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Soliton solutions of the (1+1)D nonlinear Schrödinger equation have long been
the focus of immense research effort, and have provided us with the foundation
for a large portion of our current understanding of nonlinear optical phenomena,
particularly in single-mode optical fiber. Today, single-mode fiber has entrenched
itself as the primary workhorse in many applications, from fiber lasers to imaging
techniques to telecommunications. However, as these technologies approach fundamental limits, multimode fiber has presented itself as a promising route toward
further advances. Supporting many spatial eigenmodes, multimode fiber provides a
method of achieving higher capacities in data transmission through space-division
multiplexing, as well as larger mode areas for higher energy fiber laser sources and
amplifiers. They are also interesting from a purely scientific point of view, as an
ideal testbed for rich spatiotemporal nonlinear dynamics.
In single mode fiber, solitons of the (1+1)D nonlinear Schrödinger equation
occur when linear dispersion and the Kerr nonlinearity balance to produce localized pulses. While the literature on (1+1)D soliton dynamics is extensive, nonlinear dynamics in multimode fiber have been far less explored. Multiple spatial
eigenmodes are supported, with intra- and intermodal contributions to the dispersion, and propagation involving both spatial and temporal degrees of freedom.
Knowledge of multimode soliton properties would provide a basis for understanding
complex nonlinear dynamics in multimode fiber in the same way that knowledge

of (1+1)D solitons does for single-mode fiber. Although some prior such work
exists, the observed solitons were either dominated by the fundamental mode, or
were highly multimode, resulting in the measurements being obfuscated by the
sheer complexity of the system. Thus, experiments that add systematic understanding of multimode solitons are needed. In particular, the study of solitons
in a small number of modes is a natural step from single-mode to many-mode,
and ultimately, bulk spatiotemporal systems. Few-mode fiber is the perfect platform for such studies. Here, results from pulse-propagation experiments designed
to isolate multimode solitons in graded-index fiber that supports only 3 spatial
eigenmodes are presented. By varying the input energy and modal composition
of the launched pulses, we observe a continuous variation of multimode solitons
with different spatiotemporal properties. Due to their degrees of freedom, they
exhibit an energy-volume relation that is distinct from those of single-mode and
fully spatiotemporal solitons.
From a theoretical standpoint, while multimode fibers can be modelled as a
single (3+1)D system, they can also be described by a system of coupled modes.
While theory and simulations have exploited this modal picture for insight, experiments have not been able to take advantage of this, instead indirectly inferring
modal dynamics from full-field measurements. Steps have been previously taken
toward full modal control and measurement, but have all lacked generality. If
possible, modal decomposition provides greater efficiency, especially in few-mode
fibers, allowing all the tools used for single-mode measurements (autocorrelation,
FROG, dispersive Fourier transform, spectrum, etc.) to be directly applied to
multimode measurements. Here we demonstrate full modal control over nonlinear
multimode fiber optics experiments. Using spatial light modulators at the fiber
input and output, we are able to excite specific modes or combinations of modes

at will, and directly perform mode-resolved measurements. We present a thorough description and tutorial for these spatial light modulators, and demonstrate
mode-resolved measurements of Raman beam-cleanup in a few-mode fiber.
Using this capability, nonlinear pulse propagation in multicore fiber with strong
random coupling is investigated. Motivated by increasing consumer demand for
data capacity, space-division multiplexing has emerged as a prime candidate to
address this demand - multicore fibers have shown particular promise as a potential platform for this technology. It has been found that random coupling, caused
by physical perturbations to the fiber such as bending, twisting, micro-bending,
and variations in core and fiber diameters, is helpful towards mitigating nonlinear
signal impairment and increasing overall signal capacity. As such, there is tremendous technological value in studying the physics of nonlinear pulse propagation
in the presence of random mode coupling. Scientifically, nonlinear pulse propagation in the presence of random mode coupling is still a relatively unexplored
subject. There has been a number of theoretical works, but no one to date has experimentally explored nonlinear pulse propagation in settings where random mode
coupling is present and relevant. Here, we conduct nonlinear pulse propagation
experiments in a 3-core multicore fiber (each core single-mode) designed to exhibit
strong random coupling and explore the interplay of linear and nonlinear pulse
propagation dynamics. By using different pulse durations and energies, we vary
the dispersion and nonlinear lengths of the pulse relative to the coupling length of
the fiber and thus observe different pulse propagation regimes dominated by the
various individual effects. This is the first study that investigates nonlinear pulse
evolution with considerations for random mode coupling.
Finally, future directions and the extension of the work in the thesis are discussed.
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CHAPTER 1
INTRODUCTION

1.1

Motivation

Light propagation in optical fiber has been studied for decades. The ability for
thin, flexible waveguides to transmit light with low loss across long distances was of
immediate interest to applications and technologies, primarily telecommunication
systems[1, 2, 3, 4, 5]. In its inception, the fibers that were studied were multimode.
That is to say, their geometries supported many transverse eigenmodes (modes of
the fiber with different beam profiles and propagation properties). By the mid
1980s, single-mode fiber technology began maturing and became the dominant
fiber used, owing to its simplicity and reliability. Since then, single-mode fiber has
been the primary workhorse for telecommunication technologies around the world,
with over one million kilometers of submarine cables in service. As a result, as the
telecom industry has grown, other applications have been able to take advantage
of the maturity of single-mode fiber technology as well[3, 6].
Not until recently, less than a decade ago, have multimode fibers re-emerged
with renewed attention within the scientific community. With consumer demand
for internet bandwidth constantly increasing at growing rates, the financial viability of continuing to deploy single-mode fiber has diminished, creating a need for
higher-capacity solutions [7, 8, 9, 10]. In principle, multimode fibers offer dramatic
increase to data transmission capacities, with each mode representing a potential
independent transmission channel. Given that commercial optical cables are protected by layers of cladding and jackets that are far larger than the fiber cores
themselves, this represents a potential increase in data transmission potentially by
1

orders of magnitude.
At the same time, not only does multimode fiber present opportunity for improvement in telecom, the research community has also recently recognized its
potential in providing improvements in other applications, such as fiber lasers and
amplifiers, as well as imaging and sensing[11, 12, 13, 14, 15]. However, the physics
of optical transmission in multimode fibers is much more complex, and the technology much less mature. Compared to the existing body of knowledge on single-mode
fibers, multimode fibers are relatively unexplored. There are many fundamental
research questions yet to be investigated, which only furthers the incentive to study
it. This is the motivation for this thesis, both from an application-oriented perspective, as well as a purely scientific perspective. After all, optical propagation
in multimode fiber is modeled by high-dimensional nonlinear partial differential
equations, with similar properties and analogies to hydrodynamics, neuroscience,
and more. In fact, these systems are made more nebulous when randomness is
added to the mix. While very little is known about nonlinear pulse propagation
in this regime, any information gained stands to have enormous impact in both
fundamental science as well as industrial applications.
To this end, this thesis explores a number of topics relating to nonlinear pulse
propagation in multimode fiber, including fundamental experiments, exploration
of multimode solitons, new experimental capabilities, as well as exploring regimes
pertinent to telecommunications where random coupling is present.
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1.2

Organization of thesis

This thesis focuses on the study of nonlinear pulse propagation in multimode fibers,
which includes developing theoretical understanding, experimental implementation, as well as development of necessary tools to conduct experiments of interest.
A more detailed layout of the thesis is as follows:
Chapter 1 covers the basic concepts of multimode fibers and pulse propagation
in multimode fibers. An introduction to theoretical models is presented, as well as
a numerical tool to solve these equations.
Chapter 2 presents an overview of the relevant effects in pulse propagation
in multimode fiber. Specifically, this chapter presents work on the experimental
observation of multimode solitons in few-mode graded-index fiber, and compares
their properties to those of single-mode solitons.
Chapter 3 describes the implementation of simultaneous control of modal excitation as well as mode-resolved measurements in fiber experiments using spatial
light modulators. Demonstration of this capability is presented via mode-resolved
measurements of Raman beam-cleanup in few-mode graded-index fiber. Instructions and relevant technical information for this setup is included in the Appendix
of this thesis.
Chapter 4 explores nonlinear pulse propagation in multimode fiber when random mode coupling is present. Theoretical considerations are discussed, and results
of pulse propagation experiments in multicore fiber with strong random coupling
are presented.
Future directions are then discussed in Chapter 5.
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1.3

1.3.1

Pulse propagation in optical fiber

1+1 D generalized nonlinear Schrödinger equation

As the name suggests, single-mode fiber (SMF) only supports one spatial eigenmode. While the meaning of this will be explained shortly, the key consequence
of this is that the beam profile inside any length of SMF looks the same. As such,
the propagation of optical fields in SMF only needs to be described in the longitundinal dimension and time. Specifically, it is governed by the 1+1D generalized
nonlinear Schrödinger equation (GNLSE), which can be derived from Maxwell’s
equations[6]. By combining Maxwell’s equations, we start with the following:

∇2 E −

∂ 2 PL
∂ 2 PN L
1 ∂ 2E
=
µ
+
µ
,
0
0
c2 ∂t2
∂t2
∂t2

(1.1)

where we include only the third-order nonlinear effects governed by χ(3) . Here,
E(r, t) is the electric field and c is the speed of light in vacuum. PL and PN L are
the linear and nonlinear portions of the induced polarization and µ0 is the magnetic
permeability in free space. By making the slowly varying envelop approximation
(SVEA), and assuming quasi-monochromatic optical fields ( ∆ω
 1), the slowly
ω0
varying part A(z, t) of the full electric field E(r, t) can be factored out[6, 16, 17]:

1
E(r, t) = x̂(F (x, y)A(z, t) exp [i(β0 z − ω0 t)] + c.c.),
2

(1.2)

where F(x,y) is the transverse distribution of the field and c.c. stands for the
complex conjugate. Since SMF only supports one spatial eigenmode, the Gaussian
beam, F (x, y) is constant along propagation, leaving the system to be 1+1D, one
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spatial dimension in the z direction and one temporal dimension t, usually set in
the frame of reference of the group velocity of the pulse. After factoring out the
rapidly varying field component, we can arrive at the 1+1D GNLSE (by making
the additional assumption that polarization remains constant along propagation,
this becomes a scalar equation):

∞
X
∂A α
βn ∂ n A
+ A−
in+1
=
n
∂z
2
n!
∂t
n=2



Z t
i ∂
0
0 2 0
iγ 1 +
A(z, t)
R(t )|A(z, t − t )| dt .
ω0 ∂t
−∞

where α is the linear loss, βn are the n-th order dispersion terms, γ =

(1.3)

n2 (ω0 )ω0
cAef f

is

the nonlinear parameter, and R(t) is the normalized nonlinear response function.
For sufficiently long pulses (> 100 fs), third- and higher order dispersion terms
can be neglected, as well as higher order nonlinearities. In other words, the nonlinear response can be considered to be instantaneous. Furthermore, optical attenuation in typical optical fibers is on the order of 0.1 dB/km, so it is reasonable
to assume α ≈ 0. In this case, a a simplified version of GNLSE can be used, given
by the (1+1)D nonlinear Schrödinger equation (NLSE):

iβ2 ∂ 2 A
∂A
+ iγ|A|2 A
=−
2
∂z
2 ∂t

(1.4)

In this simple case, the two dominant effects are described by the two terms
on the right side of Eq. 1.4. The first is group velocity dispersion (GVD), otherwise known as chromatic dispersion, which describes different colours moving at
different speeds. This is a linear effect that causes a pulse to broaden in time as
it propagates. The second term is self-phase modulation (SPM), a nonlinear term
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that arises from the intensity dependence of the refractive index of the optical
medium. This leads to spectral broadening of the pulse, and serves as a temporal
analogue to spatial self-focusing of intense beams.
Notably, when both these terms are equal in magnitude and opposite in sign
(in other words, the dispersion is anomalous β2 < 0), they can cancel with one
another, giving rise to what are known as soliton solutions to the NLSE. Assuming
anomalous dispersion, after normalizing Eq. 1.4 becomes:

i

∂u 1 ∂ 2 u
+
+ |u|2 u = 0
∂ξ 2 ∂τ 2

(1.5)

By using the inverse scattering method, it is possible to solve for a family of
solutions to Eq. 1.5. Note that for each solution u(ξ, τ ), u(2 ξ, τ ) is also a solution, where  is an arbitrary scaling factor. In this way, the NLSE is an integrable
system, with “soliton” solutions. The lowest order solution in this family is referred to as the fundamental soliton, as its shape does not change as it propagates.
Fundamental solitons form a single-parameter family, described by:

|u(ξ, τ )|= ν sech[ν(t − β10 z/T0 )]

1.3.2

(1.6)

3+1 D generalized nonlinear Schrödinger equation

While Eq. 1.3 has only 1 spatial dimension, it can be generalized to include both
transverse dimensions, allowing us to model multimode fibers. This approach is not
at all concerned with there being a discrete number of modes, but instead models
the full field as one entity. The result is the 3+1D generalized nonlinear Schrödinger
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equation (3+1D GNLSE), which is closely related to other high-dimensional wave
equations such as the 3+1D Schrödinger equation or the Gross-Pitaevskii equation
[18]. The equation is as follows:

∂z A(x, y, t; z) =

i
β2
β(ω0 )
n2 ω0 2
∆2T A−i ∂t2 A+i
[(n(x, y, z)/no )2 −1]A+i
|A| A
2β(ω0 )
2
2
c
(1.7)

where β(ω0 ) = no k = n0 ω0 /c is the propagation constant at the center frequency,
and no is the nominal index of the fiber (usually measured at the center of the
fiber for most fiber designs). n(x, y, z) represents the spatial variation of the index
profile, usually in the x and y directions. β2 is the GVD of the medium at the
center frequency, and n2 is the nonlinear refractive index of the medium.
This equation is a generalization of Eq. 1.4 into 3D, considering x, y, and z
dimensions of the electric field as well as the spatial variations of the index of
refraction, and making the paraxial approximation as well as the slowly-varying
envelope approximation (SVEA). These two approximations are valid in that we
are interested in waves that propagation within a small angle to the z axis (which
is generally valid in optical fibers, provided the numerical aperture of the fiber is
small), and that

∆ω
ω0

 1. Again, here we assume negligible change in polarization

during propagation. If needed, multiple polarizations can be accounted for by
solving a coupled system of equations with considerations for any birefringence of
the medium.
In some ways, the 3+1D GNLSE is reminiscent of the linear Schrödinger equation from undergraduate quantum mechanics, where the equation describes the
temporal evolution of the wave function, whose magnitude squared (the probabil-

7

Figure 1.1: Types of fibers, along with typical refractive index profiles and ray
paths through the fiber cores. Top: single-mode fiber, middle: multimode stepindex fiber, bottom: multimode graded index fiber.
ity density) corresponds to the probability of finding the particle at any position
(x, y, z) and any time t.[19] Here, the GNLSE describes the propagation, or evolution, of a localized pulse of light in space and time. Typically, this equation is set
in the reference frame of the pulse moving at the group velocity corresponding to
the medium at the center frequency.

1.4

Multimode fibers

At its core (pun intended), an optical fiber consists of a glass “core” surrounded
by another layer of material called the “cladding” whose refractive index is lower
than the index of the core. This optical waveguide structure is what enables total
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internal reflection of light that enters the core, allowing the light to travel through
the entire structure and exit the other end. Today, the most common material
of choice for optical fibers is pure silica glass fused with SiO2 molecules, with the
specific index of refraction tailored using chemical dopants. These fused silica
materials are capable of very low loss, allowing for optical propagation over long
distances, with typical loss figures of single-mode fibers on the order of 0.02 dB/km
or lower.
In principle, any fiber that is large enough to support more than one spatial
eigenmode is a multimode fiber. Of course, different fibers have different characteristic properties, and therefore particular applications they are well-suited for.
Fig. 1.1 shows some common fiber geometries, and highlights the difference between single- and multi-mode fibers. In this section, we will discuss the modes of
a multimode fiber, and then briefly introduce a variety of typical multimode fiber
designs.

