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Abstract

The dispersion properties of the Ge composed square lattice photonic crystal fibers (PCFs) are thoroughly analyzed
for the first time. The influences of air hole size and hole-to-hole spacing on dispersion are also reported. For the
smallest air filling fraction 0.1, flattened dispersion D(A) of 6 ps/km-nm was obtained from 1200 nm to 1600 nm,
spreading over 400 nm wide wavelength range. As a multimode fiber, the mode profiles of the fundamental and
second order modes are clearly presented. They are strongly localized in the core and guided through the photonic
crystal fiber. This fiber with flattened dispersion is more appropriate than silica PCFs and a good candidate for using

in optoelectronic components, optical telecommunications, WDM optical fiber transmission system successfully.
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Introduction

Photonic-crystal fiber (PCF) is a novel type of optical
fiber based on the properties of photonic crystals [1],
[2], [3]. Here, light is guided by structural
modifications, and not only by the total internal
reflection mechanism. Photonic crystals (PCs) [4] are a
novel class of optical media represented by natural or
artificial structures with periodic variation in the
dielectric constant or, equivalently, periodic variation
in the refractive index (refractive index, n = N g, where €
is the dielectric constant). Photonic crystal acts as a
cladding for guiding the light, whereas the fiber core
may be solid or hollow. Photonic crystal fiber is a
completely new field of research that was first
proposed by P. Russel. The properties of these fibers
can be altered by modifying the design of crystal
structure and/or by filling air core with gas or liquid
which itself is a biggest advantage. Other major
advantages of these fibers include efficient light
guiding, single mode operation over enhanced
wavelength range [1], small nonlinearities [5],
dispersion controlling [6], [7], [8] and polarization
maintaining [9], [10], [11], [12]. The present
applications of these fibers include telecom
components [13], sensors [14] [15], high power lasers
[16], amplifiers [17], [18] and medicine [19].
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PCFs, which are also known as hole-assisted fiber,
holey fiber, microstructure fiber, or
microstructured optical fiber [4] possess the
especial attractive property of controlling chromatic
dispersion by varying the hole diameter and hole-to-
hole spacing. Control of chromatic dispersion in PCFs is
a very important problem for practical applications to
optical communication systems, dispersion
compensation, and nonlinear optics [8], [20].

As photonic crystals are artificial structures, their
designs are limited only by human imagination. Some
most important designs are triangular patterns, square
patterns, honeycomb patterns etc. Different physical
phenomenon providing the guidance of light may be
obtained depending on these designs.

We studied the dispersion properties of the square
lattice air holes in Ge background for the first time.
Recently, a lot of studies have been done on the
dispersion properties of PCF made of silica [5], [6], [8],
[20], [21], [22], [23]- A study on Ge doped core pcf has
been done [24]. But, no research article has been
published on Ge PCF. Our PCF composed of Ge showed
interesting properties. We studied their effective index,
chromatic dispersion properties, V number and
magnetic field distribution at 1.5 um.

(a) Index guided fibers and

(b) photonic band gap fibers
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Guiding Properties of the Photonic Crystal Fibers

The chromatic dispersion is related to the effective
index. The effective refractive index is a number
quantifying the phase delay per unit length in a
waveguide, relative to the phase delay in vacuum. For
any mode, this is just the ratio of the modulus of the k-
vector and the mode frequency. Mathematically,

(1)

Once nesr is computed from (1) within a wavelength
range, the chromatic dispersion [24],[22] is readily
computed by using the following expression,
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(2)
In a conventional fiber, the number of bound modes is
governed by the V number, which increases without
limit as the wavelength decreases. For a PCF, an
effective V number [25] is defined that indicates
accurately whether or not a fiber is single-moded:

Veff = (27'[/1/1) {n(z) - ngff j

Where, A is the lattice period (pitch), no is the core
index and ner is an effective cladding index. The
effective cladding index can be considered as the
effective index of the first radiation state, which is
equivalent to find the lowest mode in the band
structure of the plain lattice.

