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Abstract:

Photonic crystal fiber (PCF) is a new class of optical fiber based on
the properties of photonic crystals. It has the ability to confine light
in hollow cores. In this paper, the propagation characteristics of PCF
described, using different materials, was investigated such as effective
area, effective refractive index , numerical aperture and material
dispersion for three different materials . It is concluded that zero
dispersion occurs at less wavelength when there is no silica in the
constriction of PCF (i.e. 0.83um for sapphire (extra ordinary wave).
Also, the three dimension relation between dispersion ,bit error
rate ,and fiber length for the three different materials was presented.
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1. Introduction

Over the past few years, photonic crystal fiber (PCF) technology
has evolved from a strong research — oriented field to a commercial
technology providing characteristics such as a wide single-mode
wavelength range, a bend-loss edge at shorter wavelengths, a very
large or small effective core area, group velocity, dispersion at visible
and near field arrangement of air holes running along the length of
the fiber. PCF is now finding applications in fiber-optic
communications, fiber lasers, non-linear devices, high-power
transmission, highly sensitive gas sensors and other areas.
The Research cover the last decades and generated a wide range of
rigorous numerical algorithms for modeling PCF ,such as plane wave
expansion(PWE) finite difference time domain, finite element
methods. These versatile algorithms have been applied with success
to study issues such as dispersion and losses for PC wave-guide.
The common term used in all these numerical methods is to calculate
the effective refractive index of PCF because all linear and non-linear
propagation properties of PCF can be analysed using effective
refractive index.
We consider the type of PCF which consists of pure silica with a
cladding and air holes of diameter (d) arranged in a triangular lattice
with pitch (A).
The effective area is a quantity of great importance. It is originally
introduced as a measure of non-linearities , a low effective area gives
a high density of power needed for non-linear effect to be significant
[1]. The effective area can be related to the spot size and it is also
important in the context of confinement loss [2], microbending loss[3],
macrobending loss splicing loss[4]and numerical aperture[5].
The chromatic dispersion of the PCF s can be determined by:
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Where & ,care wavelength and speed of light respectively in free
space

n..s the effective refractive index of the PCF core

D, the material dispersion

However , the material dispersion can be calculated using sellmeier
equation|6].

Their combination leads to signal degradation in optical fibers for
telecommunications because of the varying delay in arrival time
between different components of signal *smearont™ the signal in
time[7].

2. Theoretical Background [2,5,7]

Maxwell's equations predict the propagation of electromagnetic
energy away from time varying source in the form of waves.They can
be expressed by:

V XE = —§= —jwuH Q)
FXE=]—|—Z—‘S= (c+jwe)E e Q)
V.D=p, e (3)
V.B=0 e @)

By taking the curl of equation (1) and substitute in equation (2), we
get
V2E = jwulo + jwe)E=F*E  ceeeeeenn

(5)

And by taking the curl of equation (2)and substitute in equation (1)
VH = jwula +jwe)H . (6)
Where £: is the propagation constant and can be expressed as

B =4 jwule + jwe) = a + jy ceeenen @)

Where a@ the attenuation constant that defines the rate which the

fields of the waves are attenuated as the wave propagates
¥ is the phase constant that defines the phase rate at which the phase

changes as the wave propagates
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From the properties of the medium (u,e, o)the attenuation and phase
constants can be calculated

(ie. B2 = jwu(o + jwe) = (a +jy)* = a® + 2jay —y°
Therefore
T p
- e )
a=w (J5a+(Z) -
And | eeenl®)

2

I 5

— i | W 7y
r=w( (1+(—) +1) |
W is the signal frequency in rad/sec
The propagation constant can express the effective refractive index
and the wavelength dispersion as

A d*ng

D) = =2 5"
And L )
__BGmy)

aff K

=}

Where n,, is the refractive index of any material, K, is the wave
number

2.1 Dispersion Calculation

PCF s are made of a periodic arrangement of fused silica and air
holes running to the parallel axis of the fiber . An essential effect of
the transverse periodic structure to alter the effective index for
propagation along the direction of the fiber leading to intriguing new
dispersive properties

We focus on the dispersion property of PCFs with triangular air
silica structure where the central air hole is missing as a high index
defect as shown in figure (1)

(d and A are air hole diameter and pitch respectively )
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Figure (1) All Silica Photonic Crystal Fiber

In the PCF design , the air hole diameter to pitch ratio is a key
parameter

The total dispersion loss of a PCF can be approximated [9] by the
sum of waveguide dispersion and material dispersion as

D() = D,,(A) +T(A)D,, (%)

Where T'(4) is the confinemental factor of silica (# 1 for most

practical PCF's)

The material dispersion Dy, is decided by the material that is used in
the PCF. The material dispersion can be directly derived from the
Sellmeier formula [10] which can be expressed by

" A LAS A2
n‘(.l]=1-|—ﬁl +ﬂﬁ“+ﬁ3‘

A2 —ey AP -, AT (P

Where n is the refractive index . 5, ,£;, .f3; and c;, c, ,c3 are

experimentally determined sellmeier coefficients .Table (1) shows the
coefficients values for the three different materials ( borosilicate,
silica, sapphire for extra ordinary wave)which will be considered in
our research paper.
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Table (1)
Sellmeier Coefficients for Three Different Materials
Material Coefficient
B B By G G Cs
1.03961212 | 0.231792344 | 1.01046945 | 6.00069367 200179144 1.03560653*10%

Borosilicate

Fused Silica | 0.69616300 | 0.407942600 | 0.897479400 | 4.67914826%10° | 1.35120631*10- | 97.9340025

Sapphire 1.5039759 | 0.55069141 | 6.5927379 5.48041129%10°7 | 1.47994281*102 | 4.0289314*107
for extra
ordinary
wave

Figure (2) shows the relationship between n,--(1) with wavelength

for the three different materials which shows that the fused silica
gives better refractive index for different wavelengths.The waveguide
dispersion of PCF is related to the transversal geometrical structure
which contributes all the design freedom.