1.4.1

Modes

While the 3+1D GNLSE is a useful and powerful theoretical model, in practice,
nonlinear optical phenomena are incredibly complicated, and gleaning intuition
and insight is often difficult (for example, the evolution of a speckled beam in
a highly multimode fiber). Obtaining an understanding of the spatiotemporal
evolution of such a field in a multimode fiber might perhaps be much more intuitive
if one was able to break the system down into a simpler basis and look at the modal
composition. As the name suggests, most of the optical phenomena that occur in
“multimode” fiber are modal in nature.
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To do this, we look at the i β(ω2 0 ) [(n(x, y, z)/no )2 −1]A term in the 3+1D GNLSE.
If we assume a monochromatic wave, the time domain is trivial, which leaves:

∂z A(x, y; z) =

ke (ω0 )
i
∆2T A + i
[(n(x, y)/no )2 − 1]A
2ke (ω0 )
2

(1.8)

This equation, again much like in quantum mechanics, has eigenfunctions that
satisfy the following eigenvalue problem:

∂z Ap (x, y; z) =

i
ke (ω0 )
∆2T Ap +i
[(n(x, y)/no )2 −1]Ap = ĤAp = iβp Ap (1.9)
2ke (ω0 )
2

where the subscript p denotes the pth spatial eigenmode of the fiber. In general,
for a given waveguide geometry, defined by the index profile n(x, y), there exists a number of orthonormal modes with transverse field profiles Fp (x, y), each
with a distinct propagation constant βp . Again drawing the analogy to quantum
mechanics, this is analogous to the different energies or frequencies of the eigenfunctions of a quantum potential [19]. These are the “bound states” of the modes,
which are the guided modes of the fiber. Beyond these, there exists a continuum of modes, which in optical fibers manifest themselves as “radiation modes”,
which radiate away from the fiber. However, in the case of optical fiber, there
exists another group of modes between the bound states and the radiation modes.
This is because the optical fiber is typically constructed with a concentric core
inside a cladding material, with the core having higher index of refraction than the
cladding, which forms the overall waveguide. As such, there are “cladding modes”
that exist as well. In practice, the core of the fiber is generally much smaller in
diameter than the cladding, and the light is generally confined in the core only.
As such, in most cases the modes of the core are the only modes of interest. For
10

each of the aforementioned spatial modes, there are two orthogonal polarization
modes guided by the fiber. Typically, it is not uncommon for certain modes to be
degenerate. That is to say, in an ideal, birefringence-free fiber, the propagation
constants of the degenerate modes are not the same. In practice, however, this
is not the case due to fabrication imperfections, as well as physical perturbations
such as bending or twisting.
The specific shapes of the guided modes is a function of the physical geometry
of the waveguide. There are many types of optical fibers available. The most
common and (and in some senses most important) are the graded-index (GRIN)
fiber and the step-index fiber. These are shown in Fig. 1.2. The larger the core
size of a fiber, the more guided modes it can support. For a GRIN fiber with a
parabolic index profile, the number of modes is given by [20]:

1
no − ncladding
M = β 2 R2
2
no

(1.10)

and for very large step-index fibers, there is a similar expression (albeit an approximate one):

n2o − n2cladding
1
M ≈ β 2 R2
2
n2o

(1.11)

where no is the refractive index at the center of the fiber.
What is important to remember is that a given set of modes of a MMF is
calculated at a particular wavelength. That is to say, the same calculation at a
nearby center frequency ω0 + δω results in an incrementally different set of modes,
with incrementally different propagation constants. Another way to say this is,
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Figure 1.2: Multimode optical fibers. (a) shows an example of a multimode spatial
beam profile, comprised of the spatial eigenmodes shown in (b). The modes in (b)
are the six lowest-order spatial modes of single-core MMF’s such as GRIN and
step-index fibers, whose index profiles are shown in (c). (d) shows typical modal
properties of the two types of MMF’s. (e) shows other exotic types of MMF’s:
multicore fibers, photonic crystal fibers, and hollow-core fibers.
each mode has its own independent dispersion relation. Notably, as described in
Eq. 1.10 and Eq. 1.11, through the frequency-dependence of β(ω), the number of
guided modes depends directly on frequency. Higher order modes have propagation constants closer to those of the waves guided by the cladding, and tend to
have larger mode profiles. For the very highest-order modes in fibers with many
modes, although they are technically bound states, the propagation constants in
fact develop large imaginary components, resulting in these modes experiencing
large propagation losses. While these modes are typically safe to ignore, it is useful to keep them in mind when conducting experiments with a very large number
of modes.

12

1.4.2

Graded-index

In a graded-index (GRIN) fiber, the refractive index smoothly changes through
the core, reaching a maximum at the center (Fig. 1.1(c)), typically following a
near parabola-like profile. As shown in Fig. 1.2(d), in a GRIN fiber the modes
cluster into nearly degenerate groups. Modes that belong to the same group have
minimal modal dispersion (difference in group velocity) between one another. As
a result, graded-index fiber is the ideal design of a single-core fiber for minimizing
modal dispersion. The magnitude of the modal walk-off parameters within a given
mode group in GRIN fiber can be about 10-100 times smaller than those in stepindex fibers of similar specifications (radius, index contrast, etc.), and the sign can
even be controlled by slightly modifying the design from a perfect parabola[21]. In
practice, this means that one can observe strong nonlinear intermodal interactions
with very short (∼100 fs) pulses. As seen above, the regularity of the mode spacing
means there is a strong periodic component to the longitudinal evolution of the
field. This has been the source of several interesting observations, such as resonant
radiation from oscillating multimode solitons[22], and the geometric parametric
instability[23, 24, 25], and are reasons why GRIN fiber is a central focus in this
thesis. While intragroup modal dispersions are very low, the effective index spacing between adjacent mode groups in GRIN fiber is actually quite large - larger, in
fact, than the spacing between adjacent modes in a similar step-index fiber. Mode
coupling decreases rapidly with the difference in propagation constants, so the fundamental mode of a graded-index fiber is the most stable mode of any multimode
fiber (although the situation becomes much more interesting when nonlinearity is
considered[26]).
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1.4.3

Step-index

In a step-index fiber (Fig. 1.2(c)), there is less regularity in the mode structure
compared to GRIN, and the modal dispersion is usually much stronger. The
radial symmetry and the large difference in propagation constant from nearby
modes mean that these modes are weakly affected by disorder and can propagate
over long distances[27]. Compared to GRIN fibers, there are fewer degeneracies
among the modes. A step index fiber supports more modes than a GRIN fiber with
similar specifications (index contrast and core radius). For example, the GRIN and
step-index fibers shown in Fig. 1(d) have equal core radius and index contrast,
but support 170 and 330 spatial modes, respectively. The effective area of modes
in step-index fiber tend to be larger than in GRIN fiber. Nevertheless, unlike in
GRIN fiber the effective area of high-order LP0N modes actually decreases with
mode order.
In terms of nonlinear pulse propagation, the strong modal dispersion in stepindex fibers poses a challenge for observing interactions between short pulses in
different modes, especially with anomalous dispersion in any of the modes. To date,
multimode dynamics in step-index fibers have been primarily limited to broadband
intermodal four-wave mixing processes (e.g., [28, 29, 30]). However, using longer
pulses, we expect that step-index fibers should support a wider range of behaviors
that involve other processes, particularly in the normal dispersion regime.

1.4.4

Multicore fibers

In the context of nonlinear multimode dynamics, multicore fiber (MCF) is a class
of fiber that is relatively under-explored. When the cores are strongly coupled
14

(i.e. a few diameters apart), the modes of a multicore fiber form “supermodes”,
hybridizations of the individual modes of the cores, and as a result have qualitatively different dispersive properties than the modes of the individual cores. In
this sense, a MCF that consists of single-mode cores is multimode in nature, and
even moreso if the cores themselves are multimode. The modal properties of MCF
can be engineered much more easily than single-core multimode fibers with control of individual core sizes, index profiles, and relative distances (although that
does not necessarily mean it can be fabricated more easily). The modal dispersion
can be similar to GRIN fibers, and waveguide dispersion can be strong even for
the lowest-order modes. The effective area of the supermodes can be large, and
the overlap between the different supermodes can be adjusted. When the cores
are relatively weakly or moderately coupled, a MCF is very sensitive to disorder,
since the supermodes of the fiber can be nearly degenerate[31, 32]. Compared to
single-core fibers, the cross-sectional geometry of a MCF is much more subsceptible to bending, which results in a much greater deformation of the cross-sectional
area. From a device-level standpoint, multicore waveguides are attractive for their
potential ease of integration with multiple single-mode fibers.

1.4.5

Other multimode waveguides

As the MCF example suggests, scaling the number of spatial modes can be done in
a variety of ways in any optical waveguide, and many different design parameters
can be used to achieve new fiber geometries and optical properties. An example
is hollow-core photonic crystal fiber, in which interactions between spatial modes
have been used for phase-matching many unique processes[33, 34]. Same goes
for waveguides that are written into planar or bulk media (fused silica, or SiN,
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for example), which can also support many spatial modes[35]. Microresonators
(and “macro” resonators like Herriot cells[36]) can support multiple spatial modes,
phenomena in which has just recently began to be explored. Last, multimode “rod
fibers” fabricated with very large claddings, or with very large dimensions offer
an opportunity for studying highly multimode dynamics. These waveguides are
inflexible, which sacrifices some practical benefits of the fiber format, though this
inflexibility may be very important for realizing environmental stability in certain
applications.

1.4.6

Multimode nonlinear Schödinger equation

While the 3+1D GNLSE is a useful model for pulse propagation in multimode
optical fiber, the modal perspective can often be much more useful and convenient,
both in terms of computational efficiency as well as effective in gleaning insight
from multimode phenomena, which tend to be modal in nature. That is to say,
we can model and study the interactions between the eigenmodes of the system.
As such, we can perform a change-of-basis from Eq. 1.7, which is written in x and
y, into its constituent orthogonal mode basis. This reduces the equation from a
3+1-dimensional one into a set of coupled 1+1-dimensional equations, one for each
mode, with terms to model their interactions. Making this change, and writing
the equation in the frame of reference of the fundamental mode, this procedure
produces the multimode nonlinear Schödinger equation.
Derivation of the GMMNLSE was first described by Poletti and Horak[37],
which consists of a system of coupled NLSE-type equations for the electric field
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temporal envelope for spatial mode p, Ap (z, t):
∂z Ap (z, t) =
(p)
iδβ0 Ap

−

(p)
δβ1 ∂t Ap

+

Nd
X

(p)

im+1

m=2

+i

βm m
∂ Ap
m! t

N
X

n2 ωo
i
K
(1 + ∂t )
Al Am A∗n
[(1 − fR )Splmn
c
ωo
l,m,n
Z t
R
Al
+ fR Splmn
dτ hR (τ )Am (z, t − τ )A∗n (z, t − τ )] (1.12)
−∞

While this is by no means a simple equation, it is built on many of the familiar ingredients of the 1+1D NLSE, with the addition of intermodal interactions.
Terms 1 through 3 on the right-hand side (RHS) of Eq. 1.12 are the result of approximating the dispersion operator in the mode p by a Taylor series expansion
about ω0 , then transforming the terms into the time domain. The first two terms
(p)

are expressed relative to the lowest-order longitudinal phase evolution (δβ0 ) and
(p)

group velocity (δβ1 ) of first (fundamental) mode. The third term represents
higher-order dispersion effects (group velocity dispersion, third-order dispersion,
etc.) up to order Nd . hR is the Raman response of the fiber medium, fR ≈ 0.18
(in fused silica) is the Raman contribution to the Kerr effect, and n2 is the nonR
K
linear index of refraction. Splmn
and Splmn
are the nonlinear coupling coefficients

for the Raman and Kerr effect respectively[37]. For the sake of simplicity, we can
significantly simplify the tensors by ignoring polarization effects, and by neglecting
spontaneous processes which may cause coupling into these modes. In this case,
we can define the nonlinear coupling tensors as:
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K
R
=
= Splmn
Splmn

R

[

R

dxdyFp2

R

dxdy[Fp Fl Fm Fn ]
R
R
(1.13)
dxdyFl2 dxdyFm2 dxdyFn2 ]1/2

where it is sufficient to express each mode in terms of a real, scalar function
Fp (x, y). In many typical scenarios, further simplifications can be made. Selfsteepening can be neglected by taking (1 +

i
∂)
ωo t

→ 1, and stimulated Raman

scattering can be ignored by letting fR → 0. We can also ignore the higher-order
dispersion, considering only GVD. In this case, we have the simplified MMNLSEs:

(p)

∂z Ap (z, t) =

(p)
iδβ0 Ap

−

(p)
δβ1 ∂t Ap

β
− i 2 ∂t2 Ap
2
+i

N
n2 ωo X K
S
Al Am A∗n (1.14)
c l,m,n plmn

This is the 3+1D analogue of the NLSE derived earlier, and is sufficient for
describing many recently observed phenomena in MMF.

1.4.7

Parallel algorithm for solving the GMMNLSE

In principle, the GMMNLSE can be solved using the same numerical schemes used
to solve the NLSE and GNLSE. This has been considered by the likes of Poletti
and Horak [37], and Khakimov et al.[38]. The most common approach is the splitstep method, where the nonlinear terms are integrated in the time-domain and
the linear dispersive terms are evaluated as multiplications in the spectral domain.
While this is sufficiently efficient for solving 1+1D equations, for the GMMNLSE,
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the nonlinear step quickly becomes a limiting factor as the number of modes increases. For each mode p, propagating one longitudinal step requires calculating
three nested sums over all modes, resulting in an overall computational complexity
of O(P 4 ) for P modes. Naturally, computational complexity grows very quickly for
more than a few modes, which is a heavy cost when we are typically interested in
propagation over a considerable length (in terms of number of longitudinal steps).
For typical cases, the GMMNLSE is most efficient when the number of modes is
smaller than about 10-30, beyond which other techniques that considers the full
3D field become advantageous, such as the 3+1D GNLSE or the unidirectional
pulse propagation equation[39, 40].
To combat this, we can solve the GMMNLSE using a Massively Parallel Algorithm (MPA)[41, 42, 43]. Although the intrinsic poor scaling of the nonlinear term
is still fundamentally present, parallel computation of the algorithm still offers a
major speed up to the calculations. In general, pulse propagation along z requires
solving this equation in serial, as the evolution of the fields at any given point depends on the fields directly before that point through the nonlinearity. In order to
leverage the increasingly parallel capabilities of modern computers, however, the
MPA computes several steps in parallel and then iterates until the error is below a
given tolerance. As long as the number of iterations is smaller than the extent of
parallelization, which can always be the case, this algorithm is faster than a more
traditional serial split-step algorithm.
Starting with the GMMNLSE, we group the dispersion term into the lin
(p)
P
(p)
(p) ∂
∂ n
n
i ∂t
and using the notation
ear operator D(t) = iδβ0 − δβ1 ∂t
+ i n≥2 βn!
F [D(t)Ap (t, z)] = Dω Ap (z, ω), where F represents the Fourier Transform, MPA
defines the change-of-variables
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Ap (z, ω) = ψp (z, ω)exp[Dω (z − z0 )]

(1.15)

This amounts to defining ψ(z, ω) as the result of purely nonlinear propagation,
as the linear propagation is taken into account exactly. Applying the change
of variables, transforming to the Fourier domain, and integrating converts the
GMMNLSE, Eqn. 1, into

ψp (z, ω) = ψp (z, ω0 ) +

Z z X 
n2 ω0
ω
K
F (1 − fR )Splmn
Al (z 0 , t)Am (z 0 , t)A∗n (z 0 , t)
i
1+
c
ω0
z0 l,m,n

Z t
0
R
0
∗ 0
0
+ fR Splmn Al (z , t)
hR (τ )Am (z , t − τ )An (z , t − τ )dτ e−Dω (z −z0 ) dz 0
−∞

(1.16)