(3)

Beam popagation method:

The beam propagation method (BPM) is an
approximation technique for simulating the
propagation of light in slowly varying optical

waveguides. The usual assumption is made that a
single-frequency component of the electric field
satisfies the scalar Helmholtz equation [26],

a%p | 9%p 20 _
+ﬁ+a7+k(x,y,z)®—0

%9

e (4)
Here the scalar electric field has been written as
E(xyzt) = o(xyz)ei@t and the notation k(xy,z) =
kon(x,y,z) has been introduced for the spatially
dependent wavenumber, with ko = 2m/A being the
wavenumber in free space. The geometry of the
problem is defined entirely by the refractive index
distribution n(x,y,z).

Considering that in typical guided-wave problems
the most rapid variation in the field ¢ is the phase
variation due to propagation along the guiding axis,
and assuming that axis is predominantly along the z
direction, it is beneficial to factor this rapid variation
out of the problem by introducing a so-called slowly
varying field u via the ansatz,

ikz

B(x,y,2) = u(x,y,z)e (5)

Here k-bar is the reference wavenumber to be chosen
to represent the average phase variation of the field ¢.
Substitution of Eq. (5) into Eq. (4) gives the following
equation for the slowly varying field:

9%u . 0u 9%u 9%u 2 72 _
azz+21kaz+axz+ay2+(k k)u=0

(6)
Eq. 6 is completely equivalent to the exact Helmholtz
equation, except that it is expressed in terms of u. It is
now assumed that the variation of u with z is
sufficiently slow so that the first term above can be
neglected with respect to the second; this is the
familiar slowly varying envelope approximation and in
this context it is also referred to as the paraxial or
parabolic approximation. With this assumption and
after slight rearrangement, the above equation reduces
to:

(0t o o )
Bz_zﬁ(ax2+6y2+(k k)u

(7)
This is the basic BPM equation in three dimensions
(3D) [27], [28], [29], [30], [31]; simplification to two
dimensions (2D) 1is obtained by omitting any
dependence on y. Given an input field, u(x,y,z=0), the
above equation determines the evolution of the field in
the space z>0. Starting from the effective index values,
the dispersion curves have been derived using the
beam propagation method.

Square lattice Ge core Photonic Crystal Fibers

The guiding properties of photonic crystal fibers
(PCFs) depend on the geometric structures of the air-
holes in their cross-section, and have been applied in
different applications successfully. In particular, the
dispersion properties of the square PCFs can be
engineered by changing the hole-to-hole spacing and
the air-hole diameter. It is interesting to analyze how a
regular square arrangement of air-hole and Ge rod can
affect the characteristics of the guided mode.

We consider a photonic crystal fiber with a square
array of circular air rods in a background of
Germanium (Ge), having a Ge core as shown in fig. 1.
The first ring comprises of six air-holes. The pcf has a
period of, A =2.3 um, which is the distance of the six
air-holes of the first ring from the core center. The
width of the air holes is, d = 1.15 um. The Ge core has a
width of, dcore = 2A - d= 3.35um.

The real part of the effective refractive index nefir
versus wavelength A for this lattice is shown in fig. 2 for
five different width-period (d/A) values - 0.1, 0.3, 0.5,
0.7,0.9.

The properties of the square lattice PCFs have been
accurately studied through BeamPROP of the RSOFT
software package, based on the Beam Propagation
Method (BPM) [4, 11, 12].

The effect of the geometric parameters pitch A and
width-period ratio d/A on the real part of the effective
refractive index has been investigated in the
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wavelength range of 1.2 pm -1.6 um as shown in fig. 2
and fig. 3. nefrr(A) was calculated considering two values
of the hole-to-hole spacing A, thatis 1.3 pm and 2.3 pm.

0328 @

_deore | :

o & 0 O & @ O
o & .0 0 0 06 0
® & .0 0 ¢ & 0
e o 0 0 ¢ ¢ o

Figure 1: Geometry of a square lattice photonic crystal
fiber composed of air holes in Germanium background

From from fig. 2(a), we found that at a fixed pitch value
A=1.3 um, the highest value of nes is 4.440 for d/A=0.1.
For d/A=0.3, nefir is 4.438. For d/A=0.5, nem is 4.434.
For d/A=0.7, nemir is 4.428. For d/A=0.9, ne: is 4.419.
Thus, we see from fig. 2(a) that the effective index neftr
is inversely proportional to the width-period d/A. This
is also justified for other pitch value A=2.3 as shown in
fig. 2(b).

