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Abstract

In recent years, one of the most dynamically developing hranches of fiber optics is
phatonic erystal fiber which is made of single pure silica with an arrangement of micro
air holes over the cladding region. The propagation of light in these structures can
be acheived by two different mechanisms: total internal reflection and the photonic
bandgap effect (PBG). Linear properties. that characterize any optical waveguide,
such as endlessly single modeness, confinement loss, chromatic dispersion, and the
birefringence are studied by varying the structural parameters. Aiming to achieving a
perfect light propagation with specific purposes {HI-BI), different patterns of photonic
crystal fiber are analyzed using the well known FDTD method.

Keywords: photonic crystal fiber. effective index, high bircfringence, chromatic

dispersion, confinement loss, FDTD method.




Résumé

Au cours des derniéres années, la fibre 4 cristaux photoniques est I'une des branches
dynamiques les plus développées dans le domaine optique, cette fibre est fabriquée de
la silice pure avec un arrangement de trous d’air micrométrique au niveau de la gaine.
La propagation de la lumiére dans ces structures peut étre atteinte par deux mécan-
ismes différents: la réflexion totale interne et avec l'effet a bande interdite photonique
{BIP). Des propriétés linéaires, qui caractérisent chague guide d’onde optique, comme
la caractéristique d’infiniment monomode, la perte par confinement, la dispersion chro-
matique et la biréfringence sont étudiées en variant leurs parameétres géométriques.
Dans le but d’obtenir une propagation parfaite de lumitre avec des objectifs spéci-
tiques (HI-BI). différents patterns de fibre d cristaux photoniques sont analysés en
utilisant la méthode bien connue FIDTD.

Mots clés:  fibre 4 cristaur photonigques, indice de réfraction effective, haut
biréfringence, dispersion chromalique, perie par confinement, la méthode FDTD
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Introduction

Over the past years and since the existence of mankind, human heings were always
endeavouring to contact each other, especially, those who were far away from them.
Taking a historical view, this contact started with traditional signs such as flames and
sun rays, then gradually changed to Carrier pigeon and Morse code, until it reached
today’s developed phones. Recently, and precisely after the scientific revolution, the
operation of communication has become rather easy and more effective. Notwith-
standing the evolution of mobile’s communication, the necessity to wires still strongly
exists. The technological development is, steadily, showing a great necessity to trans-
mit huge information during short periads of time. Simultaneously, the copper cables
proved their inability for such transmission because of the small available bandwidth,
the electromagnetic interferences aud the high tension needed for this operation, in
addition to their inability for heavy weight... ete. The solution was in the optical
fiber. This medium was the result of many works: from the early experiments by John
Tyndall in the guided transmission light, and the photophone of Alexander Graham
Bell, passing by the development of light emitting diodes and lasers, to the weil known
fused silica optical waveguide fiber in 1970. This cable had played a significant role in
the world of telecommunications thanks to its huge bandwidth. The latter allows to
transmit giga of bits over long distances at a very short time (speed of light) with less
loss, and also immune the electrormagnetic interferences. Moreover, it is done with a
tiny size. Yet, the progression of science and man’s desire for perfection has made it
possible for another design of optical fiber to be brought to light. This fiber known
as microstructured optical fiber or the photonic crystal fiber has proved to reduce the
existing counted disadvantages. Classical optical fibers perform very well in telecom
and non-telecom applications, but there is a series of fundamental limits related to
their structures. The fibers have rigid design rules to fulfill: limited core diameter in

the single-mode regime, modal ent-off wavelength, Timited material choice (thermal
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properties of core glass and cladding glass must be the same). The idea to prepare
photonic erystal fibers (PCF), as their name show, goes back to the birth of photonic
crystals. The ability to tailor structures on the micro and nano-scale range, in the late
1980s, provided the opportunity to investigate the relation between the structure of
matter and lght. Three dimensional photonic crystal structures are periodic, dielectric
structures in which light may behave similar way as electron waves in a crystal lattice.
Photonic crystal fiber geometry is characterized by a periodic arrangement of air holes
running along the entire length of the fiber, centered on a solid or hollow-core. The
major difference between both kinds of fibers relies on the fact that the PCF proper-
ties are not from spatially varying glass composition, as in conventional optical fiber,
but from an arrangement of very tiny and closely spaced air holes which go through
the whole length of fiber. In contrast with standard optical fibers, photonic crystal
fibers can be made of a single material and have several geometric parameters which
can be manipulated offering large flexibility of design: lattice pitch. air hole shape
and diameter, refractive index of the glass, and type of lattice. Light can propagate
according to two mechanisis: the modified total internal reflection (TTR}, which is
very similar to the one in conventional fibers, since the solid core index is higher than
the cladding index due the existence of the air holes. The second mechanisin is based
on a photonic band gap created as a result of the periodic structure in the cladding
region which makes a forbidden propagation of light for a specific wavelength range.
The photonic crystal fiber has sinee it was first proposed attracted growing atten-
tion due to its many unigue properties. One of the first special characteristics to be re-
ported for the PCL was its potential to be endlessly single-mode (ESM) referring to the
absence of higher-order modes regardless of the optical wavelength. By manipulating
the structure. it is possible to design desired dispersion properties of the fiber. PCFs
having zero, low, or anomalous dispersion at visible wavelengths can be designed and
fabricated. The dispersion can also be Hattened over a very large range. High birefrin-
gence can be easily achieved with photonic erystal fibers by introducing, deliberately, a
uniform and asymmetrical stress. It can be used to compensate the polarization mode
dispersion (PMD), to achieve optical filters, fiber lasers, and fiber sensors. Due to the
complex structure of a PCF, different numerical technigues have been used to study
the different properties of this fiber, such as the finite element method (FEM) and the
plane wave expansion method (PWEM). Among these methaods, finite difference time
domain method (FDDTDM) is one of the best methods for calculating different propa-
gation properiies of a fiber. Both the real and imaginary parts of the modal indices are
essential parameters. The real part of the modal indices determines among others, the
dispersion properties, while the imaginary part determines the confinement loss. The

cotfinement loss is an important paranicter to discriminate one mode from the others;
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hence, one can have structures with wide effectively-single-mode operation wavelength
range or non-polarization-degenerate effectively-single-mode operation. Therefore, the
ability to calculate both the real and imaginary part of the modal indices is important.

These papers are structured to study the linear effects of the solid core microstrue-
tured optical fiber air/silica:

The first chapter is about the physics of photonic crystals. It talks about the
evolution of the PhC over the vears, and then it discusses in general the three main
types: one, two, and three dimensional photonic crystals. This second type was the
idea that pernits the photonic crystal fiber to see light.

The second chapter gives an overview about the photonic crystal fiber, staring with
historical notes and the geometric design, and then discovering its optical properties,
finishing with somne of its huge applications, and how PCF can be fabricated.

The optical proprieties of the photonic crvstal fiber are studied by simulation in
the third chapter. The endlessly single mode, the confinement loss, the chromatic
dispersion and the birefringence are discussed using different structures and geometric
parameters.

The last chapter focuses in one from the most important applications of the PCF
which is the high birefringence (HI-BI). Two structures for four different types are
investigated. The study is performed according to three criterions: the birefringence,

the chromatic dispersion and the confinement loss.




Chapter 2

The photonic crystals

2.1 Introduction

A crystal is a periodic arrangement of atoms or molecules. If a small basic building
block of atems or molecules is repeated spatially, a crystal lattice will be formed.
As is well known, semiconductor materials have a bandgap between the valence and
conduction energy bands. Electrons are forbidden to occupy any energy level within
the bandgap. Similarly, if the dielectric constant of a material changes periodically in
space, the material is referred to as a photonic crystal. A photonic crystal possesses a
forbidden frequency band in which propagation of electromagnetic waves is prohibited.
According to the number of directions in which dielectric materials exhibit periodicity,
one-, two-, or three-dimeunsional photouic crystal structures are possible. Scattering of
light by photonic crystals can produce many of the analogous phenomena for photons
to the atomic potential acting on electrons.

Photonic crystal structures are analogous Lo normal crystals in which atoms or
groups of atoms are arranged in a repeating pattern, except that the repeat period is
on the order of a micran rather than a fraction of a nahometer. In 1987, Yablonovitch
suggested an application of photonic crystals in semiconductor lasers in order to contral
the spontaneocus emission [1]. This was based on the idea that a photonic structure
can be designed to introduce a frequency bandgap ecoinciding with the spectrum of
the spontaneous emission. Other scientists have proposed applications of photonic
crystal structures at millimeter and microwave frequencies in order to achieve desired

performances for waveguides [2].
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2.2 Historical overview

Now, we can briefly consider the PhCs’ evolution as well as methods for their design
and investigation.

In spite of the fact that PhCs have attracted high attention only during the Jast
several decades, first assumptions of possibility to control the light propagation using
the periodic structures relate to 1887 [3]. Those were the investigations of 1D periodic
structures,

Almost after 100 years in 1972, Soviet Union scientist V.P. Bykov published a
paper where he described the possibility to use periodic structures for the spontaneous
emission control [4].

However, the first works assumed to start the intensive progress of PhC are the
works of E.Yablonovitch and 8. John which was issued in 1987 in Physical Review
Letters [5] [6]. Papers are dedicated to the possibility of spontaneous emission man-
agement as well as the possibility of the radiation propagation control using periodic
structures. After publication of these articles, a number of publications dedicated to
PhC physics and technology doubles every year. In 1980, K.M. Ho, C.T. Chan and
C.M. Soukoulis 7] obtained the band structure of the PhC with FCC lattices (opal
structure) which consisted of diclectric spheres with high refractive index placed in
air.

In 1992, H.S. Sozuer and J.W. Haus [8] computed the band structure of the PhC
with inverted FCC lattice (also known as inverted opal) .The term inverted opal means
that instead of dielectric spheres placed in air, the inverted FOCC lattice consists of a
number of spherical cavities separated by baflles with higher refractive index (see figure
2.1).It appeared that such a PhC has complete PBG at relatively high refractive index
of material. Investigated inverted opal had complete PBG between the eighth and
ninth bands.

The appearance of the complete PBG inside the PhC with inverted FCC lattice
attracts a special interest, because today inverted artificial opals provide possibility of
mass PhC production.