It should be noted that this is still an exact form of the GMMNLSE, with
no discretization applied yet. From this form, however, one might be able to see
that the solution could be numerically computed efficiently in parallel if the space
along z were broken up into a number of discrete steps and at each point z 0 the
integrand was computed in parallel. This is beneficial because by a large margin
the most computationally expensive calculation is the O(P 4 ) sum, which exists in
the integrand. Because of the nonlinear nature of the integrand, in general such
a parallelization can not be done; however, by inspecting the length scales of the
problem we can formulate a solution.
In general, the two important length scales are the nonlinear length zN L =
Aef f /(n2 ω0 P0 ) (where P0 is the peak power) and the intermodal beat length zIM =
(p)

1/δβo . The nonlinear length depends on the intensity, but is often no less than
50-100 µm and frequently is orders of magnitude larger. Even in the multimode
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case, it can usually be estimated the same way as in single-mode fiber. The beat
length depends on the modes of fiber itself, however, and can be as small as a
few µm. Given these two lengths, therefore, we can define a length L such that
L  zN L and a small step size ∆z such that ∆z  zIM , that are related by
M ∆z = L (i.e. M small steps fit into one large step). The z grid can then be
denoted as the set of equally spaced points z0 , z1 , ..., zM , where zM = z0 + L.
Over a distance of L, ψ(z, ω), which represents the result of nonlinear phase
accumulation, is almost constant. To a first approximation, therefore, MPA sets
ψ(zj , ω) = ψ(z, ω0 ) for j = 1...M , which also establishes Ap (zj , ω) through Eqn.
1.15. Next each integrand is calculated in parallel, and then summed to get a
more accurate approximation of ψ(zj , ω). This process is then repeated in an
iterative fashion. Each iteration, the algorithm recalculates ψ(zj , ω) by computing
each integrand in parallel and then summing over z 0 using the by trapezoid rule.
ψ(zj , ω) is converted to Ap (zj , ω) through Eqn. 1.15, and then the process repeats,
each time giving Ap (zj , ω) with a higher level of accuracy. Once the accuracy
reaches a given threshold the process is considered converged and Ap (zM , ω) is
taken as the final value at the right end. This finishes one step from z0 to z0 + L,
after which the next large step L can be taken using Ap (zM , ω) as the new Ap (z0 , ω).
The relative error from such iterations ∼ (L/znl )niter +1 as found in Refs. [42, 43].
In practice, if L ≈

1
z
10 N L

or even L ≈ 15 zN L this method converges to a high

degree of accuracy in just niter = 2 − 3 iterations. Therefore while the small step
size needs to be smaller than the intermodal beat length to truly capture all of the
physics, the parallelization extent M can easily be 20-40, resulting in a significant
net speedup. It should be noted that such a speedup depends heavily on the
effectiveness of the implementation of parallelization. If M = 10 but computing
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Figure 1.3: Time comparison for simulations with the GMMNLSE solved using
split-step method (SS) and the MPA with the same numerical accuracy. For each
case, we consider varying parallelism in the MPA (parameter M ). A significant
speed-up is also observed from utilizing GPU functionality within MATLAB.
the integrand for 10 points “in parallel” computes each at 1/10th the speed that
it would take to compute a single integrand in serial, this algorithm will not be
effective and in fact it will be slower than a split-step method due to the added
overhead. As a result, a high degree of parallelization is important, which motivates
the use of modern GPUs to make these calculations.
Fig. 1.3 shows the time comparison between the different algorithms, all implemented in MATLAB. For the MPA, we vary the M parameter. For our system (a
high-end PC, with the top modern commercial GPU), simply using the GPU creates a significant speed-up. This is not surprising given the numerous summations
required. Above this, MPA provides another speed-up, approaching an additional
order-of-magnitude. We verified the accuracy of the MPA code by comparison to
analytic expressions, such as from Ref. [6], to older codes in our group for MM
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and single-mode propagation, and to predictions of the 3D NLSE.
The codes described are available for download online on Github at
https://github.com/WiseLabAEP/GMMNLSE-Solver-FINAL. These codes include a freely-available mode solver from the MATLAB R file exchange, as well
as a tutorial guide for using the code for a variety of multimode nonlinear optical
simulations.
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CHAPTER 2
PULSE PROPAGATION IN MULTIMODE FIBER

Equipped with the GMMNLSE and a parallelized algorithm to solve it, we
can investigate the various processes and effects that occur in pulse propagation
in multimode fiber, with some considerations for application where relevant. By
covering the simplest processes, we can build an understanding of more-complex
nonlinear phenomena considered later.

2.1

Linear propagation in multimode fiber

Fig. 2.1 shows the main features of linear propagation in multimode fiber. These
behaviors can be described by the first 3 terms in the GMMNLSE. For simplicity
we let Nd = 2, so the equations are just

(p)

(p)

(p)

∂z Ap (z, t) = iδβ0 Ap − δβ1 ∂t Ap − i

β2 2
∂ Ap
2 t

(2.1)

The eigenmodes of the multimode fiber are a set of orthonormal electromagnetic
field patterns. Each mode has a different propagation constant, which determines
the phase velocity of the electromagnetic field in that mode. There can be families
of quasi-degenerate modes, such as LP11a and LP11b, which have very nearly the
same propagation constant. In considering how modes interact, it can be useful
to refer to the “effective index” nef f =

βλ
.
2π

In most fibers, the difference between

the maximum and minimum refractive indices is small (this is the weakly guiding
approximation), and as a result the eigenmodes of the of the fiber are polarized
along axes (x,y) orthogonal to the fiber axis (z). In this case, it is typical to write
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Figure 2.1: Linear propagation effects in multimode fiber. The figure shows 3
LP0N modes, LP01 (mode 1), LP02 (2) and LP03 (3) from a parabolic GRIN
fiber. The pulse in each mode broadens according due to group velocity dispersion
(Eqn. 9) and the pulses in each mode move away from the pulse in the fundamental
(p)
LP01 mode in time by δtp (L) = δβ1 L. When the pulses are overlapped, we see
periodic spatial evolution of the entire multimode field, whose periodic beating
depends on the first term in Eqn. 2.1.
the modes of the fiber as “linearly polarized”, or “LP” modes, which can be treated
as quasi-scalar fields with one of two polarizations.
In the same way as was done in the single-mode case, the effects of chromatic
dispersion are incorporated by approximating the frequency dependence of the
propagation constant in each mode by a Taylor series, which can then be expressed
in the time domain. As is typical, the pulse propagation is based in the reference
frame of the fundamental mode, and we factor out the propagation constant the global longitudinal phase shift, of that mode. Since we can only choose one
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reference, most of the equations in the MMNLSE have two additional terms to
describe the difference in propagation constant and group velocity of each mode.
Of course, all of the familiar ingredients from the 1+1D NLSE are present, scaled
to a larger set of spatial eigenmodes.

2.1.1

Propagation constant mismatch

The first term in Eq. 2.1 represents the propagation constant mismatch, and is
responsible for multimode interference or mode beating. As an example of the
first term’s effects, we consider multimode interference in parabolic-index fiber.
In a parabolic fiber, the propagation constants of the modes are equally spaced,
with modes occupying ”mode groups” whose populations grow with decreasing
(p)

propagation constant. As a result, δβ0 = nP , where P is the propagation constant
mismatch between adjacent mode groups, and n is an integer.
Over short propagation distances, the second and third terms of Eqn. 5 can be
ignored. For the approximations made earlier, we can write the full electric field
envelope as a superposition of the modes.

E(x, y, z, t) =

N
X
p

F (x, y)
R p
Ap (z, t)
[ dxdyFp2 ]1/2

(2.2)

Given that we are considering only the first term in 2.1, it is easy to solve for
the Ap (z, t) to find:

E(x, y, z, t) =

N
X

Fp (x, y)
Apo ei2πnp P z
[ dxdyFp2 ]1/2
R

p
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(2.3)

The field undergoes a periodic evolution along z. The exact details of this
periodic evolution depend on the modes that are involved. It is still generically
referred to as multimode interference. An example of this rapid linear evolution,
over some millimeters of fiber after a multimode excitation of 3 LP0N (radiallysymmetric modes) is shown in Fig. 2.1. In step-index, this evolution tends to be
(p)

more complex since δβ0 is not uniformly spaced among the modes/mode groups.

2.1.2

Modal dispersion

The second term in Eqn. 2.1 describes modal dispersion, or “modal walk-off”.
Each mode has a slightly different group velocity, and so a pulse which is launched
into multiple modes will break up into sub-pulses whose separation grows linearly
with the fiber length. If we just consider the modal dispersion term, and we assume
we have some pulses in each mode with a temporal envelope S(t), then the field
looks like:

E(x, y, z, t) =

N
X
p

F (x, y)
(p)
R p
S(t − δβ1 z)
[ dxdyFp2 ]1/2

(2.4)

We therefore see the electric field envelope break up into pulses separated from
(p)

the lowest-order mode pulse by δtp (z) = δβ1 z, whose spatiotemporal shapes are
(p)

Fp (x, y)S(t − δβ1 z).
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2.1.3

Chromatic dispersion

The third term in Eqn. 2.1 describes chromatic dispersion. In any particular single
mode of the fiber, the effects of chromatic dispersion are the same as in propagation
in a single-mode fiber: typically, short pulses broaden as they propagate. If a
transform-limited Gaussian pulse of duration To is launched into mode p, the pulse
duration T broadens as

q
(p)
T (z) = To 1 + (z|β2 |/To2 )2

(2.5)

In most typical fiber geometries and situations, the chromatic dispersion of all
(p)

relevant modes is similar (i.e., β2 of all modes is about the same value). However,
in some extreme cases the waveguide contribution of the dispersion of particular
modes (such as the highest-order modes in solid, single-core multimode fibers) can
be very strong. From an application standpoint, in single-mode fibers, waveguide
dispersion requires a trade-off with the effective area. As a result, dispersion
engineering can make reaching high peak powers a challenge. In multimode fibers,
this trade-off is eliminated, and the unusual dispersion of higher-order modes can
lead to interesting and useful effects[44, 45, 46, 47].
Considering these linear effects together on the overall shape of a pulse that
propagates linearly in a segment of MMF, modal dispersion and chromatic dispersion act together to broaden the overall pulse duration. Compared to SMF, the
modal dispersion is an added effect that further broadens a temporal signal, which
can be seen as an important technical obstacle in applications such as telecom if
MMF were to be considered.
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2.2

Nonlinear propagation in multimode fibers

Nonlinearity underlies many surprises, opportunities, and problems in multimode
propagation. Fundamentally, nonlinearity introduces coupling between the different modes, and is incorporated in the last term(s) of the GMMNLSE.

2.2.1

Self-phase modulation

K
Self-phase modulation (SPM) corresponds to Spppp
and terms of the form i|Ap |2 Ap ,
K
is distinct for each mode
identical to the single-mode case. The fact that Spppp

can lead to some interesting outcomes.

Modes have different effective areas

K
(Aef f = 1/Spppp
). The effective area can be very large, so for applications such

as high-power lasers, this means that higher power can be guided before nonlinear
distortions become an issue. The differential rate of nonlinear phase accumulation
can also be important for intermodal processes, since it leads to a decorrelation of
the modal phases. An example is the arrest of periodic backconversion of energy
through four-wave mixing[48].

2.2.2

Cross-phase modulation

K
K
Terms with Spnpn
or Sppnn
, where n 6= p, are of the form i|An |2 Ap . These are cross-

phase modulations (XPM). XPM can lead to asymmetric spectral broadening when
two pulses are traveling at different speeds. As the names suggest, and due to the
absolute value signs, SPM ad XPM are pure phase modulations, and cannot cause
energy exchange between modes.
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2.2.3

Four wave mixing

All other remaining nonlinear coupling terms can be described as ”four-wave mixing” (FWM), which are essentially be described as ”terms that cause transfer of
energy”. Examining the nonlinear terms in the GMMNLSE, we see that all terms
are technically ”four-wave mixing” in that they involve a mixture of four, possibly
different, waves. But within our definition, four-wave mixing terms are the combinations of modes that result in complex values. Important to note is that XPM
results in modal energy exchange. Overall energy and momentum in the system is
still conserved.
As a demonstration of all the interconnected degrees of freedom in a nonlinear
multimode system, in the case of a multimode fiber, the phase-matching requirements (for processes except third-harmonic generation) are
ω1 + ω2 − ω3 − ω4 = 0;
∆β = β3 (ω3 ) + β4 (ω4 ) − β1 (ω1 ) − β2 (ω2 ) + ∆βN L = 0; (2.6)

Here, the final term in ∆β is a nonlinear contribution to the propagation constant. In most cases, this has a small influence on broadband multimode processes.
Practically, however, the phase-matching requirements show that there are many
degrees of freedom that contribute to a FWM process in a highly-multimode fiber.
For example, we may be interested in controlling the generated frequency, the
generated mode, the bandwidth of the four-wave mixing process. By adjusting
the spatial mode, and frequency of two or three of the waves involved, and/or by
engineering the dispersion of the modes involved by design of the fiber, one has a
significant degree of control over the modes or frequencies of the remaining waves.
One can also control the rate of change of ∆β near 0, so as to affect the bandwidth,
30

or range of frequencies, generated by the FWM process.

2.2.4

Self-steepening

The self-steepening terms are proportional to − nc2 ∂t . As in single-mode fiber,
self-steepening in a multimode settings is expected to lead to the formation of an
increasingly steep trailing edge (t>0 in the GMMNLSE) and the corresponding
broadening of the blue side of the spectrum. The self-steepening terms may also
be responsible for intermode energy transfer, since ∂t Al Am A∗n may be complex. To
date, self-steepening has not been found to be responsible for any major features
of propagation in multimode fiber. In single-mode fiber, one would estimate selfsteepening to be important when the fiber considered is comparable to the shock
distance, ≈ 0.39zN L ω0 T0 , where zN L = Aef f /(n2 ω0 P0 ) is the nonlinear length, and
where P0 is the peak power, and T0 is the pulse duration.

2.2.5

Raman scattering

Raman scattering is a dissipative process that involves a phonon from the fiber
medium interacting with the field, causing a spectral redshift that is either continuous (in the case of solitons and multimode solitons[49, 50]) or discrete (typical in the normal dispersion regime[26, 51], but can also be observed for groupvelocity matched modes with anomalous dispersion[47, 52]). Raman scattering
underlies multimode spectral incoherent solitons[53]. It can cause energy transfer
between modes, which occurs for example in Raman beam cleanup[54]. Within
the GMMNLSE, stimulated Raman scattering is modeled using a phenomenological medium response function, hR .
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2.2.6

Example calculated with the GMMNLSE

Here we show an example of a representative study of pulse propagation with the
GMMNLSE.
In applications such as biomedical nonlinear optical microscopy, excitation at a
specific wavelength is often highly desired. A specific one is the 1300-nm band[55].
Since well-developed fiber lasers emit around 1030 nm, 1550 nm, or 1900 nm,
one simple approach has been to apply self-phase modulation to transform-limited
pulses in short fibers[56, 57]. If the propagation is dominated by SPM, we expect
well-defined spectral sidelobes from this nonlinear wavelength conversion process.
Since the outermost sidelobes correspond to inflections in the phase of the pulse,
when filtered by a bandpass filter, they are nearly transform-limited pulses[56, 57].
In order for this filtered sidelobe to have a high pulse energy, we’d like to be
able launch a very high energy pulse, and in a reasonable length of fiber (several
centimeters at least) accumulate the spectral broadening. One might wonder ”can
spectral broadening of a pulse launched into the fundamental mode of a gradedindex or step-index fiber provide a Gaussian pulse at 1300 nm?”
Fig. 2.2 shows the results of this investigation. Briefly, we find that there
is strong energy transfer due to the high peak powers. In GRIN fiber, energy
is relatively stable within the fundamental mode, while in the step-index fiber
(which we design to have a similar fundamental mode area), significant energy
is transferred into the LP02 mode. Both these observations can be understood
pretty simply in terms of the effects of self-focusing (although the peak power here
is below the critical power, self-focusing nonetheless occurs). We see that energy
transfer in the GRIN fiber occurs primarily on the trailing edge of the pulse, while
in the step-index fiber, substantial energy is also transferred at the peak. In both
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GRIN fiber
(a)

(b)

Step-index fiber
(c)

(d)

After 1300-nm bandpass filtering
(e)

(f)

Figure 2.2: Generation of ∼ MW pulses at 1300-nm by self-phase modulation in
the fundamental mode of GRIN and step-index multimode fibers. (a-b) show the
result of propagation after 3.6 cm for a 600-nJ, 200 fs pulse launched into the
fundamental mode of a GRIN fiber. (c-d) show the same for 2.8 cm step-index
fiber. For clarity, in (a-d), we are only showing modes which have more than 1% of
the total energy. (e-f) show the result after bandpass filtering the above fields at
1300-nm. Nearly-transform-limited pulses in the fundamental mode are obtained.
cases, however, an energetic pulse can be obtained at 1300-nm.
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2.3

Multimode solitons

In SMF, soliton solutions of the (1+1)D NLSE occur when linear dispersion and
the Kerr nonlinearity balance to produce localized pulses [58, 59]. While the literature on (1+1)D soliton dynamics is extensive [6], nonlinear dynamics in multimode
fiber (MMF) is less explored. In MMF, multiple spatial eigenmodes are supported,
with intra- and inter-modal contributions to the dispersion, and propagation involves both spatial and temporal degrees of freedom [60, 20]. Although theoretical
predictions of multimode solitons date back to the 1980s [61, 62, 63, 64, 65, 66],
few experiments on multimode solitons have been reported. Renninger et al. first
reported solitons in graded-index (GRIN) MMF, but the solitons were dominated
by the fundamental mode [67]. Wright et al. followed up on this work by exploring
different regimes of spatiotemporal dynamics in MMF [49]. Wright et al. presented
evidence of solitons consisting of up to about 10 modes, but due to the many fiber
modes, interpretation of the measurements was complicated. Thus, experiments
that add systematic understanding of MM solitons are needed.

