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Preface

Photonic crystal fibers, also known as microstructured or holey fibers, have
recently generated great interest in the scientific community thanks to the
new ways provided to control and guide light, not obtainable with conven-
tional optical fibers. Proposed for the first time in early 90’s, photonic crystal
fibers have driven an exciting and irrepressible research activity all over the
world, starting in the telecommunication field and then touching metrology,
spectroscopy, microscopy, astronomy, micromachining, biology and sensing.

A variety of very interesting publications and high level books have been
already presented, describing the different kinds of these new fibers, the physics
of their behavior, as well as a huge range of design tools. These aspects will
not be considered again in this work.

This book, instead, is intended to provide an expert guidance through the
properties of photonic crystal fibers, with a specific focus on the telecommu-
nication aspects. Although standard fibers for telecommunication can rely on
a well-established technology and standard fiber based devices and systems
represent a consolidated reality, hardly replaceable, the authors believe that
photonic crystal fibers can revolutionize the field of guided optics and its ap-
plications, even if much easier and close opportunities can be foreseen in many
other fields. This belief gets firmer when considering signal processing and spe-
cific functions rather than the usage of photonic crystal fibers in long distance
transmission.

The long expertise of the authors in fiber based device analysis is reflected
in a deep analysis aimed to practically understand how the physical and geo-
metrical characteristics of these new fibers can be tailored to achieve the goal
of ad hoc performances. The study, mainly performed with the help of the
finite element method, a powerful numerical approach the authors are very
expert in, has enabled to understand how best to optimize the fiber design,
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always keeping in mind actual possibilities and limits of photonic crystal fiber
fabrication technology. '

This book will thus benefit researchers approaching this very dynamic and
evolving subject with the interest to explore this field of telecommunication,
looking at current as well as emerging applications.
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Introduction

Until recently, an optical fiber was a solid thread surrounded by another
material with a lower refractive index. Today, photonic crystal fibers (PCFs)
are established as an alternative fiber technology. PCFs, which have been
first demonstrated in 1995, are optical fibers with a periodic arrangement
of low-index material in a background with higher refractive index. The
background material in PCF's is usually undoped silica and the low-index
region is typically provided by air-holes running along their entire length.

Two main categories of PCFs exist: high-index guiding fibers and photonic
bandgap ones.

PCFs belonging to the first category are more similar to conventional
optical fibers, because light is confined in a solid core by exploiting the mod-
ified total internal reflection mechanism. In fact, there is a positive refractive
index difference between the core region and the photonic crystal cladding,
where the air-hole presence causes a lower average refractive index. The guid-
ing mechanism is defined as “modified” because the cladding refractive index is
not a constant value, as in standard optical fibers, but it changes significantly
with the wavelength.

This characteristic, as well as the high refractive index contrast between
silica and air, provides a range of new interesting features. Moreover, a high
design flexibility is one of the distinctive properties of PCFs. In particular, by
changing the geometric characteristics of the air-holes in the fiber cross-section,
that is, their dimension or position, it is possible to obtain PCF's with diametri-
cally opposite properties. For example, PCFs with a small silica core and large
air-holes, that is, with a high air-filling fraction in the transverse section, have
better nonlinear properties compared with conventional optical fibers, and so
they can be successfully used in many applications, like supercontinuum gen-
eration. On the contrary, fibers can be designed with small air-holes and large
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hole-to-hole distances, in order to obtain a large modal area, useful for high-
power delivery. Differently from standard fibers, PCFs with proper geometric
characteristics can be endlessly single mode, that is, only the fundamental
mode is guided, regardless of the wavelength. In addition, a significant asym-
metry can be introduced in a simple way in the PCF core, thus creating fibers
with very high level of birefringence. Moreover, the PCF dispersion proper-
ties can be tailored with high flexibility, that is, it is possible to move the
zero-dispersion wavelength to the visible range, as well as to obtain dispersion
curves ultraflattened or with a strong negative slope.

When the PCF core region has a lower refractive index than the surround-
ing photonic crystal cladding, light is guided by a mechanism different from
total internal reflection, that is, by exploiting the presence of the photonic
bandgap (PBG). In fact, the air-hole microstructure which constitutes the
PCF cladding is a two-dimensional photonic crystal, that is a material with
periodic dielectric properties characterized by a photonic bandgap, where light
in certain wavelength ranges cannot propagate. The PBG effect can be also
found in nature, since it is responsible, for example, of the beautiful and bright
colors seen in butterfly wings. PCFs with a low index core are created by
introducing a defect in the photonic crystal structure, for example, an extra
air-hole or an enlarged one, and light is confined because the PBG makes
propagation in the microstructured cladding region impossible. This guiding
mechanism cannot be obtained in conventional optical fibers and it opens a
whole new set of interesting possibilities.

In particular, light can be guided in air in PCFs with a hollow core, thus
providing numerous promising applications, such as low-loss guidance and
high-power delivery, without the risk of fiber damage. Moreover, air-guiding
PCFs are almost insensitive to bending, even for small bending diameter val-
ues, and they present extreme dispersion properties, highly dominated by the
waveguide component. Finally, when filled with proper gases or liquids, hollow-
core PCFs can be successfully employed in sensor applications or for nonlinear
optics.