In 1998, the inverted artificial opal was obtained experimentally [9]. The sphere’s
diameter in the structure was approximately 1 pm, and the distance between the
spheres is very low so the spheres are almost touching. From the technological point
of view, it is much easier to grow the structure with such parameters than with high
distance between spheres because the base FCC lattice consists of dielectric spheres
in air so when the spheres touch each other, their position can be easily locked in.
The refractive index of the PhC material between spheres {Ti02) is 2.8 and it is too
small to form the complete PBG. However, when siliea is used as the bulk material,
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Figure 2.1: schematics of a 11, 2> and 3D photonic crystal. The colours represent
materials with different dielectric indices. The spatial period of the material is called
the lattice constant, a

the appearance of the complete PBG is possible at some geometric parameters.

In 2000, the first 3D PhC which had the complete PBG within near infrared range
was obtained [10]. Such a PhC consisted of silicon spheres arranged in a diamond
lattice.

Starting from 1987 and till 2005 more than 10,000 printed works dedicated to PhCs
and PhC-based devices were published. However, the serial production now is available
only for microstructured fibers which possess unique properties and the possibility to
manage the parameters and characteristics within wide range and 1D PhCs which are
produced in the form of distributed Bragg reflectors of vertical cavity surface emitting
lasers or in form in the form of fiber Bragg gratings.

Schematic pictures of one-, two- and three-dimensional (1D, 2D and 3D) PCs are
presented in figure 2.1 where the high- and low-index materials are shown in red and

yellow, respectively.

2.3 One-dimensional structures

Pedagogically, a 1D well structure where the optical wavelength of each segment cor-
responding to one optical quarter wavelength thick, A/4, serves as a useful pedagogical
starting point for understanding how a PC operates (figure 2.2)[11]. These types of
structures were actually first discussed by Lord Rayleigh as early as 1887 [12].

The dielectric constant (x) can be written as

£(z) = go + £lx) (2.1)

Where g5 is the average dielectric constant and () represents the spatial vari-
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Figure 2.2: A one-dimensional square-well constant potential with periadicity, a, and
low- and high-index thicknesses within the unit cell =Ly, and Ly, respectively.
Such a system undergoes Bragg scattering. The dashed line within the low index
well indicates a quarter wavelength which is the wavelength dimension that would be
required for maximum reflectivity

ation of £{x). The index of refraction, n, in the absence of absorption, is related to
the dielectric constant through the relation n = \/I The total dielectric constant is
assumed to be real and positive everywhere in space. Assume that the lattice period-
icity has the dimension ‘a’, and that the low-index and high-index segment thicknesses
are Ly, and Lpgn, respectively. Thus, the periodicity a = Ly, + Lpign. The optical
thickness of each segment is given by the product of the geometrical distance involved
and the index of refraction.

Two synergistic optical scattering phenomena can oceur within such a periodie
arrangement. The first is Bragg scattering which will occur when the overall geo-
metric periodicity of the repeating structure is an integer multiple of half the optical
wavelength, that is, when

mA/2=a (2.2)

Where m is an integer, m = +1, 42,3, ..
The second is reflection within each unit cell whick will be a maximum when the

segment optical thicknesses equal one quarter optical wavelength, that is, when:

Rhigh Liow = Mow Ligw = Af4 (2.3)

A ‘stop band’ or ‘band gap’ will open when the dimensions of the periodicity
and the segments are chosen so that both scattering conditions occur at the same

wavelength. Constructive interference of the multiple refiected rays will then maximize
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the overall reflection of the material. Generally, the periodic arrangement of different

dielectric materials opens a gap in one dimension. The width of the stop band or band

gap is an increasing function of the index of refraction (or dielectric constant) ratio of

the high and low-index materials. It can be shown that at normal incidence the edges

of the stop gap centered at frequency wy occur at wy = Aw where:
Aw 2 Mhigh — n;(m,)

— = = arcsin(
wo T Thigh + Now

(24)
and are independent of light polarization [13]. At other angles the reflectivity
becomes polarization dependent.

The effects described above also arise in other well-established technigues which
involve Bragg scattering such as x-ray diffraction. One may then be tempted to ask
why the concept of photonic crystals has achieved such prominence in recent years.
Indeed, is the moniker ‘photonic crystal’ simply a new name for an old phenomenon?
This question was recently addressed by Yablonovitch who suggested that the name
photonic crystals should apply only to 2D and 3D periodic structures with a large
dielectric contrast (>2) [14] which is defined as the ratio of the dielectric constants of
the high and low z-regions, that is, £nign /€10w- That said, many publications appear
vearly on the subject of 1D PCs.

Some of the approaches used to calculate band structures include the plane wave
expansion method {PWEM) [15], the transfer matrix method (TMM) [16][17] and the
finite difference time domain method (FDTD} [18].

The band diagram shown in figure 2.3 is generated by MIT photonic band gap
(MPB) software. This software based on the PWEM is a free software package de-
veloped for Unix systems by 8. G. Johnson and the Joannopoulos Ab Initio Physics
group at MIT.

A typical plot of normalized photon frequency (= wa/27) versus wave vector {pho-
tonic band structure) for a high index contrast 11> dielectric stack is shown for a range
of wave vector k -values ( ¥ = 27/ A) between -m/a and 7/a

2.4 Natural photonic crystals

Although PC architectures appear to be artificial, they are actually found in naturally
ocecurring opal gemstones, and in many living organisms [19][21]. Species that exhibit
iridescent colours due to interference effects include the peacock, comb-jellyfish, the
sea mouse, the rainforest heetle and the blue Morpho butterfly. Although widely cited
as an example of a natural photonic crystal, the Morpho butterfly is perhaps not

actually prototypical because its coloration is thoughi, to involve both interference and
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Figure 2.3: Band structure for a multilayer dielectric stack of equal width with njg,
= 2.9 and npign = 6.7. The grey regions correspond to photonic band gaps. The first
band gap is centred at 677 nm when a = luym. The band diagram is generated by
MIT photonic band gap (MPR)

diffraction effects, and dye pigmentation [21]. Biologically, it is believed that species
have evolved colour through Bragg reflections as a means of thermal regulation and
signalling [22].

Naturally oceurring periodic structures have almost exclusively 2D and 3D geome-
tries, but are not, by the Yablonovitch criteria, genuine PCs because their dielectric
contrasts are not particularly large. Their activity however can be explained by the
extremely large number of periods found in these structures.

This allows them to behave as essentially infinite PCs which lead to perfect band
gaps. The current goal experimentally is to fabricate in the lab what has been done

in Nature over millions of years.

Semiconductor crystals analogies

The presence of a photonic band gap in a PC is also often described as the optical
analogue of the electronic band gap associated with a semiconductor crystal. The
periodic potential of the semiconducting crystal introdnces gaps into the energy band
structure along certain directions where electron waves are forbidden to propagate
because of Bragg reflection. This is shown qualitatively in a plot of the electron

=
energy versus clectron wave vector k (figure 2.4). Note that the momentum of an




2. The photonic crystals 10

band gap

e

0 n/a k

N
Figure 2.4: A plot of electron frequency, w versus wave vector, k& for a one-dimensional

electron is given by Bk while its energy = hw. In a 1D semiconductor the first Bragg
reflection takes place in k- (reciprocal) space at k= +m/a

» Where @ is the periodicity of the lattice. The region in k-space between ~m/a and
+n/a is called the first Brillouin zone of the lattice, and stop gaps will oceur at any
positive or negative integer multiple of 7 /a,

By symmetry, the curve for negative values of k is simply the mirror image of this
plot through a plane containing the E—-axis at k = 0. These symmetry properties
show that the dispersion plot for the 11 PC in figure 2.3 shows band gap effect similar
to that in figure 2.4 . In a semiconductor. Bragg reflections at the periodic potentials
produce standing waves of the electron wave function at the periodicity of the positively
charged ion cores. T'wo standing waves are produced: one with its peak wave function
amplitude occurring at the periodic potential inaximum and one with its peak at the
minimum (23]. This corresponds to two distinct cnergy levels with no available states
in between, that is, a band gap. The energy state below the band gap is called the
valence band, while the upper level is the conduction band.

Similarly, the energy levels below and above a photonic band gap correspond to
electromagnetic standing waves with their energy maxima located in ecither the high
or low dielectric regions. The regions of low dielectric constant is often filled with air
which has ¢ = 1. Thus, it is common to label the region of lower dielectric constant
the air band, even if the material involved is not air. The dielectric and air bands
are the photonic analogues of the valence and conduction bands, respectively {figure
2.5). When the dielectric contrast in a P(! is large, both standing waves actually have
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Figure 2.5: Schematic diagram of the field distributions in a 1D PC. The low-index
segments are

their energy primarily in the high e —layers, but with more energy concentrated in the

bottom band, gaps form due to this difference in field energy location.

2.5 Two-dimensional photonic crystals

2D P(Cs are periodic in two directions and homogenous in the third. By symmetry,
an electromagnetic wave propagating, for example, in the zy—plane of a 2D PC can
be classified as transverse electric (TE} or transverse magnetic (TM) depending on
their reflection symmetry through the xy -plane. TE modes have their H -vector
perpendicular to the plane in the z—direction and their E—vector in the zy—plane.
Conversely, TM modes have their E—vector perpendicular to the plane. and their
H —vector in the xy—plane. 2D PCs are more complicated than 1D structures because
their photonic responses are different for these two different polarizations. They can
reflect light however from any direction in the plane unlike 1D I*Cs which only reflect
light at normal incidence.

Highly symmetrical 21D PC geometries are usually either square or hexagonal [19].
It is common to label the direction of light propagation in a photonic band structure
diagram.

Analysis shows that for square column array of high-index dielectric islands a
photonic band gap will open between the first {dielectric) band and the second {air)
band for the TM modes but not for the TE modes (figure 2.6).

Physically, this happens because the lowest TM wnode is localized in the high
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Figure 2.6: (a) Photonic band diagram for the TM modes. The grey box indicates
the photonic band gap. (b) Photonic band diagram for the TE modes which do not
exhibif a photonic band gap.

dielectric regions while most of the electromagnetic power of the air band is found in
the low-£ regions. This result can be related to the fill factor which is a measure of the
electric field intensity in the high diclectric region. This parameter is relatively large
for TM modes but not for TE modes in a square colunn array lattice. Ou the other
hand, if the square lattice is a grid of dielectric veins versus isolated air islands, the
fill factors arc reversed and it is the TE modes which exhibit a band gap.