2.3.1

Simulation of multimode soliton formation

The first question to ask is whether multimode analogues of the 1D soliton exist.
We can study the formation of MM solitons numerically by considering any
multimode fiber. Here we take propagation in a GRIN fiber modeled after standard telecommunication-grade GRIN multimode fiber, and look at the formation
and propagation of multimode solitons[63, 65, 67, 49, 68, 50]. Fig. 2.3 illustrates
the basic concepts underlying multimode solitons. In contrast to the linear propagation shown in Fig. 2.1, with nonlinearity we observe a multimode pulse that
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Figure 2.3: Soliton propagation in multimode fiber. The figure shows 3 LP0N
modes, LP01 (mode 1), LP02 (2) and LP03 (3) from a parabolic GRIN fiber.
Multiple spatial modes lock together in a single pulse, which evolves over short
distances due to the different modal propagation constants. The formation of MM
solitons is considered in Example 2.
does not broaden in time, nor break apart into multiple pulses in each constitutent mode family. Anomalous chromatic dispersion is balanced by self-phase
and cross-phase modulations, while we expect that cross-phase modulations cause
asymmetric spectral broadening of pulses in different modes. This process can
shift the center frequency of the pulse in each mode, and therefore cause pulses in
the different modes shift relative to one another in order to have a common group
velocity, where the changes in chromatic dispersion compensate the mismatch in
modal dispersion. Intuitively, this process can be thought of as a mutual nonlinear
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All terms, bandpass filtered
(b)

(a)

SPM and XPM only
(d)

(c)

All terms, 1 ps launch pulse
(f)

(e)

Figure 2.4: Examination of multimode soliton formation and propagation. (a-b)
show the propagated field after 15 m and bandpass spectral filtering to isolate
the Raman-shifted soliton. The pulse is initially 50 fs long, with 6 nJ equally
distributed into the 8 modes considered. (c-d) show the result of propagation for
the same initial condition, but with only the Kerr SPM and XPM terms included.
(e-f) show the same simulation as (a-b), except with a 1 ps duration initial pulse.
trapping of each pulse by the others and itself.
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2.3.2

Multimode solitons in few-mode fiber

While 1D solitons in SMF are well-understood and have been thoroughly studied,
multimode solitons are relatively unexplored. Though as interest in multimode
fiber grows, it is natural to assume that an understanding of multimode soliton
dynamics would provide a similar fundamental intellectual building block as the
1D soliton. Although theoretical predictions of multimode solitons date back to
the 1980s [61, 62, 63, 64, 65, 66], few experiments on multimode solitons have been
reported. Renninger et al. first reported solitons in graded-index (GRIN) MMF,
but the solitons were dominated by the fundamental mode [67]. Wright et al.
followed up on this work by exploring different regimes of spatiotemporal dynamics
in MMF [49]. Wright et al. presented evidence of solitons consisting of up to about
10 modes, but due to the many fiber modes, interpretation of the measurements was
complicated. Thus, experiments that add systematic understanding of MM solitons
are needed. In particular, the study of solitons in a small number of modes is a
natural step from single-mode to many-mode, and ultimately, bulk spatiotemporal
systems. Few-mode fiber (FMF) is the perfect platform for such studies. Buch et
al. recently numerically observed trapping of SM temporal solitons in the different
modes of a FMF [68]. Here, we aim to experimentally observe MM solitons in
FMF.
We report the results of pulse-propagation experiments designed to isolate MM
solitons in GRIN fiber that supports only the LP01 and LP11 mode groups (3
spatial eigenmodes in total). We focus on solitons that have red-shifted as a
result of Raman scattering, which allows them to be spectrally isolated in an
experimentally straightforward way that is lacking in prior experimental studies.
We observe that variation in initial launch conditions (pulse energy and mode
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content) leads to solitons with a continuous range of spatiotemporal properties.
We determine the relationship between soliton energy and duration, as well as the
variation in modal content with pulse energy. Increased energy of MM solitons is
accommodated by adjustments in both the spatial and temporal domains.
The fiber used in our experiment is a commercial product (25 meters of Two
Mode Graded-Index Fiber from OFS, Inc.), with the LP01 and LP11 modes having dispersions of 19.9 and 20.0 ps/(nm·km), dispersion slopes of 0.067 and 0.065
ps/(nm2 · km), and effective areas of 96 and 128 µm2 respectively. Since the fiber
is a proprietary design, our simulations are conducted for a notional fiber with
similar parameters. We assume a GRIN fiber with a parabolic index profile, a numerical aperture of 0.14 and a core diameter of 16 um. Such a fiber supports the
LP01 and LP11 mode groups with low differential group delay (¡ 0.2 ps/m). Since
the experimental and simulated fibers differ, and since several details of the experiment are neglected (e.g. different lengths, weak linear mode coupling, initially
non-Gaussian pulse spectra, polarization), our goal is only to obtain a qualitative correspondence. The simulations’ qualitative similarity with the experiments
reflects the same dominant physics.
To guide the experiments, and to derive insight from the results, we first simulated the pulse propagation using the generalized multimode nonlinear Schrödinger
equation (GMM-NLSE) [49, 37]. This is the same method used by Wright et. al.
in Ref. [49]. For fibers with a small number of modes, this method provides information about the individual modal evolutions, while remaining computationally
inexpensive. In our simulations, we launched a 250-fs Gaussian pulse centered at
1550 nm, and monitored the propagation over a distance of 6 m for a variety of
different initial conditions. Total pulse energy was varied, along with the modal
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Figure 2.5: Simulated temporal and spectral evolutions of the LP01 and LP11a
modes over a distance of 3 meters, for 5 nJ total energy initially spread equally
over the three modes. The LP11b mode follows a nearly identical evolution to that
of LP11a.
composition, by varying the absolute and relative peak intensities of the modes in
the GMM-NLSE.
The simulation results provide a clear picture of how MM solitons form. In
the linear regime, individual modes broaden and separate temporally due to group
velocity dispersion (GVD) and intermodal dispersion respectively. At higher energies, where the average nonlinear length for the field becomes comparable to the
dispersion length and shorter than the walk-off length (the length scale on which
the modes lose their temporal overlap due to having differing modal group velocities), MM solitons form. Although one can define characteristic lengths for each
mode, in this case the individual modes have comparable nonlinear lengths. A
particular example is shown in Fig. 2.5. For a total energy of 5 nJ spread equally
across the modes, compression of the initial pulse leads to MM soliton formation
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through a fission process. (Note that soliton fission is highly sensitive to the details
of the process. Together with the uncertainties in the fiber parameters, this precludes precise quantitative modeling of the experiments.) The pulse sheds energy,
emitting dispersive radiation in the modes (not locked together in time) that can
be observed in the figure. The pulse undergoes temporal breathing in its width and
peak intensity as the three modes exchange energy with one another and undergo
spectral shifts, locking together in time as the pulse approaches a stable soliton
product. The pulse spectrum (bottom panels of Fig. 2.5) shifts to longer wavelengths owing to stimulated Raman scattering [49], which provides the necessary
shifts in the modal group velocities for the individual modes to lock together at
a common group velocity. The result is a multimode (3-mode) Raman soliton,
with spectral characteristics similar to Raman solitons in SMF [69]. For reference, its duration (90 fs) is much shorter than the expected walk-off due to linear
modal dispersion (400 fs) in 2 m of propagation. This is strong evidence of multimode soliton formation, as opposed to solitons in the individual modes. While
intermodal Raman scattering is not necessary for the existence of MM solitons, as
intermodal cross-phase modulation (XPM) and four-wave mixing (FWM) can also
provide necessary nonlinear phase and group velocity shifts, it plays a key role in
assisting their formation. As a result, spectral shifts due to Raman scattering are
a dominant effect in MM solitons even with moderate pulse energies.
Experimentally, we launched 280-fs pulses at 1550 nm, with energies ranging up
to 20 nJ, into 25 m of the FMF. The fiber corresponds to 8 dispersion lengths for
the input pulse. The output from the fiber was measured in the spatial, spectral,
and temporal domains using an InGaAs camera, spectrum analyzer and intensity
autocorrelator, respectively. While there currently exist spatiotemporal diagnostics
such as STRIPED-FISH [70], it has not yet been realized with sufficient time-
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Figure 2.6: Sample data (blue lines: full spectrum, red lines: spectrum transmitted by 1600-nm long-pass filter) for 9-nJ pulses launched into 25 m of FMF: (a)
spatially-integrated spectra (dashed line represents long-pass filter edge), (b) intensity autocorrelation traces, (c) spectrally-integrated beam profile for full spectrum,
(d) spectrally-integrated beam profile for λ > 1600 nm (white bar represents 11
µm mode-field diameter of the fundamental mode of the fiber).
bandwidth product to be suitable for measuring the pulses in our experiment.
A half-wave plate and polarizing beamsplitter were used to vary the input pulse
energy. As a result, the input beam was linearly polarized. The launch condition
was controlled by fixing the bare input end of the FMF to a three-axis translation
stage, which could be moved relative to the input beam focus. Although this does
not provide the capability to exactly control or measure the modal composition
of the launched pulses, we are still able to sweep through a large parameter space
and to intentionally excite higher-order mode content. Spherical and cylindrical
lenses were used to help deliberately excite the LP11 group.
While soliton formation is most naturally studied in a cutback experiment,
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such a scheme is not feasible with MMF, since any mechanical manipulation of
the fiber may modify the input alighment and lead to changes in the linear mode
coupling. Thus, we kept the fiber length fixed, and measured the output for
varied initial conditions. To observe MM Raman solitons, we looked for three
experimental signatures: the shifted spectrum, unbroadened temporal profile, and
multimode beam profile. A 1600-nm longpass filter allows us to isolate the Ramanshifted soliton from the rest of the field, so it can be directly measured in all three
domains. In this work we intentionally ignore low energy regimes in which MM
solitons form without significant Raman scattering, since we are unable to separate
a single MM-soliton from the rest of the field.
A representative data set demonstrating MM soliton formation is presented in
Fig. 2.6. These particular data are the result of launching 9-nJ pulses into the
FMF with an initial LP01 mode-dominated excitation (a reasonable estimate of
the modal excitation can be obtained by looking at the fiber output at low energy).
The spectrum exhibits a Raman-shifted peak, along with dispersive radiation left
behind around 1550 nm. Using the filter, a 120-fs Raman soliton can be spectrally
isolated from the full field (Fig. 2.6(a)) and observed in the autocorrelation trace
(Fig. 2.6(b)), in which both traces are normalized to unity at t = 0. Given that
for low energy pulses (1 nJ), the measured output pulse width is roughly 1.6
ps, these short Raman pulses are the product of nonlinear processes that have
counteracted pulse broadening mechanisms. This spectral filtering is done in the
spatial domain as well, allowing us to observe the spatial variation between the full
field (Fig. 2.6(c)) and the Raman soliton above 1600 nm (Fig. 2.6(d)). Thus we
are able to isolate and observe individual MM solitons in the spectral, temporal
and spatial domains.
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Figure 2.7: Raman frequency shift of MM solitons versus pulse energy in: (a) simulation and (b) experiment (λ > 1600 nm). Colours and symbols denote different
initial conditions (IC). IC1: LP01 dominated, IC2: intermediate, IC3: LP11 dominated, IC4: LP11 dominated. In simulation, energy distribution across the LP01
and LP11 modes in IC1 are 50%, 25%, and 25% respectively. IC2: 33%, 33%, and
33%. IC3: 20%, 40%, 40%.
We observe that, for energy ranges in which a single MM Raman soliton forms,
the resulting modal composition of the MM soliton is similar to that of the launched
pulse. As a result, the Raman frequency shift that each MM soliton experiences
lies between the frequency shifts that would be experienced by a similar pulse
with the same total energy in either the fundamental or higher order mode. This
is displayed in Fig. 2.7, which despite quantitative discrepancies, shows the same
qualitative trend for both the numerical and experimental data. A single-mode
soliton in the fundamental mode would experience the greatest Raman shift, and
a lesser shift would be experienced by a single-mode soliton in an LP11 mode. In
Fig. 2.7 and Fig. 2.8, the blue diamonds correspond to initial pulses dominated
by the fundamental mode, and as such they experience the greatest frequency
shift. Conversely, the red squares, as well as the cyan triangles in Fig. 2.7(b)
and Fig. 2.8(b), are different initial conditions both dominated by the LP11 mode
group, and as such experience a smaller shift. Similar qualitative trends hold for the
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Figure 2.8: Pulse width of MM Raman soliton versus energy in: (a) simulation
and (b) experiment (λ > 1600 nm). Colours and symbols denote different initial
conditions (IC). IC1: LP01 dominated, IC2: intermediate, IC3: LP11 dominated,
IC4: LP11 dominated. In simulation, energy distribution across the LP01 and
LP11 modes in IC1 are 50%, 25%, and 25% respectively. IC2: 33%, 33%, and 33%.
IC3: 20%, 40%, 40%. Solid (dashed) line depicts soliton energy area theorem for
LP01 (LP11) mode.
pulses temporal delay and group velocity, which is discussed in the next paragraph.
The importance of this observation is that it demonstrates the variability in the
properties of MM solitons as a multi-parameter family of solutions to the GMMNLSE, a characteristic that is different from SM solitons. In our simulations, we
find that at even higher initial pulse energies, these trends no longer hold true:
stronger soliton fission leads to multiple MM soliton products with less predictable
characteristics. More work is required to systematically investigate this regime.
We find that MM solitons are able to adjust spatiotemporally to an increase
in energy via transverse/modal degrees of freedom in a way that is impossible for
(1+1)D solitons in SMF. With multiple modes supported, one would suspect that
MM solitons are capable of having higher pulse energies than SM solitons. This
is confirmed by both our experimental and numerical results in Fig. 2.8, which
shows pulse duration as a function of pulse energy. At low energies, before any
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R
R 2 for a given experimental
2
launch condition, calculated as Aeff = ( I dA) / I dA. Inset: beam profiles
corresponding to the data points (white bar represents an 11 µm scale for reference).
significant Raman frequency shift occurs, the pulse behaves like a superposition
of the modes. As a result, at these energies (up to 2.5 nJ), the pulse width lies
between the soliton energy area relations for the LP01 and LP11 modes [6]. This
is most evident in Fig. 2.8(a), where again the fundamental-mode-dominanted
pulses (blue diamonds) lie closer to the solid black line (LP01), while the higherorder-mode-dominated pulses (red squares) lie closer to the dashed line (LP11).
The same is true in Fig. 2.8(b). As energy increases, the MM soliton duration
decreases, converging toward a duration of about 80 fs in simulation and 120 fs in
experiment. Here the MM soliton energies exceed what’s predicted by the singlemode soliton energy area relations for both the LP01 and LP11 modes. In other
words, transverse spatial degrees of freedom allow the MM soliton to contain more
energy than any SM soliton could in any of the individual modes of the fiber.
Moreover, we find that as energy increases, the spatial size of the pulse increases
as well (while maintaining a roughly constant pulse duration). Fig. 2.9 shows this
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for one initial condition, with a similar trend observable across all data recorded.
The initial beam profile of the MM soliton closely resembles the fundamental mode,
and grows in size as energy is increased. The effective area then plateaus as the
beam fills the fiber. From there, subsequent adjustments to further energy increase
are made through changes in modal content.
It is worth noting that not only do MM solitons behave differently from SM
solitons, but they behave differently from fully spatiotemporal solitons as well
(in bulk material or free space). While (3+1)D spatiotemporal solitons are expected to decrease in both temporal and spatial size as energy is increased [71],
MM solitons on the other hand are like temporal solitons with spatial degrees of
freedom - spatiotemporal objects that decrease in temporal size but increase in
spatial size. As such, MM solitons in systems with discrete modes occupy a qualitatively different space between that of (1+1)D single-mode solitons and (3+1)D
spatiotemporal solitons that are not characterized by a finite number of modes. In
this way, further investigation of MM solitons could shed light on the transition of
the spatiotemporal properties of solitons from 1-D systems to fully 3-D ones.
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CHAPTER 3
MODE-RESOLVED CONTROL IN MULTIMODE FIBER
EXPERIMENTS

