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We present a full-vectorial modal analysis of a segmented cladding fiber (SCF). The analysis is based on
the H-field vectorial finite element method (VFEM) employing polar mesh geometry. Using this method,
we have analyzed the circular SCF and the elliptical SCF. We have found that the birefringence of the
circular SCF is very small (1.0 x 10~8). Birefringence of a highly elliptical SCF can be altered to some
extent by the number of segments and duty cycle of segmentation in the segmented cladding. However,
the change is not profound. The analysis shows that the circular SCF possesses low birefringence and
that the segmented cladding does not add any significant birefringence in an elliptical fiber. This result
strongly indicates that small deviations in the segmented cladding parameters arising from fabrication

process do not significantly affect the birefringence of the fiber.
060.2420, 060.2280, 230.5440, 060.4005.
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1. Introduction

Segmented cladding fibers (SCFs), in which the
cladding is formed by periodic arrangement of high-
and low-refractive index segments in the angular di-
rection have shown potential for large mode area
(LMA), single mode (SM) operation. Such a fiber is
highly desirable in high-power fiber lasers [1], dense
wavelength division multiplexing optical communi-
cation systems, and midinfrared sensing [2,3]. SCF's
have been fabricated in polymer [4,5] and silver ha-
lide glass [3] and have experimentally demonstrated
LMA operation. The working principle of the SCF is
mode filtering: A high differential leakage loss be-
tween the fundamental and the higher order modes
along with nominal loss to the fundamental mode en-
sures effective SM behavior of the SCF. Due to the
potential applications of SCF in the aforementioned
fields, it is important to study in detail the propaga-
tion characteristics of SCF and to explore the effect of

1559-128X/12/153104-05$15.00/0
© 2012 Optical Society of America

3104 APPLIED OPTICS / Vol. 51, No. 15/ 20 May 2012

© 2012 Optical Society of America

deviations in segmented cladding parameters, which
may arise from fabrication process.

The radial effective index method (REIM) has been
conventionally used to determine the propagation
characteristics in terms of effective index and leak-
age loss of the modes of an SCF. However, REIM,
being a scalar approach, does not reveal information
about the polarization-dependent modal properties
of the fiber, which is important for applications and
devices sensitive to polarization. There have been
several studies on the vectorial analysis of the optical
fibers [6—13]. In this paper, we carry out a full vector-
ial analysis of the SCF using the vectorial finite ele-
ment method (VFEM). VFEM is a well-established
method for highly accurate characterization of
optical structures [9,13]. For the analysis of SCF pre-
sented in this paper, we have used the H-field formu-
lation [13] with a polar mesh. Numerical simulations
on circular SCF confirm that it does have a small bi-
refringence (~1078) as predicted earlier [1,2]. We also
investigated the effect of the segmented cladding on
an already birefringent core. In order to study this,
we have considered a small core with an elliptical



cross-section in the SCF. We show that the segmen-
ted cladding affects the birefringence of the elliptical
fiber to some extent, but the effects are not signifi-
cant. This shows that the angular segmentation in
the cladding does not have a strong effect on the
birefringence of the fiber.

2. Finite Element Analysis and Results for the
Circular SCF

The transverse cross-section of the SCF is shown in
Fig. 1. The fiber consists of a uniform core of refrac-

accurately. Therefore, curved boundaries are repre-
sented well, and the stair-casing error associated
with finite difference—based algorithms is not en-
countered. Furthermore, irregular meshing can be
employed for better computational accuracy. The
H-field formulation developed previously by Rahman
and Davies is valid for microwave and optical guided-
wave devices, including the increasingly important
terahertz frequency range. The H-field formulation
with the augmented penalty function technique is
given as [13]:

( [(V xH) % &YV x H)dQ + [(a/eo)(V - H) % (V -ﬁ)dg)
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tive index n; at the center (0 < r < a). The core is
surrounded by a segmented cladding formed by alter-
nate high-index (n;) and low-index (ny) segments of
angular width 26, and 20,, respectively, in the region
a < r < b. The total number of segments, N, satisfies
the relation N(6; + 65) = n. The index difference be-
n2-n2
én% %
The period and the duty cycle of segmentation are
given by A = 20; + 205 and y = 205/, respectively.
We have analyzed the SCF using the VFEM, which

is one of the most powerful and versatile method in
many branches of engineering to solve the problems
involving complicated geometries. In the finite ele-
ment approach, the problem domain is divided into
smaller subdomains containing elements of different
shapes and sizes, such that the boundaries of regions
with different dielectric constants are represented

tween the two media is characterized by A =

y

A
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Fig. 1. Transverse cross-section of the SCF.

where H is the full-vectorial magnetic field; € and u
are the permittivity and permeability, respectively,
of the waveguide; €, is the permittivity of the free
space; w? is the eigen value; and a is a dimensionless
parameter used to impose the divergence-free condi-
tion of the magnetic field in a least-squares sense.
Modes of the SCF have been presented in terms of
the transverse magnetic field components, H%,,
and HY,,, as commonly used for integrated optical
waveguide problems, where the subscripts m and
n denote the field maxima along the x- and the y-
axes, respectively. For the H,, mode, which is also
known as the quasi-TE mode, the H, (or E,) field is
dominant compared to the H, (or E,) field compo-
nent. Similarly, for the H%,, (quasi-TM) mode, the
H, and H, fields are the dominant and nondominant
components, respectively.