A ‘compromise’ lattice of a high diclectric material can be created that is nearly
isolated yet also conmected (figure 2.7(a)) {24]. Specifically, a hexagonal lattice of air
holes placed inside the high-index material creates an array of triangular high s-spots
connected by narrow veins. Figure 2.7(b) shows the resultant photonic band diagram
calculated for a structure with a dielectric contrast = 6.7. A photonic band gap and
hence complete reflection is found for both the TE and TM modes. Conversely, a
hexagonal array of isolated high-index columns exhibits a band gap for the TM modes
only, in line with the rule of thumb mentioned above.

The size of the photonic band gap can be characterized by the gap-midgap ratio
which is defined as w where w is the gap frequency width and wp is the frequency at
the middle of the gap. This parameter which is typically of the order of 0.2 is more
meaningful than w alone as a measure of the size of the band gap since it is invariant
to size scaling.

The size of band gap is affected by many parameters including the structural
symmetry of the crystal, the dielectric constant ratio, the air-filling ratio and so on.

Although it is difficult to provide a quantitative fortomla to deseribe the relationships
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Figure 2.7: (a) A 2D triangular photonic crystal with a commplete band gap for both
TE and TM modes. The structure is a colnmn array of air holes (g, = 1) in a
dielectric substrate { gx;gn = 6.7),

between these parameters, the size of the gap can be calculated provided the structure
is symmetrical. For example, it can be shown that the photonic band gap disappears
for the structure shown in figure 2.7(a) when the dielectric constant ratio = 4.

2.6 Three-dimensional photonic crystals

The first. experimenial realization of a 3D PC was achieved by Yablonovitchet al who
fabricated a face centred cubic {fcc or opal-like) crystal in a low-loss dielectric medium,
with a band gap operating in the microwave, by mechanically drilling tens of thousands
of holes with radii slightly larger than close packing so that the voids joined up to form
a connected network [25]. That system is known as the three cylinder structure or
simply Yablonovite in recognition of this achievement.

The drilling angles along the three equivalent (110) directions used to gencrate
Yablonovite are shown in figure 2.8 [26]. Both Yablonovite and its inverse structures

are found Lo possess a complete band gap in three dimensions.
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Figure 2.8: Drilling angles used to make Yabolonvite

One structure which is predicted to have a large complete band gap is a 3D dia-
mond lattice of spheres {15]. Band gaps have been found for other structures including
the simple cubic [27] and the rhombohedral AT lattice [ 40 | lattices. Tt was shown
that the largest gap-midgap ratio (0.46) can be achieved for an inverse diamond lat-
tice of overlapping air holes in a diclectric with a filling fraction = 0.81. Physically,
this corresponds to 3D PC made essentially of air voids with an ultrathin dielectric
skeleton framework. Coupled with the fact that visible reflections require submicron
periodicities, it is hardly surprising that fabrication of this lattice for operation at
these high frequencies continues to be extremely challenging.

New structures possessing full 31} photonic band gaps have been proposed which
are easier to fabricate by conventional microfabrication techniques. Examples include
the so-called *‘woodpile structure’ [29] [30] which can be made by micromachining [31],
a square-spiral geometry PC [32][33] which can be fabricated using glancing angle
deposition (GLAD) [34], and a tetragonal lattice of lanted pores [35] which can be
generated by direct laser writing [36].
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2.7 Conclusion

In this first chapter, the three types of photonic crystals had been studicd. The
one, two, and three dimensional photonic erystals are characterized Ly the wannber
of directions that the dielectric periodicity exists with. In such way, this potential
periodicity introduces a photonic band gap similar to this of the electron, where the
photon is forbidden to propagate over it. This band gap, of the two dimensional PCs,
gives the possibility to manipulate a new design of optical waveguide that will be

studied in the next chapter.




Chapter 3

The photonic crystal fiber

3.1 Introduction

PLotonic crystal fibers (PCFs} are one from the main important application of the
2D photonic crystal that is mentioned in the last chapter. They are fibers with an
internal periodic structure made of capillaries, filled with air, laid to form a hexagonal,
tetragonal, or any other lattice. Light can propagate along the fiber in defects of its
crystal structure. A defect is realized by removing one or more central capillaries.
PCFs are a new class of optical fibers.

Combining properties of optical fibers and photonic crystals they possess a series
of unigue properties impossible to achieve in classical fibers.

In this chapter we will take a general idea about this new design of optical fibers:
the photonic crystal fiber (PCF) or the microstructure optical fiber, also it called
the hollow fiber. We start with historical notes and the main developments that the
PCF passed through. Then we sliow a description of the PCF geometry and the two
guiding mechanisnis that light travels with over the whole length. Later, we pass to
the PCF proprieties such as the chromatic dispersion, the birefringence and the loss
mechanisms. These characteristics will be discussed in details practically in the next
chapters. Next, we see the interesting applications of this fiber where it can be used
in both direct and indirect way. In the end of this chapter, we take a look about the
two main methods of fabrication.

3.2 Presentation of PCF

3.2.1 Historical notes

As it is mentioned in the previous chapter, PBG originally predicted in 1987 by Sajeev

John, from University of Toronto, and Eli Yablonovitch. from Bell Communications
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Rescarch, has become the really hot topic in optics in the carly 1990s. The idea was
to build the right structures, in order to selectively block the transmission of photons
with energy levels that is wavelengths, corresponding to the PBGs, while allowing
other wavelengths to pass freely.

Unfortunately, building the right structures has proved extremely difficult. The
first PBG material was created in 1991 byYablonovitch and his colleagues by drilling
holes with a diameter of Imm in a block of material with a refractive index of 3.6.
Since the bandgap wavelength is of the order of the spacing between the air-holes in
the photonic crystal, this structure had a bandgap in the microwave region.

In 1991, Philip Russell, who was interested in Yablonovitch’s research, got his big
“crazy” idea for “something different,” during CLEQ/QELS conference {37]. Russell's
idea was that light could be trapped inside a fiber hollow core by creating a two-
dimensional photonic crystal in the cladding that is a periodic wavelength-scale lattice
ol microscopic air-holes in the glass.

The first filver with a photonic crystal structure was reported by Russeli and his
colleagues in 1995 [38]. Even if it was a very interesting research development, the
first PCF did not have a hollow core, as shown in figure 3.1, and, consequently, it did
not rely on a photonic bandgap for optical confinement.

In fact, in 1995 Russell’s group could produce fiber with the necessary air-hole
triangular lattice, but the air-holes were too small to achieve a large air-filling fraction,
which is fundamental to realize a PBG. Measurcments have shown that this solid-
core fiber forined a single-mode waveguide, that is only the fundamental mode was
transmitted, over a wide wavelength rauge.

Moreover, the first PCF had very low inirinsic losses, due to the absence of doping
elements in the core, and a silica core with an arca about ten times larger than that
of a conventional single-mode fiber (SMF), thus permitting a corresponding increase
in optical power levels.

After moving his research group to the University of Bath in 1996, where PCF
fabrication techniques were steadily refined, Russell and his co-workers were able to
report, in 1999, the first single-mode hollow-core fiber, in which confinement was due
by a full two-dimensional PBG, as reported in figure 3.2.

Today many laboratories throughout the world are interested in this type of fiber.
They had made a big number of studies for almost a decade using the modeling meth-
ods to the exploitation of their novel properties [40]. Several commercial companies
such as Blaze Photonics (Great Britain) [41] Crystal Fibers (Denmark) {42] and Red-
fern Polymer QOptics (Australia) [43]...etc market these products.
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Figure 3.1: schematic of the cross—scetion of The frst solid-core photonie crystal fiber,
with air-hole diareter of 300 ure wnd et bole spacing of 2.3 o, proposed i {38].

Figure 3.2; schematic of the cross—section of the first hollow-core PCF, with hole-to-
hole spacing of 4.9 pm and core diatneter of 4R e, proposed in (39].
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3.2.2 Geometry of PCF

The PCF is an optical fiber with a core surrounded by & cladding which consist an
arrangement of air holes throngh the whole length of this fiber. The figure 3.3 shows
the different parameters that define the optical proprieties of the PCE:

—! :""A : pitch
Air holes ——— |
Silica w1 d : hole's diameter

Figure 3.3: schematic representation of a cross-section of PCF structure, with solid
core swrrounded by 2 rings disposed in triangular lattice

The distance between the centers of two adjacent holes ar the pitch and the hole
diameter are the important criteria that characterize the PCF, those criteria can give
the ratio d/A, which is the air fraction in the fiber. Also the number of rings of air
holes that form the cladding is an important criterion, where it is used to reduce the
loss resulting from light guiding or the confinement loss.

Compared with the conventional fiber, the PCFs can be characterized by their
high design flexibility and the high refractive index contrast. The presence of the air
holes in the cladding region reduces the effective refractive index of the cladding, that’s
confines light, more or less strongly. in the solid core. Depending on the arrangement
of the air holes in the cladding region, it is possible to modify the propriety

The disposition of the air holes in the cladding region can be hexagonally, trian-

gularly or randomly.

3.2.3 Guiding mechanism

Two types of guiding mechanism in the PCF can be distinguished all depending on
the core nature. The hollow core PCF in which the guidance is over the photonic band
gap {PBG) mechanism. In the solid core PCF, the guiding is happened following to
the total internal reflection (TIR). This last is the one that we will work with in the

whole project. Figure 3.4 sl:iows an example for cach kind of these types.
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() (b)

Figure 3.4: schematic cross section of a micrustructured fiber with triangular lattice
of air-holes. (a) Hollow core PCF. (b) Solid core PCF.

Modified total internal reflection

The PCF, also known as index-guiding PCFs, can be approximated to step-index
optical fiber which guides the light with the classical form of total internal reflection.
For deeper understanding, here is the principle of guiding mechanism in the standard
fiber, which is also available with the PCFs:

Knicore < {3 < KNggdding (3.1)

With n_core and n_cladding are the refractive index of the core and cladding,

respectively. k and 3 are the wave vector and propagation constant, respectively.

In order to form a guided mode in an optical fiber, it is necessary to introduce light
into the core with a value of 3, that is the component of the propagation constant
along the fiber axis, which cannot propagate in the cladding. The highest § value
that can exist in an infinite homogeneous medium with refractive index n is 8 = nkp ,
being ky the free-space propagation constant. All the smaller values of 3 are allowed.

