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Abstract The dispersion of optical pulses propagating in high speed WDM optical transmission systems is almost
unavoidable. For a reasonable compensation of the dispersion, use of dispersion compensating fibers (DCF) is one of
accepted approaches being practiced in past two decades. Due to their peculiar refractive index profile, the DCFs have
relatively high attenuation when inserted as a device in a network. In this paper, by using the Optifiber software, four varieties
of single-mode fibers of high compensating capabilities with a low bending losses are designed, optimized, and then
compared with a fabricated sample developed by Fujikura Co. In an optimized design case, a negative dispersion of
-517 ps/nm.km with a bending loss of 3.3 dB/km at bending radius of 20 mm is obtained.
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1. Introduction

The increasing demand for high speed and high capacity
optical transmission systems that resulted in introducing
high speed wavelength division multiplexing (WDM)
systems, has faced a detrimental phenomenon of dispersion
causing spread in optical pulses that could constrain the bit
rates and transmission capacities [1, 2].

The effects of this phenomenon, namely, chromatic
dispersion, reveals itself with a more pronounced in all the
optical transmission systems working with a bit rate higher
than 40 Gb/s [3-5]. There are several approaches to
countermeasure and neutralize its destructive effects to a
reasonable and acceptable level. One of suitable approaches
is to use dispersion compensating fibers along the
transmission line [6]. Since 1990 till date, these types of
fibers have been suggested and some of them have been
made commercially available for uses in long haul optical
transmission systems [7-9]. Due to their peculiar refractive
index profile that are different from transmission optical
fibers, these fibers suffer a high bending loss. Therefore,
their refractive indices should be designed for an optimized
bending radius, suitable for installation in bending situation
inside bent ducts and paths, etc. [10-12].

In recent years, photonic crystal fibers (PCF) have
attracted the attention of designers of optical devices to

* Corresponding author:

feseraji@gmail.com (Faramarz E. Seraji)

Published online at http://journal.sapub.org/optics

Copyright © 2014 Scientific & Academic Publishing. All Rights Reserved

develop high negative dispersion compensating fibers (DCF)
to be used in long haul high bit rate optical transmission
systems [13-17]. Theoretically, using PCFs seems one of
promising approaches to achieve high negative dispersions.
But manufacturing proposed complex structures of PCFs is
not an easy task by present technology [18]. As of today,
uses of conventional optical fiber profiles are common and
experimented practices for design of DCFs [19-21].

In this paper, referring to the refractive index profiles as
of today [22, 23], four varieties of DCF profiles, namely,
graded, triangular, step index with one ring, and step index
with two rings are proposed.

The proposed DCFs are investigated for parametric
optimization towards high negative dispersion with low
bending losses. With a best condition of optimization, a
designed DCF for C-band of optical communication
window, a negative dispersion of -517 ps/nm.km has been
attained at a bending radius of 20 mm; bending loss was
obtained as 3.3 dB/km, which is comparable with
commercially available product reported in [22, 24].

2. Dispersion and Macrobending Loss

It is well-known that chromatic dispersion causes pulse
spread along the transmission line, resulting in constraining
of transmission capacity in optical communication networks
[25]. In this section, some fundamental expressions are
provided to shed light on what basis the profile designs of
DCFs are carried out by the Optifiber software. [26].

Generally, dispersion in optical fiber is determined by the
following expression [27]:
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where Tl = Aneﬁ‘ +N.4q the effective core refractive

index,. H.,, refractive index of cladding, Aneﬁr is the
relative refractive index difference between core and
cladding and B: koneff , and kO is the wave number in
a vacuum.
The total dispersion, due to material and waveguide
dispersions, is obtained as [27]:
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The attenuation coefficient 7 of transmission fiber is
due to the bend radius R}, , which is large compared to the
fiber diameter and obtained as [28, 29]:
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where F{, radial field of fundamental mode, R; bending

radius, 7. fiber core radius, V is the normalized
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frequency, f and W are given as:
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where N(R) refractive index profile, k; wave number

in a vacuum, N, and N, are the maximum and

max
minimum refractive indices, respectively. The parameters

V' and A are expressed as:
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The macrobending loss in terms of attenuation coefficient
Y is defined in dB/km as:
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where [, is the length of transmission line in km, P, is

the input power and P, indicated the output power at
the end of transmission line.

