with the theory
in literature which means that the established numerical analysis routines are suitable for
discussing the coupling in FFCs in general. In the next step the analysis was extended
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to asymmetric FFCs for wavelength-division multiplexing (WDM) and space-division
multiplexing (SDM).

Asymmetric FFCs for increasing the range of combinable wavelengths in WDM applica-
tions were realized and discussed based on experiments and simulations at wavelengths
of 633nm and 1556 nm. Both wavelengths could be combined experimentally with an
efficiency of 84 % for the signal light and 94 % for the pump light. This was achieved
by systematically pretapering the fiber intended for guiding the signal light to a specific
value. Therefore, it is shown that pretapering one fiber can be used to efficiently increase
the maximum coupled power up to a complete power transfer from the original fiber
to the target fiber. A concrete application of an FFC capable of combining two widely
separated wavelengths in the range of 795nm and 1980 nm was demonstrated which
exhibits a transmission of 90 % for both wavelengths in the signal fiber. It was used in a
core pumped thulium-doped fiber amplifier emitting at a wavelength of 2 um [Pel12].

The simulation accounts for the general qualitative behavior of the FFC performance and
it can give an estimation of the PL for further experimental optimization. The calculation
of the SMs and their n. along the taper reveal that pretapering has a significant impact on
the SMs of both wavelengths. By defined selection of the pretapered fiber and the applied
PL, the neg curve of the symmetric SM and the antisymmetric SM can be approached
in order to theoretically enable coupling between both. Therefore, pretapering the fiber
designed for guiding the longer (signal) wavelength is necessary in order to tune the 7.
curve of the symmetric SM and to achieve coupling between the fundamental mode in
the original fiber and the fundamental mode in the target fiber. However, the choice of
the fiber to pretaper defines which SMs are excited, so that pretapering the fiber guiding
the shorter (pump) wavelength is potentially interesting for exciting HOMs. An in-depth
analysis of the modal composition of the simulated light field was carried out in order to
determine the excitation of the SMs. It was shown that mode conversion in asymmetric
FFCs takes place and that by pretapering the modal composition can be tuned in a way
that the symmetric and antisymmetric SM are equally excited in the central part of the
FFC enabling a complete power transfer [Pel14].

The capabilities of asymmetric FFCs were consecutively exploited for selectively cou-
pling from the fundamental mode in an SMF to an HOM in an FME. A fused-type MSFC
was successfully realized which showed a selective excitation of the LP;; mode and a
transmission of 80 % in the FMF at a wavelength of 905 nm. This was achieved by defined
tuning of the coupler geometry in terms of cladding diameter reduction, adequate preta-

pering and fusion. Therefore, both fibers were etched to a cladding diameter of 45 ym, in
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order separate the 74 of the SMs in the coupling region. It was shown that the DOF has a
major impact on the coupling behavior and as a consequence the applied PL on the SMF
has to be adapted. The recorded pulling signatures reveal that it is possible to achieve the
right conditions to selectively excite HOMs even in strongly-fused MSFCs which has not
been reported so far [Ism14].

The process parameters were estimated by simulations of the MSFCs which also confirm
qualitatively the experimentally observed impact of reduced cladding diameter, pretaper-
ing and the DOF on the transmission and the selective excitation of the LP;; mode. The
evolution of the SMs along the propagation in the taper showed that it can be achieved by
adequate pretapering and appropriate fusion that the n.¢ curves of the initially excited
SM and the targeted SM approach once the SMs become cladding modes enabling cou-
pling between them. An in-depth analysis of the modal composition revealed that in the
presented case mode conversion from the fundamental mode in the SMF to the SM which
corresponds to the LP; mode in the FMF occurs. The mode conversion is initiated at the
taper position where the SMs expand into the whole cross section showing mode overlap
to a high degree. The properties of the SMs in terms of 7.4 and shape are determined by
the geometric structure which in turn are defined by the refractive index profile, the PL
and the DOF [Pel15].

All'in all, the presented results show a general analysis of asymmetric FFCs in terms of
SMs for the first time. The potential of asymmetric FFCs is exploited in order to achieve
a combination of widely separated wavelengths and the selective excitation of an HOM
which is of major interest for WDM and SDM. Due to the universal description of the
coupling in terms of SMs, these findings significantly improve the understanding of

asymmetric FFCs in general.

Outlook

Spatial multiplexing has a huge potential for avoiding the capacity crunch in telecom-
munication or for the use in fiber lasers and amplifiers for mode-selective filtering and
amplification. Current devices for the application of SDM cover both fiber-based and
waveguide-based approaches in order to realize spatial mode multiplexers and demul-
tiplexers. As recently published in [Grol4] such waveguide-based devices include 3D
tapered mode-selective couplers which were directly written by using a femtosecond laser
writing into a photonic chip. These devices exhibit extremely efficient one-to-one mode
mapping with an ultra-high bandwidth. However, fiber-based components, as MSFCs,
feature a high degree of compatibility with existent fiber-based telecommunication and
laser systems. In order to increase the applicability of MSFCs, as discussed in this work,

the fabrication and characterization processes have to be improved in the future.



