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ABSTRACT Modal solutions of photonic crystal fibers with
equal and unequal circular air holes in a hexagonal matrix
are presented, by using a rigorous full-vectorial finite element-
based approach. The effective indices, mode field profiles,
spot-sizes, modal hybridness, modal birefringence and group
velocity dispersion values have been determined and presented.
The effects of the pitch-distance, hole diameter, structural asym-
metry, air hole arrangement and the operating wavelength on the
modal birefringence are also reported. It is shown that a sig-
nificant value of birefringence can be achieved by using only
circular air holes, which would be easy to fabricate, and by
operating it close to its modal cutoff.

PACS 42.81.Qb; 42.81.Gs; 42.25.Bs; 31.15.Pf

1 Introduction

Photonic crystal fiber (PCF) (which is also known
as ‘holey’ fiber), is a micro-structured fiber [1], where arrays
of holes run along the waveguide length of the fiber, which
have more controllable fabrication parameters than standard
single mode fiber (SMF). Increasing interest is being shown
in such PCFs for a range of applications in optical commu-
nications, sensing and signal processing. The optical proper-
ties of a SMF are mostly controlled by two key parameters:
the radius and the index difference between the core and the
cladding. An SMF can be designed by balancing these two
parameters for different applications, for example in conven-
tional low-loss telecommunications grade SMFs or in special-
ized fibers such as doped fibers, offering a smaller spot-size.
However, the potential for adjustment of the group velocity
dispersion (GVD) properties of these silica fibers is severely
limited. By contrast in a PCF, the numbers of holes, their sizes,
shapes, orientations and placements, as well as the nature of
the dielectric material, can provide additional degrees of free-
dom, which are not present in conventional SMF. A wide
range of potential applications is anticipated, exploiting the
ability to adjust the spot-size, for example to create a large
spot-size for high power applications and a smaller spot-size
for improved nonlinear interactions. The zero dispersion point
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can be shifted into the visible part of the spectrum [2] and the
GVD properties can be tailored to facilitate Raman amplifica-
tion, Brillouin lasers, second harmonic generation, four-wave
mixing, and supercontinuum generation [3] at modest powers.
The higher index contrast of the PCFs would enhance their
polarization maintaining properties, which are useful for co-
herent optical communication and fiber optic sensor systems.
In spite of the progress made in the fabrication of PCFs, in-
cluding birefringent PCFs, so far their birefringent properties
have not been thoroughly studied.

Conventional silica fiber with circularly symmetric homo-
geneous core cannot maintain the polarization state of the out-
put field, due to bends, twists, stress and random irregularities
along the length of the fibers. Modal birefringence in opti-
cal waveguides can reduce the polarization coupling, which
can be achieved in different ways, including through the use
of anisotropic materials. However, for a nominally isotropic
silica fiber, the alternative approach is to create a spatial asym-
metry in the index profile or shape profile. Due to small index
contrast between the core and cladding, the form birefrin-
gence is also relatively small for noncircular core silica fibers,
such as the elliptic core silica fibers. An attractive alterna-
tive approach had been used to change the isotropic material
to anisotropic by introducing an asymmetric stress profile.
This can be achieved by introducing stress-applying zones,
with unequal thermal expansion coefficients and the resultant
highly-birefringent (Hi-Bi) ‘Panda’ or ‘Bow-tie’ fiber have
shown a birefringence value in the range of 5 ×10−4 [4, 5].

However, highly birefringent PCFs can be more easily
realized, because the index contrast is higher than that of con-
ventional fibers and the fabrication process permits the for-
mation of the required asymmetric microstructure near the
fiber core. The structural symmetry can be destroyed either
by changing the air hole sizes near the core area [6–8], or
by deforming the shape of the air holes [9, 10] or the core
shape [11]. A numerical study by Steel and Osgood [9] indi-
cated that using elliptical-shape air holes and operating very
close to the modal cutoff, a significantly large birefringence
could be obtained. It was also suggested that such highly ellip-
tical air holes could be fabricated in the preform by modifying
their nominal circular air holes by drilling to increase the
asymmetry. It has been shown that using the ‘stack-and-draw’
fabrication process permits the formation of the asymmetry
near the fiber core more easily with circular holes and the
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resulting birefringence value is of the order of 10−3 [6, 11],
which is significantly larger than that of the Panda or Bow-tie
silica fibers.

The large birefringence that may be achieved is very
promising for PCF devices such as lasers [12], fiber loops
for gyroscopes, rocking filters [13], and two-mode strain sen-
sors [14]. In this study, the interplay between the various
fabrication parameters at a given wavelength on the modal so-
lutions of the quasi-TE and TM modes is discussed. In this
work, the largest value of the modal birefringence is found by
adjusting the pitch length and the normalized hole diameter
for a PCF with circular but unequal air holes. This design is
easy to fabricate by using the stack-and-draw technique.

2 Theory

To date, most of the research into these fibers has
had a strong experimental basis [1], which has recently been
complemented by various modal solution approaches to their
characterization, but mostly using scalar formulations or be-
ing limited to specific types of structures. One of the simplest
methods used is the effective index method [2], which ap-
proximates the PCF to a step index fiber with the cladding
index equal to the average or weighted average of the PCF
in the cladding region. Although it can provide some insight
into PCF operation, this reduced model is unable to accurately
predict the fiber modal properties such as dispersion or bire-
fringence, which depend critically on the arrangement and
size of the air holes.