As is evident from the numerical simulations presented, describing nonlinear
pulse propagation MMF using a system of coupled (1+1)-D nonlinear Schrödinger
equations is incredibly useful. However, while theory and simulations have exploited the mode picture for insight, to date experiments have not been able to
take advantage of this, instead indirectly inferring modal dynamics from full-field
measurements (notable examples are the aforementioned experiments on multimode solitons [67, 49, 50]. The ability to exercise precise control over modal
excitation in these experiments, as well as the ability to precisely decompose the
output field into constituent modes, would be very useful, and would allow for
direct comparison between experiments and the GMMNLSE.
While steps have been previously taken toward full modal control and measurement, they have all lacked generality. Phase retrieval-based methods have been
applied to nonlinear pulse propagation experiments in MMF[72], but can only
be applied directly to narrowband, quasi-CW processes, and moreover only allow
mode-resolved measurement, as opposed to excitation. And while full spatiotemporal electric field measurements are general-purpose, they will always be limited
by a finite space-time resolution and/or long measurement times. Modal decomposition therefore has an enormously greater efficiency, especially in few-mode fibers,
and furthermore it allows all the tools used for single-mode measurements (autocorrelation, FROG, dispersive Fourier transform, spectrum, etc.) to be directly
applied to multimode measurements. Several groups have used fixed phase plates
for mode control[73, 74]. While useful, this approach is limited in that it cannot
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easily be adapted to different types of fibers including those with many modes.
To achieve flexibility, spatial light modulators (SLMs) have been used to excite
specific modes (e.g. Ref. [75, 76]), but to date this approach has not been applied
generally, and to both mode control (input) and precise measurement (output).
Here we use a pair of SLM systems to implement mode-resolved excitation and
measurement in pulse propagation experiments.

3.1

SLM system for mode-control in multimode fiber experiments

In principle, an SLM is any object that imposes a spatially varying modulation
to a beam of light (in that sense, an iris, spatially varying filter, etc, can all
technically be considered a static spatial light modulator). In modern terms, an
SLM is typically a pixeled device that can be controlled by a computer. Depending
on the specific SLM, the device can modulate intensity and/or phase.
The SLMs used in this work are reflective phase-modulating SLMs from Meadowlark. The SLM itself consists of 1920×1152 pixels of nematic liquid crystal,
which has a variable electro-optic response to voltage. This is shown in Fig. 3.1.
All the crystals are aligned homogeneously, with their orientation a function of
the applied voltage. When no voltage is applied, the molecules are parallel to
the SLM surface. In this configuration, the crystal molecules exhibit the largest
birefringence, meaning any incident light will experience the largest difference between the extraordinary (ne) and ordinary (no) indices of refraction. As voltage to
the liquid crystal is increased, the crystals tilt their orientation until the opposite
extreme is reached where they are oriented normal to the SLM surface. At this
point the difference between the extraordinary and ordinary index of refraction is
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Figure 3.1: Simplified illustration of SLM liquid crystal orientation as a function
of applied voltage.
nearly zero. Thus, if light incident upon the SLM is linearly polarized with its polarization parallel to the extraordinary axis, then a pure, voltage dependent phase
shift will be observed upon reflection from the SLM. With programmable control
of each voltage, arbitrary spatial phase variation can be achieved, limited by the
pixel resolution.
Applying this to MMF experiments, phase masks can applied to the SLM such
that a beam modulated by it can excite any mode of the fiber (and thereby, any
superposition of modes as well). By implementing this capability at both the fiber
input and output, we exactly excite specific modes or combinations of modes at
will, and perform mode-resolved measurements to directly understand multimode
nonlinear dynamics.
Fig. 3.2 shows one single SLM apparatus used in our experiments. As a standalone device, it functions as a mode generator (in this case we refer to it as the
transmitter, TX, input SLM, or mode multiplexer) when operated from left-toright, or it can be operated in the reverse direction (right-to-left) as a mode filter
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Figure 3.2: Photo (left) and schematic (right) of individual SLM apparatus configured
at the input of a MMF. This allows for arbitrary excitation of the modes supported by
the MMF.

(receiver, RX, output SLM, or mode demultiplexer). This device was developed by
Joel Carpenter, as well as the ModeLab software user interface for controlling the
SLM’s. Once the appropriate phase masks corresponding to the modes of the fiber
are calculated, they can be superimposed with necessary (and optimized) phase
fronts to account for tilt and other abberations to excite the exact modes of the
fiber of interest.
For a detailed description of the SLM apparatus, as well as the associated software for controlling the SLM’s, aligning MMF’s and implementing mode multiplexing, see the Appendix. The content of this
appendix is not an afterthought or supplemental information, but is
presented in this way to preserve the flow of the main body of the
thesis.
With two such devices placed back to back, we can achieve simultaneous input
control and output measurement. Fig. 3.3 shows the system we use, primarily
consisting of two SLMs (transmitter and receiver). For a chosen mode composition,
the transmitter SLM displays corresponding phase masks in the two polarizations,
50

converting the incoming beam before it is aligned into the MMF. At the MMF
output, the beam is again split and demultiplexed by the receiver SLM. Phase
masks are calculated using the MMF’s geometry, and as such, the combination of
these two devices can launch any arbitrary combination of modes into any fiber,
as well as measure the modal composition at the output. More technical details

Light Source

MMF

Transmitter

ASE

PBS

SMF
Tunable
CW Laser
Ultrafast
Laser
(fs~ps)

Power
Meter

Receiver

PBS

SMF
λ/2

SLM
λ/2

λ/2

PBS

SLM
λ/2

PBS

Spectrum
Analyzer

Autocorrelator

Figure 3.3: Schematic of experimental setup. ASE and tunable CW light can be used
to linearly characterize the fiber. The transmitter SLM controls modal excitation into
the MMF, while the receiver SLM decomposes the output signal into the fiber’s modes.

3.2

Demonstration of mode-resolved Raman beam cleanup

We can demonstrate the capability of these SLM devices through a representative
experiment. Here, we launch 1 ps pulses into 5 kilometers of GRIN few-mode fiber
supporting two mode groups (LP01 and LP11). Fig. 3.4 shows a sample data set
for launching entirely into one of the two LP11 modes with vertical polarization.
As the linear coupling matrix (Fig. 3.4(c)) implies, in the linear case, we would
not expect energy to appear in the fundamental mode, which is indeed shown in
Fig. 3.4(g)-(i). However, as input energy is increased, energy transfers to the fundamental mode as a Raman soliton. Hence, we observe this Raman beam clean-up
process with mode-resolved precision. Thus this is the first direct modal mea-
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External Diagnostic

on these devices can be found in [75, 76, 77].

surement of such an intermodal process between MM solitons, confirming earlier
inferences based on beam profiles [49].
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Figure 3.4: Sample data showing: input (a) spectrum and (b) near-field beam profile,
(c) linear coupling matrix of the MMF, and (d,g) output spectra, (e,h) beam profiles
and (f,i) mode content for 0 and 3 dB input loss. At low power (g)-(i), the system
behaves almost linearly, while increased energy (d)-(f) results in energy transferring into
a Raman soliton dominated by the fundamental mode.

Fig. 3.4 shows a representative set of data that demonstrates some of the possible mode-resolved measurements that can be made with the SLM system. As
indicated in Fig. 3.3, any of the typical diagnostic measurement tools (autocorrelator, spectrum analyzer, power meter) can be used to make the same measurements,
but of the individual modes instead of the overall field. As such, by varying through
all the modes at the input as well as the output, we can make corresponding power
measurements and construct a general transfer matrix, shown by Fig. 3.4(c). At
low enough powers, this corresponds to the linear transmission matrix of the fiber
(though this depends on what light source is being used: CW light, amplified
spontaneous emission light, coherent pulsed light, etc), while at higher powers,
the matrix no longer shows the linear properties of the fiber, but the redistribution of power in the particular experiment. This is better represented by Fig. 3.4,
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where the rows of the matrix are summed to show the different distributions of
power among the modes with different input pulse energies. In this particular experiment, at low powers, when pulses are initially launched into the LP11 mode
group, the energy stays within that mode group, whereas at higher energies, Raman scattering shifts the light into the LP01 mode group at a higher wavelength.
This is supplemented by beam profiles of the full field, show in Fig. 3.4(b)(e)(h).
Similarly, mode-resolved spectra are shown in Fig. 3.4(a)(d)(g).
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CHAPTER 4
RANDOM MODE COUPLING IN MULTIMODE AND
MULTICORE FIBER

Consumer demand for data capacity is constantly growing.

While estab-

lished methods for signal multiplexing (wavelength, polarization, time, quadraturedivision) have allowed for significant scaling of communication channels, they are
approaching fundamental limits [8, 9, 10]. Space-division multiplexing (SDM) has
emerged as a prime candidate to address this increasing demand. To this end,
multimode fibers (MMF) have received a lot of recent attention, along with multicore fibers (MCF), the latter of which has shown particular promise as a candidate
platform for emerging technologies [78, 79, 80, 81].
Inherent to multimode waveguides is coupling between the modes of the system
[82]. In the case of single-core MMFs, the coupling that occurs is between the
spatial eigenmodes of the fiber, and in the case of MCF’s, depending on the core
separation distances, coupling occurs between the cores if they are far apart or
between the supermodes of the overall MCF if they are close [83, 84]. Random
coupling is caused by physical perturbations to the fiber that result in geometrical
variations such as bending, twisting, and micro-bending, as well as variations in
core and fiber diameters and eccentricity. When modes or cores are randomly
coupled, over a sufficient length, the energy among the coupled modes or cores
is randomly mixed and effectively equalized, and the signal resists the effects of
modal dispersion, resulting in sub-linear growth of the overall temporal delay. In
terms of telecommunication applications, strong coupling is advantageous in that
it reduces the effect of differential group-delay (DGD) and mode-dependent loss
(MDL), and has even been shown to mitigate the impact of nonlinear impairment
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of the signal [85, 86]. In this regime of strong random coupling, this converges to
square-root growth of the differential group delay [87, 88].
Though nonlinearity is conventionally viewed as undesirable in application,
nonlinear pulse propagation of ultrashort pulses in the presence of random mode
coupling is scientifically compelling, and still a relatively unexplored subject. Until
recently, the majority of the existing literature has focused on polarization mode
dispersion (PMD) in SMF. Early work by Poole, Wai, Menyuk, and others that developed theory to model DGD as a function of coupling length scales has not been
fully extended to or thoroughly explored in multimode cases [89, 90]. Mecozzi et al.
have developed theory showing that the multi-component nonlinear Schrödinger
equation can be simplified into the Manakov equation, which is integrable and
therefore admits soliton solutions[91, 32, 92]. Although spatial Manakov solitons
have been observed in photorefractive material, there is no existing experimental
observation of temporal Manakov solitons[93]. Futhermore, no one has experimentally explored nonlinear pulse propagation in systems with random mode coupling.

4.1

Random coupling in fiber

In order to build up an understanding, it is useful to start by looking at RMC
in the single-mode case. Although polarization modes have been largely ignored
throughout the thesis thus far, it is instructive to consider them when studying
random mode coupling (RMC), as they provide an intuitive reference case. Ignoring them is primarily due to the typically short length scales in nonlinear pulse
propagation studies. For telecommunications and long-haul applications, however,
minimal imperfections and birefringence in the fiber add up.
Analogous to the linear properties of multimode fibers discussed in earlier chap55

ters, one would expect polarization modes to experience linear walk-off in the same
way as orthogonal spatial eigenmodes. However, when one purchases fiber, they
are typically labeled with a “maximum PMD” value that looks something like
√
≤ 0.1 ps/ km. This means that a pulse will broaden with the square-root of fiber
length. Why is that? Though this seems contrary to the linear broadening one
would expect due to GVD, the square-root trend is a result of the presence strong
random coupling between the the two polarizations in long lengths of fiber. For
one kilometer of fiber, this corresponds to 100 fs of delay between the polarizations, so again, this effect is generally negligible for lengths of fiber on the order
of meters, which encompasses most typical experiments in the realm of nonlinear
pulse propagation.
Multiple factors contributes to this square-root PMD in SMF: birefringence
and various sources of disorder. To start, we can look at the birefringence, which
is characterized by the beat length LB , defined as:
LB =

2π
λ
=
∆β
∆neff

(4.1)

This length can be obtained by calculating the dispersion properties of the modes
in the unperturbed fiber. However, this would be based on an idealized fiber
geometry with no physical perturbations. In reality, there are many sources of
imperfection and internal deformations and stress to the fiber, resulting from coiling, bending, temperature sensitivities, and built-in stress (such as from spinning
the fiber when it is first drawn). As a result, in practice, experimental values for
LB always include contributions from the aforementioned perturbations, and are
never a true exact measurement of birefringence as conventionally defined (they
are thus a complicated function of z). In literature, there have been a number of
methods used to make such a measurement, including magneto-optic modulation
[94], methods based on light scattering perpendicular to the mode electric field
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vector, and polarization modulation[95, 96, 97]. More recently, methods based on
polarization optical time-domain reflectometry have been used [98].
Essentially, the measured beat length LB can be seen as a metric for the
strength of the coupling. In other words, the length scale on which energy transfers
back and forth between modes. This leads to a more general Lcoupling , which would
represent the length scale over which modes are coupled as a result of all contributing factors (such as birefringence, modal dispersion, and physical perturbations,
which includes random coupling elements).
On the other hand, a related length scale called the correlation length Lcorr is
defined as the length over which two modes become decorrelated from one another,
effectively describing the strength of the randomness in the coupling between the
modes. The definition of this length is more nebulous and is not universally agreed
upon, though the general phenomenological relation between the two length scales
was proposed by Wai and Menyuk [90]:

h∆τ i2 =

i
L
L
1  8λLcorr 2 h
exp(−
)+
−1
3 πcLB
Lcorr
Lcorr

(4.2)

In an experiment by Galtarossa et al., various types of SMF were tightly wound
on 15-cm diameter drums. Beat lengths were found to be around 20 m. By measuring the overall delay, they were able to calculate the correlation length. This was
the first experimental measurement of a correlation length. While other such measurements have been made [97], in this work they use an different relation between
PMD, beat length and correlation length (for a given fiber length), that includes
terminology for “coupling length” instead of correlation length, done mainly by
Poole et al.[89, 99, 100]. Evidently, there is an overall general confusion over the
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relative meanings of the terms “beat length”, “coupling length”, and “correlation
length”, even in just the single-mode case.
Wai and Menyuk provided some valuable clarifying points and interpretation[89].
Even though the different works yield seemingly identical results, Poole’s theory
assumes an infinitely long correlation length. In other words, it assumes that the
field never decorrelates due to random coupling. In contrast, Wai et al. consider
finite correlation lengths.
We can assemble a distilled understanding of the literature:

• Fibers naturally have intrinsic birefringence, on the order of around ∆n/n ∼
10−7 . While this value is small, in the telecom band, it corresponds to a
beat length LB on the order of 10 m, which is very short compared to typical dispersion and nonlinear lengths, making it a relatively strong effect.
Polarization mode dispersion (PMD) originates from this birefringence.
• This short intrinsic beat length would be detrimental, but birefringence varies
randomly due to material and fabrication imperfections (typically on the
order of 200 m). This rapid variation averages the birefringence to 0 and
temporal delay grows at a sublinear rate - otherwise known as PMD.
• Polarization-maintaining fiber intentionally introduces higher birefringence
in order to combat scrambling of the polarization. The beat length is intentionally made short on the order of centimeters or less, such that the energy
couples back and forth (with out of phase energy at half beat-lengths) such
that the coupling effectively cancels and the input polarization state is preserved.
• Modeling random coupling by scrambling the fields at fixed intervals (assum-
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ing deterministic evolution within the discretized segments) yields unideal
results. In reality there are two different scrambling lengths: linear and
nonlinear. The linear scrambling length is essentially fiber autocorrelation
length, which corresponds to a diffusion length in the equatorial direction on
the Poincaré sphere, while the nonlinear scrambling length is along the azimuthal direction on the Poincaré sphere. In completeness, it requires three
diffusion constants (decorrelation lengths) in order to fully characterize the
coupling dynamics of the fiber.
• For L much greater than all of these, one can arrive at the Manakov equation.