98 6 Summary and Outlook

In the presented work, the experimental excitation of the LP;; mode was demonstrated.
However, it was not investigated to selectively excite higher-order LP modes, as the LPy;
or LPp; mode, although the theoretical considerations showed that mode conversion is
possible by further tuning of the coupler geometry in terms of pretapering for example.
Nevertheless, the mechanical handling of strongly pretapered and etched fibers is difficult
and time-consuming so that the fabrication could be significantly facilitated by avoiding
these process steps. Therefore, it would be necessary to have access to custom-designed
tibers, instead of being restricted to commercial fibers with fixed fiber parameters. This
way, it is for example possible to choose fibers with the appropriate V parameter in
order to excite the corresponding LP;,, mode and to choose fibers with adequate cladding
diameter to avoid etching. Furthermore, it would be desirable to implement an element
for discriminating both rotation versions of an LPj,, mode. This could be realized for
example by introducing an elliptical core enabling the selective access to both rotation
versions.

In addition to improvements in terms of fabrication the characterization of the fabricated
MSFCs has to be enhanced, too. In order to reliably fabricate MSFCs for different LP;,,
modes the detection has to be modified in a way that also the modal content can be
quantitatively measured, optimally during the fabrication process itself. Several modal
decomposition techniques exist as for example S* imaging [Nic08], but they require time-
consuming post-data processing or intense experimental measurements. Recently, a
numerical technique for real-time modal decomposition was presented [Hual5b] which

would enable the modal characterization during the fabrication process.
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APPENDIX A

Fiber Specifications and Fused Fiber Coupler Fabrication

A.1 Fiber Parameters and Refractive Index Profiles

Table A.1: Fiber parameters.

Fiber 780-HP SM2000 630-HP 1310BHP  TmDF200
Datasheet [Nufi4b]  [Tho14b] [Nufi4a] [Thol4a] |[OFS14]
Core diameter in um 4.4 11 3.5 8.5 4 (estimated)
Cladding diameter in pm 125 125 125 125 125
Numerical aperture 0.13 0.126 [Tan13] 0.13 0.13 0.26
Cut-off wavelengthinnm 730 £ 30 1700 570 £ 30 1260 +£30 1350
-3 -3
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Figure A.1: Refractive index profiles measured with an 514 Refractive Index Profiler (Photon
Kinetics).
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A.2 Wavelength-Dependent Numerical Aperture
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Figure A.2: Dependency of the NA on the wavelength based on the dispersion of undoped
fused silica in the cladding and germanium-doped fused silica (4 mol %) in the core [Men06].

A.3 Reproducibility of the Fused Fiber Coupler Fabrication
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Figure A.3: Pulling signatures at one fiber port of two identically pulled symmetric FFCs
made from SM2000 at a wavelength of 1980 nm.
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APPENDIX B

Listings

B.1 Calculation of the Refractive Index Profile

B.1.1 Parabolic Taper Shape

# Diameter of the cores

# Pump fiber

a3_p=(di_p-df_p)/ (-L/2) **2
dia_clad_p=a3_p* (z-L/2)**x2+df_p

# Signal fiber
a3_s=(di_s-df_s)/ (- (L_pre+delta_z)/2) x*2
dia_clad_s=a3_sx* (z— (L_pre+delta_z) /2+pre/2) »x2+df_s

B.1.2 Position of the Fiber Cores

# Pump fiber

d_p=L/2

e_p=(di_p/2-df_p/2)

a_p=e_p/d_p**2
core_pos_p=a_p+* (z—d_p) x*x2+df_p/2-ul/2

# Signal fiber
d_s=(L_pre+delta_z)/2
e_s=(-di_s/2-df_s/2+ul)
a_s=(-di_s+ul-e_s)/d_sx*2

core_pos_s=a_sx* (z+pre/2-d_s) »*x2-df_s/2+ul/2

B.1.3 Derivation of the Separation of the Fiber Cores

The width of the overlapped region is
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2-7Z DOF- (X+Y
wo = (X+Y—-2Z) with DOin@Z:M

X+Y 2
DOF
%”*X+“<“‘;z>‘

(B.1)

(B.2)

The actual separation of the cores d is the initial separation of the cores d; minus the

overlapped region w:

== (B.3)
Yy X DOF

:z+z‘“+“<“‘z> (B.4)

_ XY pop_1y. (B.5)
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