As the fiber has two-fold symmetry, only a quarter-
section has been considered in the simulation.
This allows use of a larger number of elements to
represent the structure and obtain higher accuracy.
The quarter-section of the SCF under consideration
has been divided into many small first-order ele-
ments. The size of the element depends upon the
number of radial and angular divisions, which in
turn determines the accuracy of the simulation. A
schematic of the finite element representation of
the structure is shown in Fig. 2. To compare the re-
sults of the present FEM with scalar REIM, we have
divided the quarter segment of the fiber into 90 an-
gular and 165 radial divisions. A good agreement be-
tween the two methods is found and is presented in
Table 1. We have also plotted the contour plot of the
fundamental mode of the SCF at two different wave-
lengths, as shown in Fig. 3. The periodic variation
of the refractive indices in the segments in the clad-
ding region is reflected in the contour plot. High-
index segments of the cladding pull the field toward
the outer cladding region. After benchmarking the
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Fig. 2. Finite element representation of a quarter section of the
SCF.

results of FEM, we calculated the birefringence of the
SCF, which is defined as B = n, — n,, where n, and n,
represent the effective indices of the quasi-TE mode
(H};) and quasi-TM (H%;) modes, respectively. The
SCF considered here has the parameters a = 10 ym,
b =30 yum, A =0.0035, N =8, and y = 0.50. At an
operating wavelength of 4 = 1550 nm, the birefrin-
gence of the fiber is very small (1 x 1078), as predicted
earlier [1,3]. Since this value of birefringence is ex-
tremely small and of the order of computational ac-
curacy we focus on, the study of the birefringence in
an elliptical SCF.

3. Elliptical SCF

We investigate an elliptical SCF with (N = 8), whose
cross-section is shown in Fig. 4. The high-index (n;)
elliptical core of the elliptical SCF is characterized by
semimajor and semiminor lengths a and b, respec-
tively, and is embedded in a uniform inner cladding
of refractive index ny, and outer segmented cladding
of period, A, and duty cycle, y. The whole structure is
enclosed in a jacket of refractive index n;. The widths
of the uniform, segmented and external cladding
layers along the major axis, are denoted by d, d.q,
and d.,, respectively. The eccentricity of the para-

2
meter of the structure is defined as ey, = /1 —:—3;,

where r, and r, represent the radial position of the
cladding layers along the major and minor axis.
e.aq Temains the same for all the cladding layers.

Table 1. Comparison of Mode Indices of the Segmented
Cladding Fiber (SCF) Calculated by Radial Effective Index
Method (REIM) and Finite Element Method (FEM) at Different
Wavelengths for the Fiber Parameters: a = 10 ym,
b =30 um, A = 0.0035, N = 8, and y = 0.50

Mode Effective Index

A (nm) REIM FEM
450 1.449397 1.449388
650 1.449324 1.449310
850 1.449230 1.449213
1050 1.449121 1.449103
1350 1.448937 1.448920
1550 1.448807 1.448792
1750 1.448673 1.448660
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Fig. 3. Contour plot of the fundamental mode at two different

wavelengths (450 and 1550 nm) for the parameters defined in
Table 1.

The accuracy of the full vectorial finite element
method depends on the size of meshing. It is there-
fore necessary to investigate the convergence of the
mode effective index (n.4) with the mesh parameters
N adia1, the number of divisions in radial directions,
and N gpgyiar, the number of divisions in angular di-
rections. We have carried out a convergence study for
fiber parameters: ¢ = 3.75 yum, b = 1.25 ym, d, =
6.25 ym, dyq = 20 um, dy = 5 pym, and eg,q = 0.87.
Figure 5(a) shows that the value of birefringence sa-
turates as N,,q;a is increased beyond 15. Therefore,

Fig. 4. Transverse cross-section of an elliptical SCF.
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Fig. 5. Effect of mesh parameters on the convergence of effective
indices of modes and birefringence for the parameters given by
Eq. (2) at 2 = 1550 nm.

it is necessary to take at least 15 radial elements
inside the core region to get the accurate value of
the effective indices of both the modes. Further in-
crease in N ,4ia1 does not result in any improvement
in the accuracy with which B can be determined. A
similar study has also been carried out for the num-
ber of radial elements inside the cladding region, and
the results are shown in Fig. 5(b). It is clear from the
figure that the value of B saturates as the number of
elements is increased beyond 170. Therefore, the
number of radial elements in the cladding has been
clamped to 170.