A two-dimensional photonic crystal, like any other material, is characterized by a
maximum value of 8 which can propagate. At a particular wavelength, this corresponds
to the fundamental mode of an infinite slab of the material, and this 8 value defines
the effective refractive index of the material.

One can notes that this kind of guiding mechanism is called with "modified" TIR

because there is not a clear interface defines the core and the cladding.
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Photonic band gap guidance

Hollow Core Photonic Crystal Fiber (HCPCF) guides light by the Photonic Band Gap
(PBG) effect. Light guiding is only possible if a phatonic bandgap exists. Light guid-
ance is then an analogue of a mechanism known in solid state physics as the electron
condnction mechanism in materials with an energy-band structure. Periodically dis-
tributed air-holes can form a 2D photonic crystal structure with lattice constant similar
to the wavelength of light. In 2D erystal structures photonic bandgaps exist which
prevent propagation of light within a certain range of frequencies. If the periodicity of
the structure is broken with a defect, a special region with different optical properties
can be created. The defect region can support modes with frequencies falling inside
the photonic bandgap. but since around this defect there is a photonic bandgap, light
within the defect will remain confined in the vicinity of the defect, Modes falling out-
side the defect will be refracted, while modes falling inside the defect region will be
strongly confined to the defect and guided along it throughout the entire length of the
fiber [44].

Suppose a hollow-core PCF is designed to work in the red visible region of the
electromagnetic spectrum. When the PCF is illuminated by a blue LED, all light
will be refracted and no light will be guided by the fiber, consequently no light will
come out at the end of the PCF. On the other hand, if the PCF is illuminated by a
broadband source the red component of light will be guided appearing at the fiber end

and all other frequency components of light will be refracted (figure 3.5).

Refraction
P A
# i ol
Blue LED ——} M ar
i 4 A

% ! -

1

Refraction Bandgap

Figure 3.5: hollow-core PCEF gnidar ce of light throngh PBG
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3.3 PCF proprieties

In this section, the optical characteristics of the photonic erystal fiber will be studied

3.3.1 Endlessly single modeness

There is an important proper propriety in the PCF which is the endlessly single mode,
where the fiber can be single mode over a wide spectral range, regardless of the wave-
length. So only the fundamental mode is gnided. When the wavelength becomes
shorter, the effective index of the cladding moves closer to the full silica {without air-
holes). Indeed, as the effective index of the cladding becomes closer to the core’s one.
as the wavelength is short, and so the fiber rest single mode for all the wavelengths.

Russell has explained that the endlessly single-made behavior can be understood
by viewing the air-hole lattice as a “sieve” [45]. Since light is evanescent in air, the
air-holes act like strong barriers, so they are the “wire mesh” of the sieve. The field
of the fundamental mode is the “grain of rice” which cannot escape throngh the wire
mesh, being the silica gaps between the air-holes belonging to the first ring around the
core too narrow. On the contrary, the lobe dimensions for the higher-order modes are
smaller, so they can slip between the gaps. When the ratio d/A increases, successive
higher-order modes become trapped {figure 3.9). A proper geometry design of the
fiber cross-section thus guarantees that ouly the fundamental mode is guided.

A numerical analysis says that the normalized effective frequency V_ eff varies

proportionally in a function of the ratio d/A.

2ma :
V eff= %Unfme - ng” (3.2)

Where a is the radius of the PCF core. 1ic,e and n.yy are the core refractive index
and the effective refractive index of the PCF cladding, respectively.

Thus, the realizing of air holes with small diameter or large pitch is enough to main-
tain V_eff below 2.405 (cut off frequency of the fundamental mode in the standard

fiber), and a guiding over single mode.

3.3.2 Chromatic Dispersion

When an optical pulse travels through an optical fiber, it will be affected hy the dis-
persion; these phenomena can be explained by the temporal spreading of this pulse.
The chromatic dispersion, or equivalently the group velocity dispersion, plays a fun-
damental role in conventional fiber optics, in the lincar or in the nonlinear optical
regimes, and this remains true when microstructured optical fibers are considered.
The chromatic dispersion D.. can be considered as the sum of the material disper-

sion Dy and the wavegnide dispersionDiy.
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D, = Dy + Dy {3.3)

The material dispersion is caused by the silica that composes the majority of the
fiber, and that because of the dependence of refractive index of the silica on the
wavelength, thus the dependence of the propagation velocity on frequency.

The waveguide dispersion can be defined as the dependence of the propagation
constant on wavelength.

For a given propagation mode, the chromatic dispersion D, is linked to the spectral
evolution of the effective index n.;; by the following equation:

D. = -%%‘A&zf—f (3.4)

Where c is the speed of light in the vacuum. 7.y is the effective index ,this last
depends on the indexes of the core and of the cladding, as well as on the distribution
of the field over the two regions of the fiber. It was stressed quite early in the de-
velopment of PCFs that these new waveguides could exhibit specific and interesting
dispersion properties, and therefore that they might be considered for the management
of chromatic dispersion in optical systems.

The control of the chromatic dispersion in PCFs is indeed much more powerful
than in conventional optical fibers due to the higher index contrast and to the greater
number of available geometrical parameters, for instance the diameters of the holes,

the period of the lattice and more generally the location of the holes in the array.

3.3.3 Birefringence

The fundamental made HFEj; of the single-mode optical fiber is composed of two
electromagnetic modes characterized by their perpendicular directions of polarization.
In the case of ideal single-mode fiber, those two modes, denoted HEy1, and HEqyy,
have the same propagation speed. In other case, when the optical fiber is birefringent
due to structural defects, the symmeiry in propagation constant between the two
modes is broken and the difference between them becomes remarkable.

Both of modes I/ Eyy, and H Eyyy, polarized in x and y directions (default polariza-
tion axes) have a different effectives indices n, s, and n.rp,. Thus, the polarization
status of the guided wave changes along the fiber. The birefringence between the two
orthogonally axis can be expressed as:

BW = Teffe — Teffy (35)

For an isotropic fiber, the polarization directions x and y are mentioned, also the

effective indices n, 5 and n,gp, are identical. Therefore. the injected wave is conserved
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along the propagation. Contrary, the cross section of an anisotropic fiber has only two
perpendicular directions x and y, so only the injected wave within those directions
conserves its polarization.

A wave linearly polarized within the axis, which has the low effective index (fast
axis), has a group velocity higher than another polarized along the axis with a high
effective index ( slow axis). Those particular axes of the fiber are called the principal

axes.

Polarization mode dispersion

The polarization mode dispersion (PMD) is defined as the difference of group
delay per unit length:

(tz _ ty)

PMD = T

(3.6)

The relation between the PMD and the group-mode birefringence depends on the
coupling between the two polarizations.
In the short distance systems, where there ig no coupling, the group delays are:

_ Ny L

ty = - (3.7
Ng,.L
by = & (3.8)
¢
Where the relation between the PMD and the group-mode birefringence is:
B
PMD = Tg (3.9)

One can observe that in the time domain, the propagated frequencies over the
principal axes don’t transmit at the same velocity and that because of the tempaoral
spreading of the pulse. In the other side, in frequency domain, the propagation status
of the wave is varied in 8 function of the wavelength.

3.3.4 Loss

The most important factor for any optical fiber technology is loss. Losses in conven-
tional optical fibers have been reduced over the last 30 years, and a further improve-
ment is unlikely to be reached. The minimum loss in fused silica, which is around
1550 nm, is slightly less than 0.2 dB/km. This limit is important, since it sets the
amplifier spacing in long-haul communications systems, and thus is a major cost of
those systems [46].
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Intrinsic loss

The optical loss agp, measured in dB/km, of PCFs with a sufficiently reduced con-

finement loss, which will be described later, can be expressed as:

A
a4p = 33 + B+ aon + or (3.10)

Being A, B the Rayleigh scattering coefficient, the imperfection loss, respectively.
aon, org are OH and infrared absorption losses, respectively. At the present time the
losses in PCFs are dominated by OH-absorption loss and imperfection loss [47].

In a typical PCF, the OH-absorption loss is more than 10 dB/km at 1380 nm
and this causes an additional optical loss of 0.1 dB /km in the wavelength range
around 1550 nm. Since this contribution is very similar to the intrinsic optical loss of
0.14 dB/km for pure silica glass at this wavelength, the OH-absorption loss reduction
becomes an important and challenging problem. Most of the OH impurities seem to
penetrate the PCF core region during the fabrication process. As a consequence, a
dehydration process is useful in reducing the OlIl-absorption loss [47).

Imperfection loss, caused mainly by air-hole surface roughness, is another serious
problem. In fact, during the fabrication process. the air-hole surfaces can be affected
by small scratches and contamination. If this surface roughness is comparable with
the considered wavelengih, it can significantly inerease the scattering loss. Thus, it is
necessary to improve the polishing and etching process, in order to reduce the optical
loss caused by this roughness. Moreover, fluctuation in the fiber diameter during the
fiber drawing process can cause an additional imperfection loss, if the air-hole size and
pitch change along the fiber [47].

It is important to underline that the Rayleigh scattering coefficient of PCF's is the
same as that of a conventional SMF. However, this is higher than that of a pure silica-
core fiber, although the PCF is made of pure silica glass. It is necessary to reduce the
roughness further, in order to obtain a lower imperfection loss and a lower Rayleigh

scattering coefficient [47].

Confinement loss

In both solid-core and hollow-core PCFs it is necessary to consider another contribution
to the losses, that is the leakage or confinement losses. These are due to the finite
number of air-holes which can be made in the fiber cross-section. As a consequence,
all the PCF guided modes are leaky.

For example, in solid-core PCFs light is confined within a core region by the air-
holes. Light will move away from the core if the confinement provided by the air-holes

is inadequate. This means that it is important to design such aspects of the PCF
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structure as air-hole diameter and hole-to-hele spacing, or pitch, in order to realize
low-loss PCFs. In particular, the ratio between the air-hole diameter and the pitch
must be designed to be large enough to confine light into the core. On the other hand,
a large value of the ratic makes the PCF multimode. However, by properly designing
the structure, the confinement loss of single-mode PCFs can be reduced to a negligible
level.

It has been demonstrated a strong dependence of the confinement losses on the
number of air-hole rings, especially for fibers with high air-filling fraction. In particular,
leakage losses can be significantly reduced by increasing the rings number [48].