The effective index of a fiber mode lies between the
cladding index and core index. The power distribution
in the cladding and core determines the value of the
effective index. If most of the power is propagted in the
core, the effective index value is closer to the core
refractive index; if most of it propagates in the
cladding, the effective index is closer to the cladding
refractive index [32]. Here, neffr values are close to the
Ge core index. So, most of the power is contained in the
core.

In a fiber, the light energy of a mode propagates
partly in the core and partly in the cladding. The
effective index of a mode lies between the refractive
indices of the cladding and the core. The actual value of
the effective index between these two limits depends
on the proportion of power that is contained in the
cladding and the core. .

Fig. 3 shows the effect of period on the effective
index. From this figure we see that with the increase of
the pitch A, nesir increases for all air filling fraction d/A.
So, the effective index nefir is directly proportional to
the width-period d/A.
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Figure 2: The effective index nefir versus the
wavelength of the square lattice Ge PCFs with a) A=1.3
um and (b) A=2.3 um for different d/A values of 0.1,
0.3,0.5,0.7,0.9.
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Figure 3: The variation of the effective index with the
pitch of the square lattice.

The wavelength response of chromatic dispersion D(A)
of the square lattice Germanium photonic crystal fiber
is shown in fig.4 for optimum design parameters.
Varying the parameter d/A from 0.1 to 0.9 with a fixed
increment of 0.2, almost flat chromatic dispersion
curves were obtained. For the smallest air filling
fraction 0.1, flattened D(A) of 6 ps/km-nm was
obtained for all wavelengths of light modes from 1.20
um to 1.60 um. We obtained positive dispersion slopes
for higher air filling fractions. These positive chromatic
dispersion fibers can be used for terrestrial systems.
Fig. 5 shows how D(A) changes with pitch for a
fixed d/A value. We found that D(A) increases with
increasing pitch for a air filling fraction of d/A=0.3. At
the communication wavelength 1.55 pm, our newly
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designed fiber has a very small dispersion, that is 5.68
ps/km-nm for A= 2.3 um and 6.80 ps/km-nm for A=3.3
um.
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Figure 4: Wavelength response of chromatic
dispersion of the square lattice Germanium photonic
crystal fiber with A = 2.3 um for five different width-

period of 0.1, 0.3, 0.5, 0.7, 0.9.
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Figure 5: The variation of chromatic dispersion with
the pitch of the lattice with d/A=0.3.

V number calculation for the square Ge pcf
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Figure 6: V number calculation for the Ge-Based
square-lattice photonic crystal fiber.
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In fig. 6, we calculated the V number for this Ge-based
square-lattice photonic crystal fibers. The variable Q is
used here so that we can scan over the wavelength in
steps equal to a power of ten. Q is defined by, Q =
log(A/A). From fig. 6 we see, all modes lie above the
line drawn at V=2.405. So, square-lattice Ge photonic
crystal fiber is a multimode fiber. Fig. 7 shows the
fundamental mode, ie. the lowest order mode of the
fiber. Fig. 8 shows the first two modes of this fiber are
tightly confined in the core, obtained with pitch A=2.3

um and d/A=0.3. So, we had two bound modes for this
fiber. This square lattice has a large core width. That is
why the magnetic fields are strongly confined in the
first air hole ring.

Transverse Mode Profile (m=0.,n_.=4.390319)
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Figure 7: Fundamental mode of the square-lattice Ge
photonic crystal fiber
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Figure 8: Normalized magnetic field of the
fundamental mode (left) and second mode (right) at
1550 nm with pitch A=2.3 ym and d/A=0.3 for the Ge-
Based square-lattice photonic crystal fiber.

Conclusion

We have made an in-depth analysis of the properties of
the Ge composed PCF. The variation of the effective
index and chromatic dispersion with different hole-to-
hole spacing and air-hole diameter were investigated.
We found that with the increase of the air-hole
diameter, dispersion D(A) increases. However, our Ge
made fiber is much less dispersive than that of Silica
fiber. The dispersion value of the square-lattice Silica
PCF with d/A = 0.5 and A = 2 pm is around 53
ps/km.nm, at 1.55 pm [7]. Our proposed Ge fiber has a
dispersion of only 26 ps/km.nm at 1.55 um with the
same air filling fraction and A = 2.3 pm. Thus, we
suggest that, Ge composed PCFs are more appropriate
than silica PCFs and a good candidate for using in
optical telecommunication networks.
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