3. Design of DCF with Low Bending
Loss

Conventional single-mode fibers in C-band of optical
communication have positive dispersion of about 18
ps/nm.km. The more the transmission distance, higher will
be the dispersion effects on the transmitted pulses. To
neutralize this phenomenon, design of dispersion
compensating fiber (DCF) with negative dispersion seems
to be an essential task [30, 31].

To obtain a higher compensability of DCF with a least
macrobending loss at an optimum bending radius around
C-band of optical communication, we have suggested four
profiles with graded, triangular, step (with one ring/two
rings) variations of refractive indices. The four suggested
profiles have depressed cladding with GeO2-doped and
Fluorine-doped silica material used for core and cladding
regions, respectively.

Since DCFs are inserted as device in optical transmission
lines, their geometrical parameters should match with
transmission fibers so as to avoid splice losses [32].
Therefore, some parametric trade off should be made for
design and optimization of DCFs structure. Thus in all our
design samples of DCFs for compliance with optical
transmission fiber used in optical communication systems,

the core and cladding diameters are assumed to be 8 Hm
and 117 MM respectively, and total fiber diameter is taken

as 125 MM . The commercial Optifiber software is
employed in all our design procedures [26].

3.1. Graded and Triangular Index Profiles with One Ring

The DCF with a core of graded index profile of Gaussian
shape as shown in Fig. 1(a), is designed using the following
index profile model [26]:

w
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where n is the maximum core index, X is the local

max

coordinate of the region, X local peak position in graded

core region, /1 is normalized value of full width at half
maximum (FWHM).
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For a triangular index profile, the following model is
employed to design the proposed DCF, as shown in Fig. 1(b)
[26]:

n(x)=n(0)+x

nw)-n©
w

where W is the width of the region, n(0) and n(w)

are the refractive indices at x=0 and x=w ,
respectively, and X is the local coordinate in the core
region.

Core

Figure 1. Profiles of DCF. (a) Graded index with one ring, (b) Triangular
index with one ring, (¢) Step index with one ring, and (d) Step index with
two rings

3.2. Step Index Profile with One and Two Rings

By doping the core region with a suitable constant amount
of GeO,, a step index profile is designed and by adding 1%
Fluorine to the inner cladding region, the ring region is
formed, as shown in Fig. 1(c). The distance between the ring

and the core is indicated as R,; and the width of the ring is

shown as R,,, as shown in Fig. 1(c). The relative index

difference between the core and the ring region is denoted as
A.

By keeping the parameters values in the present one-ring
step index profile, one more ring is made beside the previous
ring to obtain two-ring step index profile, as illustrated in Fig.
1(d). For the analysis of dispersion values, linear polarized
matrix method is used for fundamental mode LPO1 [33, 34].

4. Dispersion Compensability of DCF

To obtain maximum negative dispersion with minimum
macrobending loss, the four designed profiles are optimized
in two steps and then compared with each other. In the first
step of optimization and comparison, the ratio of regions

layers R,, /R, is increased with an increment of 0.01.

The resulting dispersion variations of the four profiles are
depicted in Fig. 2.

The analytical results show that in the C-band of optical
communication, when the ratio R,, /R, increases, the

dispersion compensability of the designed DCFs reduces, i.e.,
the dispersion attains more positive values. As indicated, the
slopes of dispersion variations in cases of step index profiles
(with one/two rings), are steeper than two other cases. In
addition, the effect of R, 5 / R, on the triangular profile is

not considerable.
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Figure 2. Chromatic dispersion in terms of an / Rnl for profiles (a,
b, ¢, and d) of Fig. (1) at 1550 nm wavelength
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Figure 3. Chromatic dispersion in terms of A for profiles (a, b, ¢, and d)
of Fig. (1) at 1550 nm wavelength

In the second step of optimization and comparison of
refractive index profiles in terms of dispersion
compensability of DCFs, the effect of the relative refractive
index difference A between the core and the ring regions is
analyzed and the results are shown in Fig. 3. In this case, in
relation with the A variations, the ring regions in step index
profile are more effective than other two cases. Conceptually,
one can note that the ring regions in step index profiles could
help this effectiveness in negative dispersion values.
Practically, the reason could be due to fundamental mode
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propagation through the inner cladding region which helps in
more waveguide dispersion of negative nature [27].