Bending loss

Conventional fibers suffer additional loss if bent more tightly than a certain critical
radius. For wavelengths longer than a certain value, that is the “long-wavelength bend
luss edge,” all guidance is effectively lost. The same behavior is observed also in PCFs,
which show even a “short-wavelength bend loss edge” [49], caused by bend-induced
coupling from the fundamental to the higher-order modes, which leak out of the core.
In fact, at short wavelengths the guided mode is mainly confined into the silica [49]
and when A << A, the field can escape through the interstitial space between the
neighboring air-holes. As a consequence, the fiber becomes more sensitive to bending.

PCFs with larger relative air-hole diameters that are with higher d/A are less
sensitive to bending loss. However, the demand for single-mode operation and the need
for large-mode size limit the increase of d/A. and other solutions must be adopted. It
has been demonstrated that the bending losses of triangular PCFs can be improved by
changing the air-hole configuration from the traditional single-rod core design [50] [51].
In particular, an alternative structure with the core region formed by three silica rods
has been proposed, with the aim to improve the guided-mode area and the resistance

to the bending loss, particularly at the short wavelengths [50].

3.3.5 Effective area

All nonlinear effects are dependent upon the intensity of the electromagnetic field in
the medium. However, it is the total aptical power entering and leaving the fiber that
ig usually measured. The measured optical power leaving a fiber is simply the integral
of the intensity distribution over the entire fiber cross section.

For a uniform intensity distribution I , over a core of area Ay, the intensity could

be calculated from the measured power, P04, using:

P!ﬂ.ﬂﬂu!

I =
ACGT{',

(3.11)




3. The photonic crystal fiber 27

v e 8 T T
1 1 e S T
’ PR N
5 5 {’ JV.-- E.“a l“ i } f
g0 "o S0 SRR
-5 ! 5 5' ooy N TR TR
z - = o = g " y ) P { e
-10 -10 " | ! : 'I“. . e
e 1 i v o el ( : { t. / ..' l’ b v y
- A5hies " A .
T D 10 T 0 10
X fum) X fum)
(a) (b}

Figure 3.6: (a) PCF with large modal effective area (A=0.5um; d/A=0.2). (b) PCF
with small modal effective area {A=0.5um; d/A=0.7)

However, the field in a single mode fiber is not evenly distributed or even fully
contained within the core. It is larger at the fiber axis than near the core-cladding
interface and extends into the cladding to a degree depending on the actual refractive
index profile. Calculating a uniform intensity in the core using equation 2-1 will
underestimate the value on the axis of the fiber and overestimate the value near the
core-cladding interface.

The effective area parameter has been defined for the purposes of calculating non-
linear effects [52]. Tt is a single value, based on the modal field distribution, and can
be used in equation 2-1 instead of A, to calculate a value for the optical intensity.

The effective area can be expressed as[53]:

(./[: "_E’:(mvy)rdf»dy)z

eff = = |, 1
/f E(z, le dzdy
oo

Where E(az, ) is the electrical field. The effective area is adjustable grace to the
geometrical parameter: high A(A>0.5um) or/and low d/A{d/A<0.3) [54]. Fig 2.5
shows the modal effective area of two PCFs with different opt-geometrical parameters,

A

(3.12)

(Generally, the relation between the effective area and the geometrical parameters
can be defined as [55]:

A
Auprp x (E) A? (3.13)
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The fiber with small modal effective area can be used as a no linear basic com-
ponents, where the fiber with large modal effective area can used in the high power

transmission.

3.4 Potential applications

The unusually proprieties of the photonic crystal fibers make it very attractive for
a wide range of applications. Ewven though PCFs have been around for couple of
years, the huge range of possible applications is far from being fully explored [56].
It is expected that this field will stay very lively for many years and give a lot of
opportunities for further creative work, both concerning fiber designs and applications
[56][57].

3.4.1 Direct applications

The direct applications mean the directly using of PCF with its intrinsic properties
without making any modifications [58):

Dispersion controller

The study of the chromatic dispersion in the PCF improves the possibility of using this
propriety in the telecommunication domain. The flexibility of fabrication allows the
PCF with zero dispersion threw large spectral range to be manufactured. Two ways
can be used to control the dispersion, one by changing the geometrical parameters of
the basic PCF, and the other by adapting the index profile.

Adjusting the geometrical parameters

The chromatic dispersion can be controlled by the main parameters of the PCF
structure. Choosing the adequate diameter "d" aud the hole to hole space "A" gives
the advantage to get a very low or zero value of dispersion. A microstructured optical
fiber with zero or very low dispersion at the 1.55 um wavelength can be obtained
with A = 1.1pm and 4/ A=0.9 [59]. For a PCF with air hole’s diameter of 0.316
p#m and A= 2.62um and a cladding with 7 rings, the dispersion is ultraplate (D =
0 % 0.4ps/nm/km) for large range (1230 101720nm) [62]. Practically, Reeves et al
[63] had fabricated a PCF with 7 rings and air holes of diameter 0.57um spaced by
2.47um where the measured chromatic dispersion is 0 & 1.2ps/nm/km between 1000
and 1600nm.
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Figure 3.7: examples for index profiles using in dispersion controller

Adapting the index profile

Dhuring fabrication, it is hard to get a microstructured fiber which act as a dispersion
controller with the desired parameters. Therefore, new configurations of the index
profile have been used as showed in figure 3.7.

The first structure (a) is multi-core fiber which has a hybrid triple core surrounded
with air/silica microstructured cladding arranged in a triangular lattice. The hybrid
core consists a central region doped germanium (n=1.487) inclosed with three regions
doped fluor (n==1.440), this regions have diameter equal to the pitch A. This fiber
has a zero wavelength dispersion (ZWD) equal to 1.55 um with d/A between 0.44 and
0.56, and a pitch varies between 1.24pm and 1.61pm.

The second structure (h) had been designed by Saitch et al. and allows ro get
a flattened dispersion [60]. It is characterized by a different air holes diameter in
every ring (the diameter d; for the ring ). For a PCF with 4 rings and A=1.56um.
d1/A=0.32, d2/A=0.45, d3/A=0.67 and ds/A=0.95, the dispersion is 0£0.0ps /nrn/km
between 1.19um and 1.69pm. In the other side, a PCF with 5 rings and A=1.538um.
dy /A=0.31, d2/A=0.45, d3/A=0.55, d4/A=0.63 and d5/A=0.95 , has a chromatic
dispersion of 0 £ 0.4ps/nm/km between 1.23um and 1.72um.

The third PCF is a dual-core fiber, and it used for the compensation of the negative
dispersian of -19000ps/nm/km at 1.55um and effective area of 30um? [61]. Tt is formed
by the absence of the 3rd ring from a normal solid core PC¥F.

The third PCF is a dual-core fiber, and it used for the compensation of the negative
dispersion of -19000ps/nm/km at 1.55um and effective area of 30um? [61). It is formed
by the absence of the 3rd ring from a normal solid core PCF.
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Polarization controller

Tu order to achieve a birefringent fiber, spatial asymmetry in the index profile can be
used, also by applying asymmetrical stress to the core region. Breaking the symmetry
of the fiber will lead to a new type of PCF, which allows controlling the polarization
of light. This last is so useful in the telecommunication domain. Changing the holes’
diameter or their arrangement in the cladding region makes the light propagate in
different velocities depending to their polarization status. Actually, the birefringence
obtained by the PCF is more important of this in the conventional fiber (10 times
higher). Some birefringent PCFs aliow compensating the different in light polarization
status that's travels for long distances, using only a short length of this fiber (HI-BI
PCF).

3.4.2 Indirect applications

This type of applications includes the components and the systemns based on the PCF:

Laser

An interesting application of photonic crystal fiber {PCF} technology concerns the
realization of efficient high power fiber lasers by means of endlessly single mode PCFs
with very large mode areas (LMAg). The implementation of air-clad LMA-PCF lasers
[64] is particularly advantageous because it leads to a very high numerical aperture for
the inner cladding, providing efficient pump launching, reduced pump threshold and
high pump absorption. Traditional active fibers, like those used for telecommunication
amplifiers, are basically standard transmission fibers where the core region has been
doped with rare-earth ions. This fiber type is pumped with single-mode pump lasers
and is known as core-pumped fibers. The power limitations of single-mode pump
sources make these types of fibers unsuitable for high power applications (on the order
of 1W and upwards). High power fibers are commonly designed with a double-cladding
structure, where a second low index region acts as cladding for a large pump core. In
the center of the pump core is located a much smaller doped signal core {see figure
3.8). The major advantage of the double cladding design, over the more traditional
core pumped variety, is the large pump area and high numerical aperture, enabling
pumping with relatively low-cost multimode diodes and diode bars/stacks [65].
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Figure 3.8: cross section of a standard step-index double-clad fiber with an active
single-mode core (black) surrounded by a large multimode pump guided (light gray).
The pumnp guide is coated with a low index polymer cladding (dark gray)

Sensor

(Optical fibers based sensors are low cost and efficient solutions for several industries
due to their high sensitivity, small size, robustness, flexibility and ability for remote
monitoring as well as multiplexing. Other advantages entail their aptitude to be used
even in the presence of unfavorable environmental conditions such as noise, strong
electromagnetic fields, high voltages, nuclear radiation, in explosive or chemically cor-
rosive media, at high temperatures, among others. For example curvature sensing has
been demonstrated with multi-core fiber [66]. When the fiber is bend, the phase differ-
ence between the two cores changes, which can be detected from the output spectrum.
Sensors for gases or liquids {for example detecting the concentration of pollutants in

a gas) have also been explored [67).

Long Period Grating

Long period gratings (LPGs) cousist of a large scale (hundred’s of microns) periodic
axial perturbation in the core of a single-mode optical fibre [68]. The effect of an
LPG is to couple light of certain well-defined wavelengths from the core of the fibre
to various cladding modes; the coupled light is then lost from the fibre, leading to
a series of attenuation bands in the transmission spectrum of the device. From a
sensing perspective, LPGs are of interest as the positions of the attenuation bands are
sensitive to a number of measurands: temperature, strain, external refractive index
and curvature.

A feature of LPGs is that the sensitivity to the various measurands is strongly de-
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pendent on the dispersion properties of the core and cladding [68]; consequently conirol
of the material or waveguide dispersion can, in principle, be used to increase sensi-
tivity to one measurand while rendering the device insensitive to another. Photonic
erystal fiber (PCF) might offer great potential in this regard since the waveguiding
properties can be controlled simply by adjusting the air-hole geometry. Recently, it
has been shown that LPGs can be produced in non-photosensitive PCF by periodically
collapsing the holes by heat treatment with a CO2 laser [69] or by using an electric arc
to modify the fiber structure [70]. In this paper we report the first experimental char-
acterisation of the sensitivity of an electric arc-induced LPG in PCF to temperature,

bending and strain.