2.2 Effective Area

The effective area is a quality of great importance. It was considered
as a measure of non-linearities . A low effective area gives a high
density of power needed for non linear effects to be significant
[1].However, the effective area can be related to the spot area (w)
through 4, = 7w? and thus it is also important in the context of

confinement loss , microbending loss , splicing loss ,and numerical
aperture .

2.3 Non Linearity Coefficient
The non-linearity coefficient is given by [1]

Mg Gl 2rn,
Erysr it ved (10)

Where n; is the non-linear index coefficient in the non linear part of
the refractive index (that is mean &,, = n, |E|* ). Thus, knowledge of

Ag IS an important starting point in understanding of non-linear
phenomena in PCFs.
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2.4 Numerical Aperture (NA)

The numerical aperture (NA) relates to the effective area. For a
Gaussian field of width z , one has the standard approximate
expression

tanf == (11)

nE

for half divergence angle & of light radiated from the end facet of the
fiber [8]. The corresponding numerical aperture can be expressed as

NAssind & (1474,) " e 12)

2.4 Macro- Bending Loss
For the estimation of the macro-bending loss coefficient the sakai-
Kimra formula [11] can be applied to PCFs. This involves the

evaluation of the ratio of%where A is the amplitude coefficient of

the field in the cladding and P is the power carried by the
fundamental mode.

The Gassian approximation gives:

- 2 ceevenennnn(13)

B Al':'ff

And this was used to calculate the marco bending loss in the PCFs
based on fully eigenmodes of maxwell equations.

2.5 Splicing Loss
Splicing loss can be quantified in terms of the concept of effective
areas. The splicing of two aligned fibers with effective areas
A, srqand A_c-oWill have a power transmission coefficient T<1 is
given by

a 4*‘19ff*_*‘19ff:"
T Goretangss) e (14)
Due to the mismatch of effective areas.

2.6 The Bit Error Rate (BER)
The bit error rate (BER) can be expressed by[7]

-
BER = ap(DeLeAd  seessesce (15)

Where L is the fiber length, A4 is the spectral width of the light
source
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3- Results and Conclusions:

The results show the propagation characteristics for different
materials (silica, borosilicate, and sapphire) was carried out using
MATLAB software program . Figure (2) shows the relationship
between the refractive index and wavelengths for the silica,
borosilicate and sapphire (extraordinary wave). It can be noted that
the fused silica and borosilicate graphs are near to each other
because the silica enter in the construction in both materials.

Figure (3) shows the effect of (A< /Pitch) ratio and wavelength for
different pitch values. The micro-bending loss and diameter was
shown in figure (4).However the effective area play an important role
in the behavior of PCF because it determines the numerical aperture
(NA) and its relation to wavelength as shown in figure (5) which
shows the numerical aperture for different effective areas.

The most important factor is the fiber dispersion for the three
different materials which is evaluated from Sellimer equation for
.77 and equation (9) which are shown in figures (6),(7),(8)

respectively .1t can be seen from figure (7) that zero dispersion occur
at 1.28 um for silica ,at 1.19 um for borosilicate, and 0.83 um for

sapphire (for extraordinary wave). It can be concluded that when
there is no silica in the construction of the PCF it will lead low zero
dispersion wavelength. Also when the construction contains silica
gives ,approximately, characteristics near to each other. As a
Suggestion to modify this work, on can study other materials such as
florid or phosphate .in the construction of photonic crystal fibers.
Also the bit error rate variation with dispersion for different fiber
lengths (for borosilicate , fsed silica,sapphire) are shown in figures
(9),(20),(11) respectively. Figure (12)show the three dimension graph
between the three variables (fiber length , dispersion and bit error
rate)for the different materials as shown in figures(12),(13),(14)
respectively .
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Figure ( 2) Refractive Index & Wavelength for Different Materials.
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Figure (3) The Variation of Effective Area and Diameter for

Different Pitches.

200 :
T for pitch=0.5pm
180 \ —*k— for pitch=1pm
for pitch=1.5pum
160 for pitch=2pm ||
= 140 ——<— for pitch=2.5um ||
= \\ —*— for pitch=3pm
o
% 120 \
172
: |
g’ 100 \\\
=}
o
2 80
: |
o
E 60 A \
40
20
0 sk Sk S
(0] 0.5 1 1.5 2 2.5 3
d(um)

Figure (4) Microbending Loss and Diameter for Different Pitches.
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Figure (11) The Relation between Bit Error Rate & Dispersion for
Sapphire.
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Figure (12) The Relation between Bit Error Rate & Dispersion for
Borosilicate in 3-D
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Figure (13) The Relation between Bit Error Rate & Dispersion for
Fused Silica in 3-D.
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Figure (14) The Relation between Bit Error Rate & Dispersion for
Sapphire in 3-D.
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