The results obtained in two steps of optimizations show
that towards higher negative dispersion, the relative

refractive index A should be at maximum value while the
ratio R,5 /R, should be at its minimum level.

In Fig. 4(a, b, c, d) the dispersions of designed DFC
profiles are shown as a function of wavelength. At the
particular wavelength of 1550 nm, the negative dispersions,
respectively, are -158 ps/mm.km, -120 ps/nm.km,
-456 ps/nm.km, and -517 ps/nm.km. The highest negative
dispersion is secured from the step index profile of DCF with
two ring in the inner cladding region.

5. Analysis of Macrobending Losses

The determination of macrobending loss of the four
designed profiles of DCFs is based on Eq. (4) of
Snyder-Love model [28]. Fig. 5 shows the results of the
analysis of macrobending losses in terms of bending radius
for different designed DCFs at 1550 nm wavelength.

Based on the obtained results, as shown in Fig. (5), we
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note that the macrobending losses with bending radius of 20
mm for graded and triangular indices are 4.1 dB/km and 3.7
dB/km, respectively.

With the same bending radius of 20 mm, the losses in
one-ring and two-ring step index profiles have reduced to
2.9 dB/km and 3.3 dB/km, respectively. The higher loss of
two-ring profile is due to leaky modes created at the bending
region of the DCF. The results obtained in case of step index
profiles with one/two rings are comparable with produced
DCF module by Fujikura Co. [22, 24].

The corresponding macrobending losses in terms of
wavelength are illustrated in Fig. 6 (Curves a, b, ¢, d),

respectively. It shows upto wavelength of about 1.52 Hm
the losses vary almost with equal slopes. Beyond this point,
the three curves (b, ¢, and d) experience the same slope with
smooth increase, but the curve (a) of graded index profile,
increases with a sharper slope.

On comparison, the secured optimization results in this
study, is 3.5 times better than the reported manufactured
DCFs [22, 24]. All the calculated parameters values such as
negative dispersions, macrobending losses, cut off
wavelengths, effective core area for designed DCFs profiles
are tabulated in Table 1.
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Table 1. Calculated parameters values of designed DCFs profiles

Profiles

In'Fig: (a) (b) () (d)

Parameters

Dispersion -158 -120 | -456 -517

Aer (um)? 23 11 41 38
Macrobending loss (dB/km) 4.1 37 29 3.3

A= 15,50 nm, Bending Cut off wavelength (A.) = 1445 nm
radius=20 mm
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Figure 5. Macrobending loss as a function of bending radius for different

profiles of Fig. (1) at 1550 nm wavelength
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Figure 6. Macrobending losses of the designed DCFs as a function of
wavelength. (a) Graded index, (b) Triangular index, (c) Step index with one
ring region, and (d) Step index with two ring regions

6. Conclusions

In this paper, we have proposed and analyzed four
refractive index profiles for optimization of high negative
dispersion compensating fibers with low macrobending
losses. It is shown that to achieve a high negative dispersion
DCFs with low macrobending losses, the ratio of width of
ring regions in the inner cladding to the distance between the

ring and the core (R,, / R,;) should be at minimum and

the relative refractive index difference between core and

cladding regions (A) should be at its higher value.

A comparison of results of the analyses of different
refractive index profiles of proposed DCFs show that highest
negative dispersion, namely, -517 ps/nm.km, is achieved in
the step index profile with two rings in the inner cladding.
The lowest negative dispersion is achievable by a DCF with
triangular index profile that was obtained as -120 ps/nm.km.

The lowest macrobending loss among the four DCFs, is
that of the one-ring step index profile with value of 2.9
dB/km.
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