PCF with filters

As described above, photonic erystal fibers can be used for laser generation and sensing,
but they can also include filtering functions. Photonic crystal fibers can be used as
optical filters. A short-wavelength filter, which consists of a photonic crystal fiber with
a depressed-index core but guides with total internal reflection, was fabricated [71].
The effective index of the cladding increases for decreasing wavelengths and finally
exceeds that of the core.

Light with wavelength shorter than that wavelength is not guided in the fiber.
Optical filters and attenuators can also be realized by incorporating a doped region
in the core allowing for grating writing and/or infusing cladding air-holes with ac-
tive materials yielding tunable devices. Band rejection filters for flattening the gain
of optical amplifiers were demonstrated using a long period grating written in the
core. The grating induced coupling between the mode in the core and co-propagating
cladding mode(s) due to phase matching which results in resonant loss at a certain
wavelength {72]. The filters can be made tunable when active material is infused in
the air holes. The cladding mode frequency is strongly affected when the refractive
index of the active material is changed which affects the wavelength of the resonant
loss {72]. Tunability can be achieved with, for example, temperature or electric field

depending on the active material

3.5 Fabrication process of PCF

One of the most important aspects in designing and developing new fibers is their
fabrication process. The PCF is made up with pure fused silica and an arrangement of
air-holes in the cladding region. This has several advantages, since air is mechanically

and thermally compatible with most materials, it is transparent over a broad spectral
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range, and it has a very low refractive index at optical frequencies. Also the silica
is an excellent material to work with, because viscosity does not change much with

temperature and it is relatively cheap.

3.5.1 Stack-and-draw technique

In order to fabricate a PCF, it is necessary, first, to create a preform, which contains
the structure of interest, but on a macroscopic scale. However, a relatively simple
method. called stack-and-draw, introduced by Birks et al. in 1996 {73], has become
the preferred fabrication technique in the last years, since it allows relatively fast,
clean, low cost, and flexible preform manufacture.

The PCF preform is realized by stacking by hand a number of capillary silica tubes
and rods to form the desired air-silica structure, as showed in Fig 2.8. This way of
realizing the preform allows a high level of design flexibility, since the core size and
shape, as well as the index profile throughout. the cladding region can be controlled.

After the stacking process, the capillaries and rods are held together by thin wires
and fused together during an interinediate drawing process, where the preform is drawn
iuto preform canes. This intermediate step is important in order to provide numerous
preform canes for the development and optimization of the later drawing of the PCFs
to their final dimensions {74]. Then, the preform is drawn down on a drawing tower,
greatly extending its length, while reducing its cross-section, from a diameter of 20 mm
to an 80-200 pm one. In order to carefully control the air-hole size during the drawing
process, it is useful to apply to the inside of the preform a slight overpressure relative
to the surroundings, and to properly adjust the drawing speed [74]. In summary, time
dynamics, temperature, and pressure variations are all significant parameters which
should be accurately controlled during the PCF fabrication. Finally, the PCFs are
coated to provide a protective standard jacket, which allows the robust handling of
the fibers. The final PCFs are comparable to standard fibers in both robustness and
physical dimensions, and can be both striped and cleaved using standard tools.
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Figure 3.9: scheme of the Stack-and-draw technique for PCF fabrication process

3.5.2 Extrusion fabrication process

Extrusion is an alternative fabrication technology for PCF preforms [75], and this has
recently been extended to the use of soft glasses [76]. Those last offer a range of
useful properties not possessed by silica, such as high refractive index, good infrared
transmittance, high optical nonlinearity and relatively low phonon energy among oxide
glasses [77]. In this fabrication process a molten glass is forced through a die containing
a suitably designed pattern of holes. Extrusion allows fiber to be drawn directly
from bulk glass, using a fiber-drawing tower, and almost any structure, crystalline or
amorphous, can be produced. It works for many materials, including chalcogenides,
polymers, and compound glasses. However, selective doping of specified regions, in
order to introduce rare earth ions or render the glas: photosensitive, is much more
difficult.
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Figure 3.10: scheme of the extrusion technique for PCF f[abrication process

3.6 Conclusion

At the end of this chapter, it is worth noting the impressive properties of this new
design of optical fibers; the photonic crystal fiber has covered the "majority"” of "few"
weakness points of the conventional fiber. The fully pure silica structure has minimized
the attenuation caused by the impwrities. In addition, the refractive index contrast
between the core and the cladding is applied by the air holes existing in the cladding
region. This design also gives the possibility to be mono-modeness over wide range
of wavelengths. The tailorable dispersion propriety was the solution for an cbsession
problem; so it can be shifted zero dispersion, flattened dispersion or highly negative
dispersion at any operation wavelength. The high degree of flexibility, and also of fab-
rication process, gives rise to many practical applications in optical communications,

nonlinear optics, various optical devices and sensors.




Chapter 4

Simulation of the optical

properties of PCF

4.1 Introduction

In the last chapter, the proprieties of the photonic crystal had been studied theo-
retically. These proprieties will be discussed practically in this chapter. In order to
investigate the endlessly single modeness, the chromatic dispersion, the confinement
loss, and the birefringence, the photonic crystal fiber will be simulated and character-
ized with the commercial software OptiFDTD® from Optiwave Corporation, based
on the finite difference time domain inethod (FDTD) which is one of the most powerful
techniques to investigate linear and nonlinear light wave propagation phenomena in
axially varying waveguides which is also quite useful for the light pulse propagation in
optical fibers.

4.2 Endlessly single modeness

One of the attractive properties of the PCFs is their possibility to be single-moded
over a wide wavelength range, surpassing the ordinary single-mode fibers which become
multi-moded for wavelength below their single-mode cut-off wavelength. PCFs, which
are specially designed with this property, are called endlessly single-maode (ESM) PCFs
[78].

A simple model used to study the PCF is effective index model, where the high
index core surrounded by the lower effective index of the cladding due to the presence
of the periodic holes. In the case of cladding with small air-filling-fraction, one will get

a low index-contrast equivatent waveguide, which is required for single-mode operation.

36
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At shorter wavelengths, the effective index of the cladding will get closer to the
refractive index of the silica. This dispersive property will somehow compensate the
decrease of the wavelength and keep the single-mode behavior over a wide wavelength
range.

This is fundamentally different from the conventional fibers where, at huge core
diameter to wavelength ratios, a multi-mode operation is unavoidable at shorter wave-
lengths, because the cladding index is constant and normalized frequency arises with
wavelength, once exceeding the value critical for single-mode operation. In addition,
the presence of air holes in the cladding can change the spectral characteristics of
microstructured fibers.

Theory indicates that PCFs are single-mode over a wide range of wavelengths or
pitch sizes as long as d/A<0.45 [T8]. PCFs with a ratio d/A>0.45 can carry higher
vrder modes.

Using equation 3.2, we calculated the Veff parameter for different air filling ratios
for a PCF with 5 rings arranged in triangular lattice. It is observed from figure 4.1
and figure 4.2 that the Vefl parameter decreases with an increase of wavelength and
increases with an increase in normalized frequency.

It is clearly observed from the figure 4.2 that the PCF with air fraction of 0.3 is
completely single mode over the whole used range and nearly to be with air fraction

of 0.4, while it is multimode with 0.5. This proves the theory discussed before.

4.3 Confinement loss

This loss is due to the leaky modes which are generated when the core is surrounded
by a few numbers of rings of inclusions. Its factor can be calculated by using this

formula:

L = B.686koSm[n,y/] (4.1)

In decibels per meter, Im|n.sy] is the imaginary part of the effective index.

In order to better explain the leakage loss behavior in PCFs, a solid-core fiber
surrounded with five rings arranged in both triangular and rectangutar lattice of air-
holes is here considered. This fiber has a fixed pitch A = 3 pm and different diameter
of air holes varying between 0.8 pm and 2.8 ym.

The refractive index of silica is computed by using the Sellmeier equation:

0.696166317 0.4079426° 0.89747942%

(1.2)

Nsilica = [1

7 - : — + ;
A (0.0684043)% A2 — (0.1162414)2 A2 — (9.896161)%
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Figure 4.3: evolution of the effective refractive index with wavelength for different
diameters of air holes

Over the last figures (figure 4.4 and figure 4.5), it can be seen the powerful effect
of the air holes in the guiding operation. Figure 4.4(b) shows the concentration of
the optical field intensity into the solid core, while it is distributed over a large area
in the figure 4.4 (b). This is because of the size of the air holes. The big size of air
holes as shown in figure (a) helps to confine light into the core and thus reducing the
confinement loss, contrary in the case where the small size air hole is used (figure {b)).

Generally, the difference between the two structures is in the confined field form,
so it is hexagonal with the triangular lattice and square by using the tetragonal lattice.

At the shorter wavelength the light will be more confined in the core part hence

the confinement loss will be low and loss will increase as wavelength increases.

Figure 3.3 shows the variation of the confinement loss with wavelength. It is
observed that leakage loss becomes less with high values of air holes diameter and so
high air fraction (d/A}. It is nearly zero up to 1 pm for all the tested holes sizes, and
keeps so for the big sizes one (higher than 1.4um) with the higher wavclengths, while
it is strongly increased for the rest.
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Figure 4.8: the evolution of confinement loss with wavelength for a tetragonal lattice
PCF with fixed pitch A= 3 um and different air hole diameters

The same observations here with the PCF with tetragonal lattice unless small
difference in loss values.

As a first step, we had varied the diameter of the air holes to see their affection
on the confinement loss. As a second step of this section, we will see the variation of
leakage loss as function of wavelength for different number of rings that surrounded
the solid core.

The structure used in this part of simulation has a fixed diameter of air holes
{d=0.7 um) and pitch (A = 5 pm). The refractive index of silica is also caleulated by
Sellmeier equation. A different number of air holes are used {3, 4, 5 and 6 rings).

It is known that the confinement loss in a PCF decreases rapidly as more rings
of air holes are introduced in the cladding. The evolution of loss as showu in fig 3.4
improved that. However, the four structures have a nil loss up to 1.2 gm, and then it
increases strongly in the case where 3 rings are used. This loss is less strongly in the

case of 4 rings, while it keeps varying around zero for the rest PCFs (5 and 6 rings).