We also performed a similar convergence study for
N angular- We found that Nypeu1ar = 180 in a quarter-
section of fiber, which is sufficient to achieve desired
accuracy in ng.

28 *10

=8
4 A =1550 nm

24 -

22

Birefringence

20

18 o o .
4

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Y

Fig. 6. Effect of duty cycle (y) on birefringence of elliptical SCF.

4. Birefringence Properties of the Elliptical SCF

We studied the effect of the cladding parameters
and the wavelength of operation on the birefringence
of the elliptical SCF. In this study, we only considered
the geometrical birefringence, as it is much larger
than the stress-induced birefringence for the param-
eters under consideration [8]. We carried out numer-
ical simulations for eight-segment SCF with the
following values of various parameters, unless stated

otherwise:

ny = 1.444388, A =1.6%, a = 3.75 ym,

b =1.25 ym, dg = 6.25 ym, dsq = 20 um,
dex = 5 pym, €caq = 0.87,

Nanguiar = 180 and  N,ugia = 250. 2

The birefringence of an elliptical core fiber can be
affected by the segmented cladding of the SCF due to
its azimuthal asymmetry. The azimuthal asymmetry
in the segmented cladding can be controlled by two
parameters: (1) Number of low and high segments
(V) in the cladding region and (2) the duty cycle of
the segmentation (y). For a fixed value of N, the duty
cycle (y) controls the angular width of the high- and
low-index regions in the segmented cladding and
thus the proportion of the area of the cladding, which
has low refractive index. Thus, a high value of y im-
plies the overall index in the cladding is lower than
for a smaller value of y. While for a given duty cycle,
the number of segments, N, controls the angular
width of the high- and low-index regions as well as
the distribution of segments as in the cladding. More-
over, the relative field amplitudes in the high-index
segments along x- and y- axes are also affected by N.
In this way, both the parameters N and y affect the
asymmetry of the fiber, which in turn affects the bi-
refringence. We have studied the effect of these para-
meters on the birefringence of the designed fiber, and
the results are shown in Figs. 6 and 7. The effect of y
on the birefringence is plotted in Fig. 6. The birefrin-
gence of the fiber is large for smaller values of y and
settles down to the value corresponding to that of an
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Fig. 7. Effect of number of segments (V) on birefringence of the
elliptical SCF.
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Fig. 8. Spectral variation of the birefringence of the elliptical
SCF.

elliptical fiber with uniform cladding as y increases.
In fact, smaller y corresponds to wider high-index re-
gion in the segmented cladding and hence results in
an additional geometrical birefringence apart from
the already existing birefringence due to the ellipti-
cal core. However, this increase is small, and the
value of B increases from 1.66 x 10™* (for y = 1) to
2.74 x 10~* (for y = 0.35).

The effect of the number of segments, N, on the bi-
refringence is shown in Fig. 7, where we have plotted
B as a function of N for y = 0.75. The behavior shown
is the result of the interplay between the relative
field distribution in high-index segments along the
x- and y- axes and the structural asymmetry arising
from the values of N. For N = 4, 8, 12, there is no
structural asymmetry and B decreases with N purely
due to the relative field distribution. While for N = 6,
10, 14, both the effects are present. A large value of N
results in smaller difference in the field amplitudes
in high-index segments along the x- and y- axes, and
therefore B decreases. When IV changes from 4 to 6,
the effect of structural asymmetry at N = 6 domi-
nates and B slightly increases. However, the change
in B is smaller than the accuracy of calculations. The
change in B for the entire range of values of N plotted
in Fig. 7 is only 17.5%.

We have also studied the effect of the operating
wavelength on the birefringence of the SCF, which
is shown in Fig. 8. As expected, at longer operating
wavelengths, the modal field spreads further into the
cladding region, and therefore the effect of the seg-
mented cladding becomes more pronounced. This
results in the increase of the value of B with wave-
length of operation. However, the effect of the seg-
mented cladding is not significant in the entire
range of wavelength where the birefringence
increases from 0.4 x 10~ to 1.6 x 10~ as the wave-
length changes from 0.6 ym to 1.5 ym.
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5. Conclusions

We have investigated the modal properties of SCF
using a full-vectorial H-field FEM formulation. A cir-
cular SCF has been shown to have small birefrin-
gence. A highly elliptical SCF with a small core has
also been studied to investigate the effect of the seg-
mented cladding on the birefringence. The duty cycle
of segmentation and the number of segments have
been shown to affect the birefringence of the elliptical
SCF only moderately. Hence, fabrication-induced
deviations in the segmented cladding parameters
would not significantly alter the birefringence of the
SCF. Thus, the SCF design is rather robust to fabri-
cation tolerances with respect to birefringence.

This work was partially supported by a UKIERI
award titled, “Application-specific microstructured
optical fibers.”
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