Since their first demonstration, PCFs have been the object of an intense
research activity by the most important groups all around the world. In fact, it
is particularly intriguing to study the new light-guiding mechanisms offered by
PCF's and the innovative properties related to the presence of the PBG. More-
over, the possibility of modifying the air-hole geometry in the fiber cross-section
is limited only by the technological feasibility of the designed PCFs. It is also
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very interesting to investigate how the PCF properties can be influenced by
the changes of the geometric characteristics and “how far” it is possible to go
from the well-known and established properties of standard optical fibers.

The research activity described in this book is set in this context, which
is in continuous evolution and characterized by a great scientific excitement.
The aim of the research carried out and here reported has been to accurately
study, and thus to deeply understand, the light-guiding mechanisms exploited
in this new kind of optical fibers. PCFs with unusual guiding, dispersion,
and amplification properties have been designed by exploring different air-hole
arrangements in the fiber cross-section. This has been done with a constant
attention to the possible applications of the proposed PCFs, in the field of
the optical communications. Moreover, the performances of the traditional
optical fibers have been always considered as a useful comparison parameter, in
order to evaluate the effective advantages offered by these new fibers. Finally,
the results of these studies have been presented in a critical way, that is,
by underlining the possible drawbacks, which are usually related to the PCF
attenuation, which is still higher than that of the conventional optical fibers.

The book is organized in six chapters. Chapter 1 is a general presenta-
tion of the PCF innovative characteristics. Starting from the description of
the properties of photonic crystals, materials with a refractive index periodic
distribution, the passage from conventional optical fibers to photonic crystal
ones is explained. After describing the two light-guiding mechanisms exploited
in PCFs, the advantages offered by this new fiber type with respect to the
conventional ones are discussed. Then, some meaningful examples of PCFs
with unusual guiding, dispersion, and nonlinear properties, proposed in the
literature and successfully used in many applications, are reported. Moreover,
the different loss mechanisms are presented for both solid- and hollow-core
PCF's, since attenuation is still the main drawback which affects this new kind
of optical fibers. Once a significant loss reduction is obtained, which can be
reached by improving the fabrication process described in the final part of
Chapter 1, these new fibers will enter in the market in a significant way.

In Chapters 2-6 the main results of the research activity carried out by the
authors in the past years are presented. In each chapter, results concerning
the same topic, that is, guiding, dispersion, or amplification properties, are
collected. It is important to underline that all the analyses reported in this
book have been developed by mainly using the finite element method (FEM),
in particular, a full-vector modal solver, as described in Appendix A. This
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numerical method is particularly suitable to study PCF's, since fibers with any
refractive index profile, as well as any air-hole arrangement in the transverse
section, including the nonperiodic ones, can be analyzed.

Chapter 2 summarizes the results concerning the PCF guiding properties,
which directly come from the complex propagation constant of the guided
modes. First of all, the study of the influence of the geometric parameters on
the fundamental guided-mode characteristics in a new kind of PCF, with a
square lattice of air-holes, is reported. Moreover, the modal cutoff analysis of
these PCFs is presented. The same method has been successfully applied to
study the single-mode regime of a new kind of triangular PCF's, which have a
wide silica core and a large modal area. In fact, it is important to investigate
the trade-off between the effective area and the cutoff of the fundamental
guided mode, in order to successfully exploit these large-mode area fibers in
practical applications. In the final part of the chapter the study of the guiding,
leakage, and birefringence properties of hollow-core PCFs with a modified
honeycomb lattice, which guide light by exploiting the PBG effect, is reported.
Air-guiding has been demonstrated in fibers with a larger bandgap with respect
to that obtained with triangular lattices.

The design of PCFs with innovative dispersion properties is described
in Chapter 3. In fact, it is possible to significantly change the waveguide
contribution to the dispersion parameter by properly changing the geometric
characteristics of the air-holes in the cross-section. Triangular PCFs charac-
terized by a high air-filling fraction, that is, with large air-holes and small
hole-to-hole spacing, have been designed to compensate the anomalous dis-
persion and the dispersion slope of single-mode fibers around 1550 nm, as it
is reported at the beginning of the chapter. Then, the dispersion properties of
fibers with a square lattice of air-holes, obtained with different values of the
geometric parameters, are discussed and compared with those of triangular
PCFs. In the second part of the chapter the design of triangular PCFs with
completely different dispersion characteristics, that is with flattened dispersion
curve and zero-dispersion wavelength around 1550 nm, which can be exploited
for nonlinear applications, is described. The cross-section geometry around the
core of the triangular PCFs has been modified in two different ways, in order
to obtain the desired dispersion properties and a small effective area, that is
a high nonlinear coefficient.

Chapter 4 deals with the PCF nonlinear properties. Firstly, supercontin-
uum generation is described, since it is one of the most interesting applications