Since the air holes are more presented in the cladding region, therefure the air
fraction is higher and so the contrast between the core and the cladding, thus the light

s more confined.
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4.4 Chromatic dispersion

Compared with conventional optical fibers, PCFs have shown their advantages in the
control of chromatic dispersion which is very important for practical applicatious to
optical communication systems, dispersion compensation, and nonlinear optics.

Up to now, control techniques of the chromatic dispersion of PCFs are very attrac-
tive, and various PCFs with specific dispersion properties such as dispersion flatiened
(DF) PCFs [79][80] and large negative dispersion PCEs [81][82] have been reparted.

The dispersion discussed here is the chromatic dispersion (including the waveguide
dispersion and the material dispersion), which can be calculated by 3.4 mentioned in
the last chapter.

The aim of this section is to identify the behavior of chromic dispersion in funetion
of wavelength using different air fractions.

Two structures of PCF are proposed here depending on the arrangement of air
holes in the cladding region {tetragonal and triangular). The geometrical parameters
of both structures will be characterized by a fixed pitch A = 3 ygm and variable diameter
of the air holes. The material refractive index is computed by Sellmeier equation. The
wavelength range that used in the simulation is between 0.6 and 1.8 ym choosing 35
iterations.

Both figures above (Fig 3.4 and Fig 3.5) show the simulation result of chromatic
dispersion for both tetragonal and triangular lattice respectively. However, the chro-
matic dispersion increases with wavelength whatever the air fraction used. It starts
with negative values (-350 ps/nm.km around 0.6 gm) and then it passes over the zero
line and it becomes more and more stable with higher wavelengths.

It can be clearly seen the effects of the air fraction: when the diameter of air holes
decreases and thus the air fraction ratio, the chromatic dispersion becomes low and
more flattened. Also it can observed that the zero chromatic dispersion is shifted to the
1.55 um wavelength (which is the operation wavelength used in telecommunications)
every time the lower diameters are used.

Practically, both structures have nearly the same evolution of chromatic dispersion.
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Figure 4.9: the variation of chromatic dispersion with wavelength for a tetragonal
lattice PCF with fixed pitch A = 3 pum and different air hole diameters
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Figure 4.10: the variation of chromatic dispersion with wavelength for a triangnlar
lattice PCF with fixed pitch A = 3 pm and different air hole diameters
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4.5 Birefringence

As discussed in the previous chapter. the so-called single-mode fibers in fact support
two modes simultaneously, which are orthogonally polarized. In an ideal cireular-core
fiber, these two modes will propagale with the same phase velocity; however. praclical
fibers are not perfectly circularly symmetric. As a result, the two modes propagate
with slightly different phase and group velocities. Furthermore, environmental factors
such as bend, twist, and anisotropic stress also produce birefringence in the fiber,
the direction and magnitude of which keep changing with time due to changes in the
ambient conditions such as temperature. These factors also couple energy from one
mode to the other mode of the fiber, creating problems in practical applications. In
this section, a numerical analysis will be reported with the aim to give an idea abour
the birefringence behavior for the two stinctures used before, PCF with triangular and
tetragonal lattice, with different diameters of air-holes.

The two figures above {figure 4.11 and figure 4.12) show the evolution of birefrin-
gence versus wavelength for different air holes. Comparing between the two structures,
the PCF with tetragonal lattice has higher birefringence than the PCF with triangu-
lar lattice especially when the big diameters are used. Practically, the birefringence
doesn’t depend on the size of air holes, as much as it on the difference between the
two orthogonally axes that light propagates through, according to the 3.5

However, this propriety will be extensively discussed in the next chapter with aim
to study one from the wide used applications, the highly birefringence PCF.
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Figure 4.11: the variation of birefringence with wavelength for a tetragonal lattice
PCF with fixed pitch A = 3 um and different diameters of the air holes
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4.6 Conclusion

In this chapter, the optical proprieties of the photonic crystal fiber had investigated
practically. The endlessly monomodencss had been proved and it can be assured by
using the air fraction ratios less than 0.4, Changing the air filling ratio canses the
change in the confinement loss of the PCF. As the size of the air holes and so the
number of rings in the cladding part of PCF increases the modes tends to be more
confined in the core part and hence the confinement loss reduces. Hence confincment
loss can be controlled by varying the air hole size in the cladding part of photouic
crystal fiber. The hehavior of chromatic dispersion indicates that since the air holes
with smaller disneters are used, the chromatic dispersion tends to be more flattened.
Also the variation of these diameters can shift the zero value dispersion to any desired
wavelength. For the birefringence, it depends on the holey structure of the cladding
rather than the size of the air holes, and generally it is low in the order of magnitude
of 1074,

R pa




Chapter 5

Application: HI-BI photonic
crystal fiber

5.1 Introduction

High birefringence (Hi-Bi) can be easily obtained with PCF because of the design
flexibility and the high index contrast [88](89], giving the possibility to reach an order
of magnitude of 1073 or 1072, which is larger than conventional fibers (10~%) [90].
Several approaches have been explored to achieve high birefringence in photonic crystal
fibers. One can use elliptical instead of circular air-holes in the cladding region [91][93],
another can employ air-holes with different diameters [94]{96]. Filling selectively some
air-holes by a liquid with a refractive index lower than silica is also investigated [97]
[99].

In this chapter, we report the munerical analysis of several Hi-Bi PCF patterns
with the aim to give an optimal design for the tradeoff between three criterions: the
chromatic dispersion, the birefringence and the confinement loss. The analysis will
be carried out using the Finite-Difference-Time-domain {FDTD) method. The in-
vestigated patterns are: The Pseudo-Panda PCF [90], the V type PCF [98] and the
selectively liquid filied PCF {97] with the triangular and the tetragonal lattice. Based
on three criterions:, the results will be analyzed and discussed.

5.2 Structures

Figure 5.1 shows the two main structures of our study. The index of silica is 1.46.
Both structures are specified by two parameters, the radius of the air-holes and the

pitch between two adjacent holes. Initially, the holes radins and the pitch are set to be

48
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Figure 5.1: cross section of PCF with triangular lattice (a) and tetragonal lattice (b)
with: d the holes radius and the pitch A

(.8um and 2.3um, respectively. To ensure that light is well confined in the structure,
the cladding is selected to be formed by six layers (rings) of air-holes.

5.3 V type PCF

This kind of PCF was proposed by J. Wojcik et al for hydrostatic pressure sensing [98].
As it is shown in figure 5.2, the cladding is designed in such way to have selectively
and differently sized holes in the form of the letter V.
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Figure 5.2: cross section of V type PCF with triangular {a) and tetragonal (b) lattice:
the radius of the small and the big holes is 0.8 um, 1.2 pm, respectively
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As shown in figure 5.3, the birefringence increases with wavelength, it reaches 1.25
x 107 around 1.55xm. Both structures have quietly the same evolution.

Figure 5.4 shows the analysis results of the chromatic dispersion. Tt is clearly
displayed that the chromatic dispersion increases strongly with the triangular lattice
where it reaches 0.006 ps/nm/km around the 1.55um. Contrary, it doesn’t pass 0.0005
ps/nm/km over the whole used range of wavelength.

The variation of confinement loss is displayed below in figure 5.5. This tvpe of
loss starts with values around the zero then it decreases with higher wavelength. The
tetragonal lattice and the triangular have almost the same variation with some advan-

tage for this last type where the loss is less high.
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Figure 5.3: evolution of the birefringence with wavelength for the V iype PCF
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Figure 5.4: evolution of the chromatic dispersion with wavelength for the V type PCF
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Figure 5.5: evolution of confinement loss with wavelength for the V type PCF
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5.4 Pseudo-panda PCF (PP-PCF)

The geometrical structure of the pseudo-panda PCF is illustrated in the figure 5.6.
Two enlarged air-holes have been introduced along the x axis between the cladding
and the core. The large hole occupies seven small holes in the triangular lattice and

six holes in the tetragonal lattice.
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Figure 5.6: schematic section structure of PP-PCF with triangular {a) and tctragonal
(b) lattice

The analysis of this type (figure 5.7) shows that both structures have nearly the
same evolution line up to 1.2 um. For higher wavelengths, the PP-PCF with tetragonal
lattice becomes ultra birefringent and reaches the order of magnitude of 1072 (a value
of 6 x 107% of birefringence around 1.55 pm), while it keeps increasing slowly with the
triangular lattice.

The figure 5.8 above shows a clearly difference between the two used lattice, the
chromatic dispersion is lower when the tetragonal lattice is employed where it doesn’t
overpass 0.0005 ps/nm/km over the whole used wavelength band, while high values
are recorded by the triangular lattice PP-PC.

The evolution of the confinement loss with wavelength as shown helow (figure 5.9)
displays that the PP-PCF with tetragonal lattice is more efficacy. Both lattices have
the same variation up to 0.8 pm, then the loss of tetragonal lattice start decreasing
in the same way that the loss of triangular one increasing with. We remark that the

value of loss is -150dB/m arcund 1.55 um with tetragonal lattice where it 200d13/m

with triangular lattice.
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Figure 5.9: evolution of the confinement loss with wavelength for the pseudo-panda
PCF

5.5 Selectively liquid-filled PCF

For this case, the birefringence is introduced by infiltrating an index tunable
liquid, polymer or opto-fluid into the air-holes of the PCF [97]. The variation of the
infiltrated material index can he achieved thermally or electrically [100][106]. Figure
5.10 gives the cross section of such PCF.

The fizure 5.11 shows that the birefringence increases with wavelength. Both
PCF with tetragonal and triangular lattice have quietly the same evolution with small

advantage of the second with wavelengths higher than 1.1 pm.

The evolution of the chromatic dispersion {figure 5.12) displays the clear advantage
of the PCF with tetragonal lattice. This is demonstrated by the recorded negative
values of chromatic dispersion, also it keeps decreasing with wavelength angmentation
to reach higher negative values.