As much as the scientific community has worked to clarify these concepts and
elucidate the underlying physics, it is clear that there is a lot yet to be understood.
Especially when generalizing these concepts to the multimode case adds further
layers of complexity.

4.2

Random mode coupling in multicore fiber

While in principle, random mode coupling occurs in any multimode waveguide,
the required length scales for single-core multimode fibers are often prohibitively
long for doing nonlinear pulse propagation experiments. The coupling lengths
are long while the nonlinear lengths are short. We have attempted a number of
experiments in various GRIN fibers, though it has remained consistently difficult
to obtain a fiber with sufficiently strong coupling that experiments could be done
within the constraints of the lasers available. To this end, MCF proved to be a
much more promising alternative, which will be explained in the subsections below.
Coincidentally (or maybe not so much), MCF has recently become a focal point of
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telecommunications research as a potential candidate for enabling space-division
multiplexing. Moreover, within the literature of MCF-based telecommunications,
there have been growing studies investigating the effects of RMC in these fibers.
Although the geometry seems more daunting than a single-core MMF, in the case
of MCF with single-mode cores, a lot of the complexity of fiber mode geometries
is reduced.

4.2.1

MCF for space-division multiplexing

The introduction of a multicore microstructured fiber used in telecom was shown
in 2011, as the beginning of a combined effort between researchers at NOKIA Bell
Labs (United States) and Sumitomo Electric Industries (Japan). Together, Roland
Ryf et al. demonstrated transmission of 6 mode-multiplexed signals over 1200 km
of 3-core multicore fiber (MCF), achieving a single wavelength channel capacity of
240 Gbit/s using 6x6 coherent MIMO detection [88].
In the above work, the authors use a multicore fiber with 3 identical homogeneous cores. Each core is 12.4 µm in diameter, with an index contrast of
∆ = 0.27%, and are spaced 29.4 µm apart (17 µm from the center) in a 125
µm diameter core. At 1550 nm, the fiber has an attenuation of 0.181 dB/km,
which is nearly identical to losses in conventional SMF, and is designed to have
chromatic dispersion and dispersion slope of approximately 21 ps/nm/km and 0.06
ps/nm2 /km respectively (or -26.8 fs2 /mm and 141.7 fs3 /mm respectively). After
launching depolarized light into the fiber, they found that the crosstalk (coupling)
is so high that the power at the output of the fiber is equally distributed among the
cores, regardless of the input conditions. This indicated strong coupling between
the cores. They conducted experiments by recirculating pulses in a 60 km spool of
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this fiber, and using electronic dispersion compensation, the authors experimentally obtained the impulse response of 1200 km of this fiber. They observed a
duration of 600 ps at 60 km and 5 ns at 1200 km, showing clear sublinear broadening of the impulse response, further supporting the conclusion that the cores were
strongly coupled.
Subsequently, in 2012 Ryf et al. published further experiments with the same
fiber [79], this time demonstrating MIMO transmission in 4200 km of fiber multiplexed over 3 space, 2 polarization and 5 wavelength channels, a landmark result
in SDM research. Moreover, they demonstrate Gaussian temporal profiles in the
impulse response and square-root growth of the duration as a function of fiber
distance, experimentally confirming existing theory[89].
Around the same time, Ryf et al. published an analysis of the impulse response
of these coupled 3-core MCF’s [101]. Here they compare the aforementioned fiber
of a similar design with three slightly smaller cores that are separated by a larger
distance of 38 µm. In this paper, they emphasize that their previous attempts using
scalar coupled-wave theory failed to predict the experimentally observed cross-talk
behaviour [78]. Here they showed that the level of core-to-core crosstalk introduces
different regimes, and use a vector mode solver to solve for the supermodes of the
fiber. By comparing experimental results between the two fibers, and numerical
studies in which they vary the core spacing in the MCF, the authors show distinctly
different qualitative coupling behaviour in the fiber when the cores are spaced closer
to one another. They demonstrate a trade-off: when the cores are closer together,
you get stronger coupling at the cost of much higher DGD and ∆β0 between the
supermodes of the fiber.
It’s important to consider that numerical mode-solvers only produce the inher-
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ent properties of the fiber, without accounting for mechanical effects like bending
or twisting of the fiber. This was studied in a paper published at ECOC 2015 [102].
In this work, the authors demonstrate multiple different coupled-core MCF’s, including the one primarily studied in the aforementioned previous papers, for which
they show another measurement of the square-root growth of the impulse response
in 6000 km. Furthermore, the authors divide coupled-core (CC-)MCF’s into two
types: uncoupled-mode (UM) CC-MCF and coupled-mode (CM) CC-MCF. Here,
the word “mode” refers to the eigenmode of the entire fiber. For the UM-CCMCF, the cores could be close enough together that supermodes are formed that
can propagate stably, whereas for the CM-CC-MCF the eigenmodes are localized
within the individual cores (i.e. the core modes are the fiber modes) while still being close enough to couple with each other. Using some analysis of mode-coupling
mechanisms, the authors explain that in the CM-CC-MCF’s that are studied in
their paper, the measured DGD’s of their fibers are predominantly a result of
the bending of the fiber, as opposed to the intrinsic DGD between the uncoupled
supermodes in the absence of any physical perturbations. The authors then confirm simple analytical models for bend-induced DGD as well as the effect of fiber
twisting on the DGD.
Since then, Sumitomo has developed a 4-core CC-MCF fiber with record performance, that takes advantage of bend- and twist-induced effects, with a DGD
√
of 3.14 ps/ km. For more information of the development of these fibers, see
[80, 103].
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4.2.2

Nonlinear pulse propagation in 3C MCF

Here, we conduct nonlinear pulse propagation experiments in a 3-core multicore
fiber (each core single-mode) and explore the interplay of linear and nonlinear pulse
propagation effects. The fiber is the same one studied by Ryf et al. in which the
√
authors demonstrate sub-linear DGD growth of approximately 4.5ps/ km. The
fiber consists of 3 homogeneous cores with 12.4 um diameter, with a refractive
index difference Delta = 0.27%. The attenuation of this fiber at 1550 nm is similar
to that of conventional SMF[79, 101]. The cutoff wavelength was designed to be
around 1350 nm, with chromatic dispersion and dispersion slope of 21 ps/nm/km
and 0.06 ps/nm2 km respectively, both at 1550 nm. The distance between the cores
is 29.4um, with each core 17um from the center of the fiber. Such a geometry results
in strong coupling between the cores of the fiber, with the core spacing optimized to
allow supermodes to have relative phase velocities comparable to the perturbations
caused by geometrical variations of the fiber profile [60]. The super-modes are thus
continuously scrambled along the fiber, resulting in strong coupling. Of course, the
exact properties of the modes and the coupling are dependent on the physical state
of the fiber. That is to say, the properties of a perfectly unperturbed piece of fiber
would greatly deviate from that seen in the lab, due to effects such as internal
stress, spooling, and coiling conditions [79].
One challenge of studying pulse propagation in multimode systems is implementing exact control of modal excitation at the fiber input as well as precise
measurement of modal content at the output. Previous experimental work on
multimode soliton propagation has been limited to making full field measurements
and quantitative observations and relying on spectral filtering of solitons from the
rest of the light[49, 50]. Here, we make use of a spatial light modulator (SLM)
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Figure 4.1: Schematic of experimental setup. An input light source is delivered to
the transmitter SLM via a SMF. The light is demultiplexed into its polarization
components before phase masks are applied to each, and the resulting beams are
recombined and coupled into the MMF of interest. The same components are used
to demultiplex the light at the output end. Any light source can be used, and the
output can be measured with typical diagnostics.
system designed to provide simultaneous control of modal excitation and measurement [75, 104]. In fact, the ability to make mode-resolved measurements is
imperative when random mode coupling is considered, as being able to definitively
observe equalization of energy among modes/cores is a crucial aspect in confirming the experiment is in the strong coupling regime. The SLM system enables us
to launch the pulses into any of the cores, as well as make measurements of the
individual cores at the output, which can be extended to multimode fibers [104].
In our pulse propagation experiments, we launch 250 fs and 2.1 ps pulses at 1550
nm into the MCF and use our SLM system to simultaneously control excitation
conditions at the input and measure the light from each core at the output. The two
different pulse durations allow us to compare two different propagation regimes,
one where the dispersion length of the pulse is comparable to the random coupling
length of the fiber, and the other where the dispersion length is longer than the
random coupling length. In the two cases, the different bandwidths of the pulses
also play a role in the extent of the coupling between different frequencies. In
the latter case, random coupling becomes a much more dominant effect in the
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Figure 4.2: Linear transmission matrices of the 3-core MCF measured for (a) 2m,
(b) 20m, and (c) 200m segments. The block diagonal structure shows that the
cores are uncoupled at short lengths, whereas as the length increases, there is
increasing off-diagonal elements and overall randomization of the matrix.
propagation physics. This is a length scale problem, governed by the ratios between
the random coupling length, dispersion length, nonlinear length, and the length
of the fiber [87]. For the 250 fs and 2.1 ps pulses, the corresponding dispersion
lengths in our experiments are approximately 3 m and and 220 m respectively.
The minimum relevant nonlinear lengths (at the highest peak powers used), using
the effective area of an individual SM core, are approximately 5 cm and 75 cm
respectively. We make measurements in three different lengths of fiber: 2 m, 20
m, and 200 m, granting us glimpses into wholly different propagation regimes.
To characterize and confirm the coupling properties of the fiber, we initially
measure the linear transmission matrix of the fiber using low-power continuouswave light from the amplified spontaneous emission of an Erbium-doped fiber amplifier, and find that while the energy is equalized by the end of the 200 m spool,
it takes more than 20 m of propagation for this to happen. Fig. 4.2 shows how
the linear transmission matrix of the fiber changes for increasing lengths of the
fiber, including the polarization modes for each single-mode core of the fiber. For
the 2m case, the block diagonal shape indicates that at short lengths, the cores
are uncoupled, whereas there is significant increase of the off-diagonal terms in the
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(a)

(b)

(c)

(d)

Figure 4.3: Representative simulation results demonstrating the impulse response
of a 3-core MCF with strong random coupling when launched into one single core
at the input. (a) Impulse response of the three individual cores, showing similar
qualtitative shapes and equalized energies. (b) Growth of overall differential group
delay as a function of propagation distance - notably, strong random coupling
results in square-root growth of the impulse response, instead of linear growth. (c)
Representative autocorrelation trace of the impulse response. (d) Mode-resolved
spectra of the individual cores, showing strong mixing across the entire bandwidth.
20m case, indicating that the cores are coupled with each other. For the longer
200m case, the cores are essentially equally mixed with one another. While Ryf
et al. report that power is equalized among the cores in singular meters of fiber,
the discrepancy with the aforementioned results could be attributed to a change
in the internal stress of the fiber due to different coiling conditions[88].
To get an initial sense of what the results that can be expected in the nonlinear
pulse propagation experiments, we simulate the propagation using the GMMNLSE,
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modelling the linear coupling mechanisms as discrete events in which energy is
randomly (according to a Gaussian distribution) exchanged between cores, as described by [32, 37, 105, 106]. As such, we are able to predict the impulse response
of such a 3-core MCF. The results are shown in Fig. 4.3. Over a large number
(in this example case, 2000) of coupling events, the resulting impulse response is
a Gaussian whose width indeed grows as the square root of distance. Although
the energy randomly fluctuates, the average equilibrates to an equal distribution
among the participating cores. Since the impulse response assumes an infinitely
broad spectrum, its clear that the bandwidth of the light is an important factor in
the energy coupling a broader spectrum means more frequencies are available to
mix together. In reality, the resulting linear evolution of a pulse with finite width
would be a convolution of that pulse with such an impulse response. Worth noting
is that the autocorrelation trace of such an impulse response resembles that of a
random pulse, and as a result has a narrow central peak that accounts for half of
the peak autocorrelation intensity, and whose width corresponds to the coherence
bandwidth of the field.
For these nonlinear pulse propagation experiments, we launch pulses into the
various cores with different input conditions. For each input condition (pulse duration, pulse energy, input core), we measure the autocorrelation trace, spectrum,
and power that exits from the three individual cores at the output. For all cases,
the nonlinear transmission matrix (measurement of power distributed among the
modes of the fiber cores) resembled that of the linear case in Fig. 4.2. Together
with the SLM system, we vary the input condition between all the single-mode
cores of the fiber, as well as the pulse energy to make measurements in both the
linear propagation regime as well as the nonlinear, and observe the interplay of
dispersion, nonlinearity and random coupling. We observe that the input pulses
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Figure 4.4: Representative mode-resolved autocorrelation traces for (left) 250fs
and (right) 2.1ps input pulse durations for a 200m length of MCF. Each subplot
shows the resulting autocorrelation traces of each output core for a specific input
core excitation. Each subplot shows that the overall time signal in each core at
the put are qualitatively similar, with similar overall durations.
experience much different temporal spreading in two regimes, owing to random
coupling. We emphasize that this is the first study to our knowledge that investigates nonlinear pulse evolution with considerations for random mode coupling.
Fig. 4.4 shows the measured autocorrelation traces after propagation through
200 m of the MCF for both pulse durations. The left column corresponds to the
traces measured using 250 fs pulses, and the right column corresponds to those
measured using 2.1 ps pulses. In both cases, the figure corresponds to measurements made using the maximum available pulse energy, 2.39 nJ for the femtosecond
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pulses and 1.40 nJ for the picosecond pulses (the equivalent peak powers are 9.56
kW and 0.67 kW respectively). The qualitative shape of all the autocorrelation
traces resembles that shown in Fig. 4.3(c), which corresponds to the autocorrelation of the impulse response of a fiber with strong random coupling obtained
in simulation. This suggests that random coupling is a prominent effect in this
experiment. For both input pulse durations, when the pulse energy is varied, the
overall shape and temporal width of the autocorrelation traces does not change,
indicating that the delay is not a result of nonlinear effects. Additionally, in both
cases the magnitude of the delay cannot be explained by dispersion alone. In the
case of the 250 fs pulses, the dispersion length is 3.1 m. Purely dispersive pulse
broadening would only result in less than 20 ps, an order of magnitude less than
what is observed here. In the case of the 2.1 ps pulses, the dispersion length is equal
to the length of the fiber. Therefore, the resulting DGDs can only be explained by
random mode coupling.
However, this immediately raises some questions. Why are the two delays
so different? How is it that the pulse propagation experiment with higher peak
power resulted in a larger delay? As previously stated, the relative length scales
are crucial in this pulse propagation problem. In the case of the femtosecond pulse,
the coupling length scale is longer than the dispersion length. This means that
compared to nonlinearity and dispersion, random coupling is a relatively weaker
effect. On the other hand, for the picosecond pulse, in one single dispersion length,
the energy is already well mixed and randomized among all the cores.
The overall width and shape of the autocorrelation does not change when the
pulse energy is decreased. The overall DGD aside, there are clearly visible pulses
near the center of the autocorrelation traces, most prominent adjacent to the cen-
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Figure 4.5: Measured mode-resolved spectra for (left) 250fs and (right) 2.1ps input
pulse durations for a 200m length of MCF. The individual subplots show spectral
broadening as a function of increasing pulse energy.
tral spike. These are more clearly visible in the right column of Fig. 4.4, and
different for each core. The exact details of these pulses are variable, and are most
likely the result of random mode coupling breaking the field up into a random
pulse train. How this interacts with nonlinear processes is not directly obvious
from the temporal measurements, since the dominant features correspond to the
linear random coupling effects. More work is necessary to elucidate the underlying
physics.
The presence of nonlinearity is more prominently visible in the spectral domain,
show in Fig. 4.5. In both experiments, at higher energies, there is noticeable
spectral broadening. The left column of Fig. 4.5 corresponds to spectra measured
from the three cores when 250 fs pulses are launched into one of the cores, and the
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right column 2.1 ps pulses. This is evidence that while random coupling is strong,
there is indeed nonlinear processes occurring. In the case of the 250 fs pulses, at the
highest peak powers, a redshift in the spectrum can be seen, attributed to Raman
scattering. Interestingly, the two outer lobes that correspond to the Batman ears
of the ANDi spectrum don’t move from their initial wavelengths, but the central
lobe of the spectrum redshifts. From 1.90 nJ to 2.39 nJ, there is an abrupt jump
in the spectrum, as a new lobe appears at 1590 nm, reminiscent of soliton selfmode conversion in multimode fiber [107, 108]. On the other hand, while the
picosecond pulses also experience nonlinear spectral broadening, it is qualitatively
distinct from that of the femtosecond pulses. In this case, the spectral broadening
is symmetrical and phase-modulation driven.
To obtain further data points, we conducted the same pulse propagation experiment in 2m and 20m lengths of this multicore fiber using the 250fs pulses.
Similar to the linear case, in 2m, the coupling between the cores is minimal, with
¡5% of the launched energy coupling to other cores, and pulse propagation is effectively single-mode. While not shown here, in this case we observed formation
of a single-mode soliton with pulse duration and peak power corresponding to a
fundamental soliton in the single core. From this we conclude that in the case of
femtosecond pulses, fundamental solitons form in the initially excited core prior to
random coupling spreading the energy between the three cores. In 20 m of fiber,
the cores are more coupled, with over 30% of the input energy having transferred
to other cores. From this we conclude that the coupling length of the fiber is on
the order of a few tens of meters. In fact, the linear transmission matrix of the
fiber was found to be very steady at the 2m and 200m lengths. In the former, the
coupling is minimal, while in the latter, the coupling has mixed and equilibrated
the energy among the cores.
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Prior to this work, the interplay between random coupling and nonlinear pulse
propagation has not been explored in an experimental setting. These results raise
numerous questions about existing understanding and theory about the role of
random coupling in pulse propagation dynamics. For one, we consider this fiber to
be a strongly coupled system. However, the experimental results are incongruent
to what would be expected in a multicomponent Manakov system. In the case
of a strongly coupled system as described by Mecozzi et al., one should be able
to observe multicomponent Manakov solitons. However, in our experiments, despite there being enough peak power for soliton generation and nonlinear spectral
broadening to occur, the predominant temporal feature is broadening due to random mode coupling. This suggests that different parameters would be required
to operate within the Manakov model, and to observe multicomponent Manakov
solitons. This would most likely require a combination of higher peak powers and
longer pulse durations to combat the random mode coupling and DGD. However,
that would require much longer experimental propagation lengths, in which case
losses can no longer be ignored.
In conclusion, we report, to our understanding, the first experimental observations of nonlinear pulse propagation in the presence of strong random coupling
in a 3-core multicore fiber. By studying different propagation lengths, we find
that initial soliton formation occurs on a length scale shorter than the coupling in
the fiber. And by using two different input pulse durations, we show although in
both cases the dominant temporal feature is random coupling-induced broadening,
the magnitude of the effect differs dramatically as a function of the pulse duration and bandwidth. Nevertheless, nonlinear spectral broadening occurs, again in
distinctively qualitatively different ways in the two cases. While multicomponent
Manakov solitons are not observed here, we identify potentially viable approaches.
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While there is a lot still to be understood, this work provides a first observation
of the interplay of nonlinear pulse propagation and random coupling.
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CHAPTER 5
FUTURE DIRECTIONS

Given the aforementioned experimental capability using SLM’s to achieve arbitrary mode control and measurement, in principle this could be applied to any
nonlinear pulse propagation experiment, including those measured here, and any
experiments that have been done in literature. Innumerable possibilities come to
mind. Here we present some possible experiments, and where relevant, the appropriate configuration of the SLM setup.

5.1

Modulation instability in MMF

If our interest is in nonlinear pulse propagation in MMF, then solitons would be the
building blocks of these nonlinear dynamics. As we know well from single-mode
nonlinear optics, modulation instability (MI) is the underlying mechanism that
gives rise to solitons. MI in the single-mode case is well-known both analytically
and in experiment, and would be an intuitive and important fundamental study to
do in the multimode case. Of course, the ability to study this in a mode-resolved
manner gives it much more value than otherwise, as it would provide some insight
into the modal interactions involved. Presumably, the MI experienced by the
modes considering its interactions with other coupled modes would differ from
the MI that mode would experience in isolation. The challenge in doing such
an experiment would identifying and implementing an appropriate combination of
fiber length, pulse duration, and peak power.
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5.2

Mode-resolved Kerr beam cleanup

One of the more widely studied multimode nonlinear phenomena recently has been
Kerr beam cleanup in GRIN fibers. This phenomenon is inherently multimode,
but like many existing experimental results in multimode nonlinear optics, the
experiments have all been full-field. And while it may sound like another case
of “when you have a hammer, everything looks like a nail” in that you could
conceivably apply mode-resolved capabilities to any multimode experiment, Kerr
beam cleanup is particularly compelling, as one of the questions that has yet not
be answered experimentally is whether the energy is truly concentrated in the
fundamental mode, and if not, what the distribution of energy across the modes
is.

5.3

Multimode Manakov solitons

As mentioned in the previous section, in the regime of strong mode coupling, the
GMMNLSE can be simplified to the Manakov equation. An integrable system,
the Manakov equation is devoid of any FWM terms, and admits integrable soliton
solutions, in a true multimode analogue to the 1+1D NLSE, and undergo elastic
collision with one another. Not only would observing such solitons in experiment be
the first observation of a multi-component temporal Manakov soliton, which would
be of tremendous impact from purely a scientific standpoint, it would have similar
impact on applications as well, since it would confirm the Manakov equations as
accurate models of RMC in multimode systems in practice.
By this point, it’s clear that in terms of experimental procedure, this would be
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identical to the few-mode solitons and MCF experiments discussed in this thesis.
As pulse propagation experiments go, the ingredients are “simply” the source of
pulses, the fiber, and measuring the output. However, finding a combination of
fiber and laser pulses that provide the appropriate experimental parameters is no
easy task. As discussed in the previous section, the peak pulse parameters were
insufficient to see soliton formation in the time domain, which was dominated
by RMC. A promising start would be to design a setup with longer pulses (with
longer walk-off lengths), but still with sufficiently high peak powers along with a
fiber with sufficiently strong coupling and appropriate modal properties.

Figure 5.1: Schematic demonstrating simultaneous excitation of LP01 and LP11
mode groups in a FMF with variable delay. An incoming pulse is separated into its
polarization components, with one component passing through a vortex waveplate
(VWP) to excite the LP11 mode group. A variable delay stage is used to control
initial temporal delay between the two pulses.
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5.3.1

Multimode soliton collisions

In order for the above to be achieved, in principle the capability of conducting
mode-resolved soliton collision experiments would be required. This separate capability could be achieved by tweaking the SLM implementation. Specifically, each
polarization port could be used to impose a different phase mask to excite a different combination of modes, resulting in different multimode soliton excitations.
These multimode solitons would have different group velocities which means with
sufficient initial delay between them, they would collide with one another inside
the fiber.
By using a tunable delay stage, this could be achieved. Fig. 5.1 shows a setup
to simultaneously excite two solitons in a MMF with variable delay. By using
the two polarization components of an incoming pulse, each polarization can be
used to make a different spatial/modal excitation. In this case, a vortex waveplate
(VWP) is used to excite the LP11 mode group in one polarization, while the other
path is used to excite the LP01 mode group.

5.3.2

Multimode laser cavity

Recent work by Wright et al. has demonstrated spatiotemporal mode-locking in
multimode fiber lasers. This is a wholly new topic of study in the intersection of
multimode nonlinear fiber optics and fiber laser design. Naturally, SLM’s come to
mind as a way of potentially both controlling the modal content of a laser oscillator
as well as diagnose the modal content of the laser’s output.
Using the SLM setup in the experiments outlined in this thesis, modifications
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Figure 5.2: Example schematic of reconfiguring the SLM system to build a multimode fiber laser cavity with quantitative mode-control.
could be made to turn the setup into a multimode fiber oscillator. This scheme
is shown in Fig. 5.2, where an additional polarization beam splitter is used to
close the loop with the input, with the transmitter SLM embedded inside the
oscillator as a spatial filter, controlling the modal excitation of the mode-locked
state. Meanwhile, the receiver SLM is external to the laser, and would be able to
make mode-resolved measurements of the output pulses.
These are all very exciting and potentially high-impact experiments that are
just a few steps beyond what has been achieved so far.
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[25] U. Tegin and B. Ortaç, arXiv preprint arXiv:1705.09157 (2017).
[26] L. G. Wright et al., Nature Photonics 10, 771 (2016).
[27] S. Ramachandran et al., Optics Letters 31, 1797 (2006).
[28] R. Stolen, J. Bjorkholm, and A. Ashkin, Applied Physics Letters 24, 308
(1974).
[29] H. Pourbeyram, E. Nazemosadat, and A. Mafi, Optics express 23, 14487
(2015).
[30] J. Demas et al., Optica 2, 14 (2015).
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APPENDIX A
IMPLEMENTATION AND INSTRUCTIONS FOR USING SLM
SETUP

Since the apparatus and software were developed by Joel Carpenter, he is
the de facto expert on all things SLM- and ModeLab-related. Relevant manuals,
documents, and postprocessing codes are found in the lab group Dropbox folder,
including:
• ModeLab manual by Joel Carpenter
• Presentation slides on operation of SLM system by Zimu Zhu
• Meadowlark SLM Manual
• MatLab scripts for generating mode mask files
• MatLab scripts for postprocessing ModeLab data

Fig. 3.3 shows a schematic of the SLM setup. Light is guided in through
an SMF delivery fiber, which must be connected to the system via an FC/APC
connector (FC stands for “ferrule connector” or “fiber channel”, and APC stands
for “angled physical contact”), and the MMF via an FC/PC connector (PC stands
for “physical contact”). Practically, APC connectors are angled at 8◦ , which results
in higher return loss and prevents deleterious back-reflections. FC connectors on
the other hand are flat. Beams coming in and out of the fibers are collimated
into the system by a lens. The incoming beam is demultiplexed into its horizontal
and vertical polarizations before reflecting off the left and right sides of the SLM
respectively. Half waveplates are used to align the polarizations to the appropriate
polarizations required for the liquid crystals in the SLM. After reflecting off the
SLM, the polarizations are recombined.
86

Situated between the MMF and its corresponding beamsplitter is a 50/50 nonpolarizing beamsplitter. This can be pushed in and out of the path of the beam
using the long, black screw outside of the device. When pushed in, the beamsplitter directs half of the light out of the device through the viewport for external
monitoring or diagnostics.
While device’s function is to optimize the alignment between the collimated
beam between the SMF, the SLM, and the MMF via changing the phase mask
imposed on the SLM itself, there are transverse translation stages that control the
physical position of the FC/APC and FC/PC connector ports relative to the lenses.
In general, these are already set at a fixed location that offers optimal alignment
at a coarse level, and should not be adjusted, since fine adjustments can be made
via the SLM itself. The primary reason the stage position should be adjusted is if
the fiber position is too close or too far from the zero-order of diffraction.
Two of these devices together provide total control of the input and output
of the MMF system. The TX SLM controls the launch condition into the MMF,
most prominently the exact combination of modes to be excited, and the RX SLM
is able to demultiplex the light exiting the MMF into its constituent modes.
Fig. A.1 shows a sample phase mask that is displayed on the SLM surface,
meant to couple into the LP01 mode of an MMF, and includes the necessary
phasefront to correct for aberrations and alignment. Since the Meadowlark SLM
is reflective, this apparatus is a diffractive Fourier optic device. Due to the diffractive nature, the alignment is wavelength dependent. This wavelength dependence
is dominated by the tilt aberrations applied by the mask (which translate into
physical displacement of the beam). The tilt should be kept as low as possible,
without getting so close to the zero-order of diffraction so as to cause problems.
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Figure A.1: Example of phase mask displayed on the SLM. In the ModeLab software, each SLM is assigned a colour channel (green for TX, red for RX), and
each mask has a horizontal (left) and vertical (right) component. The ModeLab
software controls the mask that is displayed, and as such can apply aberration
corrections to compensate for imperfections in the optical system.
The distance of the first diffraction order from the zero-order can be found by the
following formula:

δ=

q
t2x + t2y f λ/(Ac )

(A.1)

where tx and ty are the tilt terms in x and y respectively, f is the focal length of
the lens (fixed at 25 mm), λ is the wavelength and Ac is the clear aperture of the
device (fixed at 7.5mm).

A.1

Aligning MMF

The alignment procedure is controled by the ModeLab software, installed on a
laptop that is connected to the two Meadowlark SLM’s, and whatever diagnostic
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device is chosen. Here, “alignment” refers to aligning the MMF with the two SLM’s
and SMF’s in order to optimize proper excitation and measurement of the modes
of the MMF. The primary measurement that is used by the software for alignment
procedures is a power meter. In our setup, we use a ThorLabs PM100 series.
Alignment, and subsequent and associated characterization of the MMF is a
linear process. As such, the power of the light used is not crucial, as long as
it is within a reasonably measurable range of the power meter. The best choice
is unpolarized light (typically ASE from an unseeded amplifier), filtered to the
desired operating wavelength.
In the trivial case, the SLM system can be aligned as SMF to SLM to SMF to
SLM to SMF (instead of SMF to MMF to SMF). In this case, the fiber of interest
is single-mode and would have the same mode properties as the two delivery fibers
before and after the TX and RX SLM’s. No mode-matching is necessary in this
case, which means the resulting alignment procedure is purely a maximization of
power transmission through the SLM system. In fact, this is a useful exercise to
set up an initial rough alignment.
The next sections outline the general steps for using the ModeLab software for
fiber alignment.

A.2

Simple Alignment

The “Simple” alignment procedure is an automated procedure for general use to
align MMF’s, and can be accessed through the “Simple” section of the “Autoalignment” tab, shown in Fig. A.2. There are 3 steps.
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Figure A.2: Screenshot of the Simple Alignment tab in ModeLab.