The confinement loss is lower when the tetragonal lattice is used, where it increases
slowly up to 1.4 pm to reach the higher value (-50 dB/m) then it starts decreasing
strongly. The confinement loss valie is -100 dB/km around 1.55 um for the tetragonal

lattice and -60 dB/km for the triangular fattice.
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Figure 5.10: schematic section structure of selectively liquid-filled PCF with triangular

(a) and tetragonal (b) lattice
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5.6 Selectively enlarged air holes PCF

In the design that we are proposing, the PCF is composed of a silica solid core with a
refractive index equal to 1.46, surrounded by six rings of circular air holes. The solid
core region is formed by removing only one air hole from the center of the structure.
The radius of the air holes is 0.7 pum with a pitch (center to center distance between
two small air holes) of A = 2.5 gm. The number of rings, which acts as a cladding, is
chosen to ensure that the optical field is well confined inside the core, and in sueh a
design the PCF is endlessly single mode [109].

To create the birefringence, the air holes, that are aligned along one axis (the
horizontal one in our structure), are differently resized to get a radius larger than all
the other air holes [110].

Two lattices are analyzed: a triangular lattice and tetragonal one. Figure 5.14
illustrates the schematic cross section of our model with a triangular lattice (a) and a

tetragonal one (b).
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Figure 5.14: schematic section structure of selectively enlarged air holes PCIF with
triangular {a) and tetragonal {b) lattice

For the triangular lattice, the effective refractive index (n_ eff) of the fundament aj
mode is calculated using the FDTD algorithm. The later is implemented with the
Perfectly Matched Layer (PMI) boundary condition. Due to the circular symmetry

profile, only a quarter of the geometry is the subject of the analysis,
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Figure 5.15: evolution of the effective refractive index versus wavelengsh for different
values of the big radius R.

Figure 5.15 gives the evolution of the real part of the effective refractive index as
a function of the wavelength. Three values of big air holes radius R are considered:
0.9 pm (D/A=0.72), 1 pm (D/A=0.8) and 1.1 pm {(D/A=0.88) with small air holes
radius r = 0.7 um (d/A=0.56), where D and d are respectively the diameters of the
big and small air holes. The effective index according to y- polarized axis (vertical)
has always a larger value than the x-polarized axis (horizontal). Thus, the horizontal
axis is faster than the vertical one.

The birefringence is calculated using only the real part of each corresponding ef-
fective index. The evolution of the birefringence versus wavelength is illustrated on
figure 5.16. Since the birefringence is introduced by enlarging one line of air holes, its
value is proportional to the big radius R due to the increasing of air fraction induced
stress along this line.

For a wavelength of 1.55 pym and a pitch of 2.5 pm, the birefringence increases
from 6 x 107* for D/A=0.72 to 1.55 x 10~ for D/A=0.88. This result is quiet the
same as what can be obtained if we replace the enlargement procedure by infiltrating

a liquid into the air holes as reported by J.-1. Liou et al [111].
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To maximize the birefringence, we studied the effect of the pitch (figure 5.17). As
expected, the birefringence increases when the hole to hole spacing decreases. This
observation can be explained by the fact that the air fraction induced stress along
the horizontal axis increases when the distance between big air holes decreases. For
example, with R = 1.1 ym, v = 0.7 ym and A=2.35 pem, a birefringence of 2.27 x 1073
can be reached. This result is larger than what is reported in [112}{113] and almost
equal to what is found by §.5. Mishra et al [114].

Regarding the chromatic dispersion, the simulation was carried out using the geo-
metrical specifications of our design. The evolution of the chromatic dispersion versus
wavelength is illustrated on figure 5.18. For D/A=0.72 and D/A=0.8, the stracture
is positively dispersive. The dispersion is then flattened with zero value over a band
of 1500 nm around the 1.55 pn for D/A=0.88 which successfully matches the highest
value of birefringence that can be obtained.

The FDTD methaod is also nsed to calculate the confinement loss of the fundamental
mode. The loss evolution versus wavelength is plotted in figure 5.19. The structure
shows a low loss for the entire considered spectral window. For um the loss level is
.02 dB/Km, whereas it is equal to 0.2 dB/Km for um, whatever the value of the big
radius R. Such loss is found to be less than what can he obtained if just two air holes
are over enlarged along one axis {Psendo-Panda PCF) [115].

We further studied the geometrical properties of the fundamental mode of our
proposed design, when the cladding is formed with a tetragonal lattice of air-holes
array. [116}{117]. To compare this structure with the first one (triangular lattice
PCF), the geometrical parameters are set to be the same, thus, we set D/A=0.56 and
D/A=0.88.

As expected, tetragonal lattice PCF shows a high birefringence due to asyvimnetrie
stress induced by the big air holes (figure 5.20). However, triangular lattice PCF shows
a birefringence much higher (1.55 x 10 at the excitation wavelength 1.55 pm) than
PCF with tetragonal lattice (0.8 x 107 at the excitation wavelength 1.55 yun).

On the other hand, and as depicted in figure 5.6, light is guided in tetragonal
lattice PCF with very low loss {0.075 dB/Km at the excitation wavelength .55 pm)
in comparison with triangular lattice PCF (0.17 dB/Km at the excitation wavelength
1.55 pm).

As to the chromatic dispersion, its evolution with wavelength for the two air holes
arrays is plotted in figure 5.6. Since the triangular lattice PCF has a zero chromatic
dispersion, the tetragonal lattice has a positive dispersion with a very small value,
about 4 x 107 !° ps/nm.km at the excitation wavelength 1.55 pm.

The analysis presented here, leads to conclude that triangular lattice PCF is pre-

ferred because of the appreciable properties that arc obtained.
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5.7 Conclusion

We numerically studied the mode birefringence, the chromatic dispersion and the
confinement loss of four types of high birefringent PCFs by using two lattices in the
cladding region based on the FDTD method. For the first three types, it has been
found that PCFs with tetragonal lattice are more birefringent whatever the cladding
geometry, and a maximum can be obtained with PP-PCF. This advantage is also
reinforced by the fact that chromatie dispersion and confinement loss are the both
towest. For the three comnbined criterions, the PP-PCF with tetragonal lattice is
recommended. We had deeply studied the forth type. In the proposed structure,
the birefringence is created by resizing the air boles aligned according to one axis to
get a radius bigger than the other holes. It has been shown that birefringence can
be optimized by enlarging the big air holes or by decreasing the lattice dimension.
First, the hig radius was 0.9 um; we obtained a hirefringence of around 1.55 m which
is not enough. We have considerably increased the birefringence until for the same
wavelength by enlarging the big radius to 1.1 um with a pitch of 2.5 pm and up to by
employing the same radius with a pitch of 2.35 um. The confinement loss has been
found to be 0.17 dB/Km which is very small. We have also successfully optimized the
structure parameters and obtained a zero chromatic dispersion for the full wavelength
range (small radius of 0.7 pm, big radius of 1.1 pm and a pitch of 2.5 jun). We have
also studied the birefringence property of the structure when employing a tetragonal
lattice; we have found that it is better to use the triangular one because of the high
value of birefringence that can be obtained, whatever the operating wavelength.




General conclusion

The present study aimed at investigating a new design of the optical fiber both the-
vrctically and practically. Extremely unique properties have been provided by the
PCT, this latter was the most important application of the two dimensional photonic
crystals. In the realm of this study, focus has been given to the linear effects of a solid
core PCF applying the well known method finite difference time domain (FDTD). The
effective index obtained by the OptiFDTD simulation software, with a complex nature,
gave the possihility to prove the endless single mode hehavior, and to caleulate the
chromatic dispersion and birefringence using the real part, also to find the confinement
loss using the imaginary part.

A PCF with triangular lattice has been treated to investigate the cndless single
mode behavior, by varying the diameter of air holes. This fiber has exhibited that it
can be monomode over a wide range of wavelengths, where it reached the 1800 num in
the carried experiment. This behavior has also been proved to be related Lo the air
filling fraction and it can be assured by providing a structure with air fraction {d/A)
less than 0.4.

The discussion of the confinement loss has passed by two steps. The first was as
a function of the number of rings that surrounded the core. Manipulating a PCF
with high number of rings made the guided mode more confined in the core thus
reduced the confinement loss, which is not the case when a less number of air holes
layers are provided. The second was the leaky loss as a function of the air holes® size.
The structure showed less loss when big size of the air holes was placed: this can be
explained by the contrast between the core and the cladding, the refractive index of
the latter is affected by the air ratio.

The simulation discussed in this study indicated that the chromatic dispersion
can be controlled by the air holes diameter. Using big air holes made the chromatic
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dispersion low, and more flattened especially with higher wavelengths, also the zero
value of chromatic dispersion was shifted to the operation wavelength 1.55pum cvery
time using bigger air holes,

The geometries of photonic crystal fibers were optimized in order to achieve a
high birefringence. This can be obtained by breaking the symmetry between the two
orthogonal axes of the fundamental mode. Different patterns have been analyzed: the
V-type, the pseudo-panda, and the selectively liquid-filled POF. A normal structure
has been simulated to be as a reference, the birefringence was in order of magnitude
of 10 4. The pseudo panda with tetragonal lattice has performed the higher values of
birefringence (value of 6 x 1073 of birefringence around 1.55 um) with less loss and
low chromatic dispersion.

Following what precedes, a new design of HI-BI PCF was proposed; the selectively
eularged air holes. The air holes of the horizontal axes have enlarged to reach 1.1
fun. while the rest holes are 0.7 pm with piteh of 2.35um. This structure is more effi-
cieney comparing with other types since it is hard to fabricate air holes with elliptical
form, and also to use the infiltrated liquid because of the fiber length. The obtained
hirefringence is up to 2.2 x 1073 for the wavelength of [.55 pm. The corresponding
confinement loss is about the 0.17 dB/km. The chromatic dispersion has also opti-
inized to be nil over the wavelength range. The triangular lattice is more compatible
with the higher values of bircfringence.

Generally, using the high air fraction ratio makes the light more confined in the
core, hence the confinement loss becomes small. and the chromatic dispersion flattened
and low. On the other hand, this high ratio affects the wavelength band that the PCF
is monomode on it. Thus, these parameters must be placed in such a way that keeps
the fiber monomode and less loss with low dispersion. or according to the desired
purposes (high birefringence, high negative dispersion. . . ).

The domain of photonic crystal fiber “if it can be so-called” is a mysterious world
still waiting to be discovered. As for suggestions and future research. non linear
effects of the photonic erystal fiber can be discussed. Also, both linear and non linear
effects of the hollow core photonic crystal fiber can be studied and investigated. These
investigations can be carried out using different numerical methods such as the finite
element and the plane wave expansion methods,
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