A.2.1

Step 1 - Power Meter Calibration

This step involves adjusting the offset of the power meter reading (found in the
“Pwr Meter” tab) such that the power reading is +3.0 dBm. This assumes the
source is unpoolarized, or that the polarization is aligned such that there is 0
dBM of power per polarization. While suggested by Joel, we find that this step is
generally optional, especially when the system is subsequently used for nonlinear
pulse propagation. The reason for this step is that since the SLM alignment
procedure is a linear process, the absolute power does not matter so much, and
having a reference point in dBm is a convenient way to gauge alignment efficiencies
and losses in different parts of the system. Also useful but not necessarily is the use
of a 99/1 splitter, which can monitor the input light source as a dynamic reference
for measured power.
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A.2.2

Step 2 - SMF Alignment

This steps involves aligning the two individual SLM’s by attaching an SMF to the
side of the SLM that would typically be the MMF port. As mentioned before, this
is get a rough calibration of the alignment. This process takes about 20 minutes,
as the system optimizes the tilt, focus and beam center on the SLM to maximize
the power and transmission extinction through a LP11 phase mask. In general,
this SMF alignment step is only necessary when first setting up the system, or if
a major realignment is required.

A.2.3

Step 3 - MMF Alignment

Here, the two SLM’s are attached with the MMF of interest in between them. The
SMF prior to the TX SLM delivers the unpolarized light, while the SMF after the
RX SLM is connected to the power meter. In this step the system automatically
adjusts the tilt values of the phase masks to maximize power transmission through
the LP01 mode of the MMF, before optimizing tilt, focus and beam center values
to optimize power in both the LP01 and LP11 modes, as well as the extinction
ratio between the two. Important to note is that this alignment assumes negligible
coupling between mode groups. So in a scenario where there is inter-group coupling, a different scheme would need to be devised. This step requires about an
hour.
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Figure A.3: Screenshot of the Advanced Alignment tab in ModeLab. The Advanced Alignment tab provides control over the exact combination of input/output
SLM’s and polarizations, as well as the choice and details of alignment method.

A.3

Advanced Alignment

The ”Advanced” alignment tab is shown in Fig. A.3, and gives the user access
to a multitude of alignment options. The user can choose which SLM(s) and
polarization(s) to align, as well as the exact alignment method. The main methods
are “2D Scan”, “Grating Search”, and “Mode Group” alignments. These will be
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explained and referenced in subsequent sections, where exact steps are laid out in
tutorials for aligning MMF and MCF.
Also available are a list of checkboxes as to which aberration terms to include in
the optimization process. Typically, low-order tilt and focus terms are sufficient.
Beam centering can also be included, but is most crucial for initial setups and
alignments. The input for assumed coupling between mode groups is an important
parameter. Setting this to 0 makes the alignment purely a power-maximization
problem, while setting it to 1 assumes there is coupling and prioritizes maximizing
extinction ratio between mode groups.
Methods the type of optimisation to perform (covered below) Search step
size The size of the steps to use in the search. Defines the scale over which
the optimisation will look for solutions. Next to this updown box is a label,
which states x um (for tilt search), which gives the user an idea for how large
the search area is in terms fibre displacement in the Fourier plane. The units
of step are actually wavelengths across the clear aperture of the optics (7.5mm).
Max iterations The maximum number of iterations to perform before moving on
to the next step. For fine tweaking values, or when doing aberration correction,
over 100 iterations may be desirable, but for the most part, 100 or less iterations
is usually sufficient. Zernike terms to include - A group of checkboxes which
define which Zernike polynomial aberration correction terms to optimise. Tilt
is the most commonly used, and will need to be performed periodically as the
optomechanics drift. Focus may need some adjustment when replacing the MMFunder-test, but generally does not require adjustment after the system is built.
Higher-order aberrations are generally only optimised when initially building the
system and calibrated against SMF-to-SMF coupling. Max Zernike Order specifies
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Figure A.4: Examples of 2D scans. The left scan shows a coarse and wide scan
that is used for finding the rough location of the fiber (relative to stray reflections
or other diffraction orders). The right scan shows a finer scan that is used to
observe the spot quality. Note that this scan is not representative of the actual
beam profile, since it is a scan of tilt values, not physical position.
the highest-order Zernike order to include. 6 is almost always sufficient. Piston is
also included, but would rarely be employed, as theoretically it should do nothing.
Beam Centre with move the centre of the phase mask in x,y along with the Zernike
optimisation. However it is generally more productive to perform this operation
as a second step (Step 2).
Which aberration terms are included in the search are also specified for each
Channel/(TX/RX)/Polarization combination on the centre region of this tab.
Here, aberrations can be enabled/disabled individually.

A.3.1

Alignment Methods

The following options are available:
None (skip): This step is not performed.
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2D Scan: This procedure is not an alignment in the strict sense, but is a way
of determining the optimal tilt values for an alignment.
The name “2D Scan” refers to the fact that this method executes a raster scan
across a range of x and y tilt values, set by the step and grid size options. The grid
size sets the number of points in the scan, while the search step size determines
the total magnitude of the scan range. In other words, each step would be 1/N
of the search step size input. Procedurally, the scan starts at the center location,
which is the currently assigned tilt parameters, and scans outward from this point.
The result data files are named as SCAN {Channel} {TX/RX ID} {Polarization
ID} {Timestamp}.mat.
Fig. A.4 shows two contrasting examples 2D scans, and demonstrates the versatility and usefulness of this functionality. In the case of severe misalignment, a
wide and coarse 2D scan is a reliable diagnostic tool to find the position of the
fiber. Similarly, a narrower and finer scan of the beam itself can be a useful diagnostic for the spot quality, or if there is some damage or dust on the connector
facet.
Random: Unlike the 2D Scan, the Random search (and subsequent alignment
methods) are optimization procedures that actually adjust the alignment settings
of the SLM’s. In this method, the ModeLab software adjusts the tilt values at
random (up to a preset maximum in x or y). Whenever a new position in x-y
tilt parameter space provides the best coupling thus far, a small steepest descent
search is performed in that area of parameter space to search for the true peak,
before continuing the random search. This method is generally not used, and is
mostly useful for finding the fiber location when the system is first built or severely
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misaligned.
Grating: In this method, the ModeLab software performs a multi-dimensional
steepest descent search in tilt, focus, and any other selected aberration terms to
search for optimal coupling. This optimization can be done for any choice of phase
mask. That is to say, the user can choose any combination of mode coefficients in
the “Modes” checkboxes to be included as part of the mask being adjusted. This
way, the grating search can be focused on any specific mode of the fiber. This
is a useful method for aligning individual SLM’s (for example, aligning the TX
SLM with a SMF input and MMF output, or vice-versa with the RX SLM). This
method is not used when both SLM’s are connected together.
Mode Group: Unlike the previously listed methods, this option is strictly for
when both the TX and RX SLM’s are connected with a fiber of interest (MMF)
in between. When “Mode Group” alignment is selected, individual modes are
excited at the TX input one at a time, and the resulting mode measured at the
RX output. The system then alternates between optimizing the total power in a
group and the extinction ratio between groups. When this option is selected, an
additional box becomes visible called “Mode Coupling assumptions”. This box,
as well as the associated setting in the “Mode Decomposition” box control the
intergroup coupling assumptions of the optimization process.

A.3.2

Alignment Information

While the “Auto-alignment” tab is responsible for performing the optimization
and alignment of the SLM’s, a number of key internal alignment parameters are
stored and accessible in the “Alignment Info” tab. Shown in Fig. A.5, this tab
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Figure A.5: “Mode Decomposition” tab, including droplists for the maximum
mode-group to be measured, as well as which off-diagonal elements of the transmission matrix to measure. This feature is not limited to power-based measurements.
It is also capable of measuring mode-resolved spectral measurements if an Agilent
spectral analyzer is connected to the setup.
includes the center wavelength for the alignment, as well as differential parameters
between the two polarizations. Since the two polarizations are separated and
propagate through different physical paths, in the SLM devices, there will always
be some difference between the optimal parameters for their alignment. However,
that difference remains consistent and stable. Thus the SLM’s are already wellaligned, it’s often useful to lock the polarizations together and align only one of
the polarizations, cutting overall wait time by 50%. Similarly, this applies to the
beam center difference, which corresponds to the difference in mask centers on the
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SLM of the two masks corresponding to H and V polarizations.
The “Path length difference” parameter is used in conjunction with the center
wavelength value to calculate the necessary additional phase required to compensate for polarization mode dispersion (PMD).

A.3.3

Mask Settings

In the same way that parameters pertaining to the two different polarizations
is stored and accessible in the Alignment Info tab, the bulk of the alignment
parameters are accessible in the Mask Settings column, shown in Fig. A.5. Here,
the specific aberrations and mask coefficients for each of the polarizations of each
SLM is accessible. For each, attenuation can be applied, beam center values are
displayed and can be changed, as well as all aberration correction values for that
beam path. Additionally, a list of all the modes present in the mask file is present,
enabling the user to choose any combination of mode masks to superimpose and
display on the SLM’s.

A.3.4

Mode Decomposition

Once the MMF is well aligned, power transmission through the entire system
should be maximized, as well as the extinction ratio between mode groups (again,
assuming there is no intergroup coupling). At this point, any chosen excitation at
the input should be measured at the output as well. Once this is done, the fiber
can be characterized, and input-output measurements can be made. The “Mode
Decomposition” function makes automated measurements for all combinations of
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Figure A.6: GUI section displaying mask settings. The three drop-down menus
at the top allow access to the two polarizations for the two SLM’s for a number
of different fiber channels. For each, channel- or polarization-specific attenuations
can be set, and the values for beam center and aberration corrections are stored
(and can be manually changed). Similarly, a list of all the mode coefficients is
present, and can be changed manually.
input and output mode excitations, and is shown in Fig. A.7.
When using this function, “Max. Mode-group” defines what the maximum
mode-group is that should be included in the measurement. For example, a fibre
might support many modes and mode-groups, but it’s possible that only a few
are of interest. “Measure N groups either side of target group” is an important
parameter, as it dictates the assumption about the degree of mode coupling. It
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Figure A.7: “Mode Decomposition” tab, including droplists for the maximum
mode-group to be measured, as well as which off-diagonal elements of the transmission matrix to measure. This feature is not limited to power-based measurements.
It is also capable of measuring mode-resolved spectral measurements if an Agilent
spectral analyzer is connected to the setup.

Figure A.8: Additional options for assigning mode coupling assumptions for the
“Mode Decomposition” function.
assumes that when a mode is input to the fibre, the only modes that light could
possibly be coupled into at the output are those N mode-groups on either side of
the input mode group. Thus, when N is greater than 0, the software assumes it is
performing an extinction optimisation, since it compares the power in each mode
group with the power in N groups on either side of it.
The “Mode coupling assumptions” box is part of the auto-alignment and specifies which mode-group(s) should be targeted for the alignment procedure. Individual groups can be selected with the Target Mode-group drop-down box, or All can
be selected, in which case all groups up until the Max. Mode-group specified on
the Mode Decomposition group-box will be measured. Assume coupling between
N groups either side will expand the mode-groups to include groups N either side.
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Figure A.9: Sample linear transmission matrix measured for a 100m length of
few-mode GRIN fiber.
So for example, for N=1, LP0,1 and LP,1,1 would be considered the same group.
Fig. A.9 shows an example of a linear transmission matrix for a 100m length of
few-mode GRIN fiber, after alignment. Including polarization, there are 6 modes
in this fiber, 2 in the first group and 4 in the second group. This is reflected in the
block diagonal structure of the transmission matrix. Note the extinction between
the two mode groups, which is 20dB below that of the highest measured power in
the first mode group.

A.3.5

MCF alignment

While the SLM system as originally designed by Joel Carpenter was intended for
use with single-mode fibers, the current updated version has been extended to be
compatible with MCF’s. Aligning these requires a different procedure, as outlined
below:

• Align ASE source (unpolarized light source) into input collimator.
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• Optional: Set up reference power-meter (otherwise, take not of how much
power is being coupled into the collimator/SMF).
• Optional: Calibrate power measurement in Modelab to 3 dB (equates to 0
dB per polarization). This is a useful reference for measuring the loss at
every stage.
• Plug SMF and MCF to TX SLM, other end of MCF straight to the powermeter.
• Lock polarizations and beam centers on TX.
• TX: 2D Scan (32 step, 16 grid - coarse). Remember to turn live values OFF.
• TX: 2D Scan (8 step, 16 grid - finer).
• Find tilt values for center core (Channel 0, Fiber 0).
• Fiber 0: grating search (0.25x1000, 2 terms). Run the grating search a second
time.
• Save settings, and copy the setting/config files, found in the x64/Debug
folder.
• SLM tab: Make sure each Channel X is set to the appropriate Fiber X.
• Fiber array tab: Copy TX (Ch0) to ALL (TX).
• SLM: Ch0 - Fib 1-6: manually input tilt values of the other cores.
• Grating search each.
• Set Ch0 to Fib0 again.
• Plug MMF back into RX SLM.
• Double-click Fiber0 in Ch0 to activate.
• RX: 2D scan (32x16, 8x16) to find the cores (watch out for TX Channel 0
turning off).
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Figure A.10: A boat.
• RX: Run one Mode group search for Ch0 to align the initial fiber core.
• RX: make sure each Channel X matches to Fiber X.
• Fiber array: copy RX - allx
• This time, instead of running grating search for each RX core, run Mode
group search (target: 1, 0 xtalk).
• Change back to Fiber 0 on each channel 0.
• Done!

Overnight tweak:

• Use only Channel 0.
• Cycle through Fib0-6 on both TX and RX.
• Do Mode Group alignment for each pair.
• Go back and set Ch0 to Fiber 0 again.
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In the same way that mode-multiplexing can be done with MMF, once aligned,
the user is able to excite any individual core at the input and measure any core at
the output. However, as currently implemented, one limitation is that the system
is unable to excite multiple cores at the same time, in the way that with a singlemode MMF the system can excite a superposition of modes. This is because in
the MCF, one single phase mask is unable to steer the beam into multiple cores
at once, particularly when the cores are far apart from one another. For this
reason, the alignment procedure involves optimizing a different set of alignment
parameters for each core of the fiber.

A.3.6

Tips, Tricks, Bugs

• It’s helpful to check for dirt/smears on the fiber facets with a fiber viewer.
Fiber facts can be cleaned with a Kim Wipe. Otherwise, they’ll affect the
coupling efficiency, and will likely be visible in the 2D scans.
• When running 2D Scans, make sure live values in the Power Meter tab are
turned OFF.
• After running 2D Scans, check to see if channel tab is ON or OFF (sometimes
it automatically turns OFF after scanning).
• Make sure that at least one Channel is on (checkbox is checked) in the AutoAlignment tab.
• It’s useful to check the Power Meter tab at the beginning of a session, to see
that ModeLab is reading the correct values from the power meters. If you
see no value being displayed, or an infinity sign, something is wrong. In this
case, check the USB connection of the power meter and/or restart ModeLab.
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• Sometimes one of the SLM’s will consistently transmit near-zero power (on
the order of a few nW). That is to say, the power meter reads near-zero
power, as opposed to the power meter reading higher powers that aren’t
being registered by ModeLab. In this case, it may be because the green
(COM3) or red (COM4) screens are not working properly. In this case,
restart the entire system.
• While higher order aberration corrections are rarely responsible for big improvements on alignment, be careful that they are not contributing detrimentally (e.g. if a higher order aberration is set to an abnormally high value
and goes unnoticed). For this reason, it is good to start alignments with
”Tilt & Focus Only”, which are the two most important corrections. Once
this is done, it’s helpful to run another alignment with 4 higher order terms.
Once they’re corrected for, it’s typically not necessary to keep them every
time - Tile and Focus are sufficient from there on.
• When doing Mode Group alignment with MMF’s, make sure the ”λ & Time”
and ”Power Sweep” tabs are turned off.
• When doing Mode Group alignments, make sure Focus aberration is active.
• When using SLM’s with MCF’s or fiber arrays, multiple Channels are required, each assigned to a separate Fiber profile. For each Channel that is
active, ModeLab expects a corresponding Power Meter measurement. So if
there are 3 Channels in your system, make sure the first 3 Power Meter slots
are active (checkbox checked off) and assigned to an appropriate power meter
(they can be the same one).
• When aligning MCF’s with single-mode cores, Focus and Tilt are the primary important aberrations in the alignment process. However, for singlecore multimode fibers, the alignment hinges on maximizing extinction ratios
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between mode groups. In this case, higher-order aberrations are imperative.
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