Several numerical approaches have been considered by
using mode decomposition techniques, based on the expan-
sion of the modal field. The plane wave method (PWM) [15]
utilizes sinusoidal basis functions, which can be used for any
refractive index profile if enough basis functions are used, and
thus a versatile, but not so efficient approach, as it does not
take advantage of the localization of the guided modes. In
the full-vectorial technique described by Ferrando et al. [16]
the modal fields and the refractive index profile are decom-
posed into plane wave components, finally reducing the wave
equation to an eigenvalue problem. Mogilevsov et al. [17]
considered an alternative scalar approach by using a more se-
lective localized Hermite–Gaussian orthogonal basis function
(LFM) expansion to represent the transverse magnetic field.
Expanding the fields in localized Hermite–Gaussian func-
tions [18, 19] can be more efficient, however these functions
have an adjustable width parameter, the value of which is not
a priori known, and would be different for different PCFs
or even for different modes in a given fiber. Subsequently,
Monro et al. [20] introduced a full-vectorial model for PCFs
with a perfect hexagonal arrangement of holes. Several groups
have used the multipole method (MM) [21], in which the vec-
torial fields are expanded about each circular hole by using
Bessel and Hankel functions, but unfortunately this is re-
stricted to circular shaped holes only. Recently Zhi et al. [22]
have considered the supercell overlapping method by com-
bining the PWM and the LFM to study square and triangu-
lar lattice PCFs. However, in these field expansion methods,
when the noncircular air-holes are approximated by circular
holes, as in the plane wave method [6] or in the multipole
method [23], the important polarization dependent properties

would be lost. Most of the expansion methods also require
periodic boundary conditions, which do not allow any cal-
culation of the confinement losses due to the energy leakage
between and through the holes, whereas these leaky modes
are characteristic of all real PCFs. The periodicity required is
also somehow restrictive for PCFs, which do not need to be
periodic, and in reality they never are perfectly periodic.

Amongst the more general numerical methods avail-
able, the finite difference [24] and the boundary element
method [10] based modal solution approaches have also been
considered. The beam propagation method [25] can be used
to simulate the propagation of the initial field along a PCF,
and more recently the imaginary distance BPM has been
used [26–28] to extract a limited number of individual modes,
but the BPM approach is computationally more intensive,
since it needs to consider a fully three-dimensional structure.

To obtain accurate modal solutions of PCFs, first of all
it is necessary to accurately represent its two-dimensional
complex cross-section profiles. The modal solution approach,
based on the powerful finite-element method (FEM) [29] is
more flexible, and can be used to represent any arbitrary cross-
section more accurately and has been widely used to find
the modal solutions of a wide range of optical waveguides.
In the finite element method, by using a larger number of
triangular elements, which may have different shapes and
sizes, any complex optical waveguide cross-section can be
accurately represented. The flexibility of the FEM to rep-
resent a cross-section of a holey fiber, with arbitrary hole
sizes, shape, orientation, placements and materials, makes it
a powerful approach where many other simpler and semi-
analytical methods are unsatisfactory. Recently Koshiba and
Saitoh [30], Brechet et al. [31], Peyrilloux et al. [32], and
Cucinotta et al. [33] have considered the full vectorial FEM,
which has been shown to be the most suitable method to study
complex modal characteristics of such PCFs.

In the finite element or finite difference method, the vari-
ational formulation can be based on the fully vectorial or
simpler scalar formulation approach. The optical modes in
a high-index contrast PCF with two-dimensional optical con-
finement are also hybrid in nature, with all the six components
of the E and H fields being present. To accurately character-
ize such fibers, a full-vectorial approach is essential and such
a H-field based full-vectorial approach is extended to obtain
the modal solutions of PCFs. The complete H-field formula-
tion with the augmented penalty parameter is given as [29]:

ω2=
∫

(∇ × H )∗ε̂−1(∇ × H )dΩ+
(

α
ε0

)
(∇ · H )∗· (∇ · H )dΩ

∫
H∗µ̂H dΩ

(1)

Here H is the full-vectorial magnetic field, ε and µ are
the permittivity and permeability, respectively of the wave-
guide, ε0 is the permittivity of free space, ω2 is the eigenvalue,
where ω is the angular frequency of the wave and α is a di-
mensionless parameter used to impose the divergence-free
condition of the magnetic field in a least squares sense. In
this formulation both the ε and µ can be arbitrary tensors
with possible off-diagonal coefficients, suitable to character-
ize electro-optic, acousto-optic and elasto-optic devices. The
isotropic silica material in PCF can become anisotropic under
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thermal stress or applied force, or if the air holes are filled
up with an anisotropic fluid, such as in device applications
using a liquid crystal. Similarly, the above formulation can
also consider the lossy surface plasmon mode [34] in metals,
where the permittivity is negative, and an incorporation of
such metal nano-tubes in future PCFs can also be considered.
A similar formulation has also been considered to find the
lightwave propagation [35] in erbium doped active PCF de-
vices with modal gain. Modal solutions for the fundamental
and higher order quasi-TE and quasi-TM modes have been
obtained in this work. The modal field profiles, the variation
of their spot-sizes, the modal hybridism, the modal birefrin-
gence, and the GVD properties have been calculated for these
fibers. The use of infinite elements extended the orthodox
computational domain of the open-type optical waveguides.
The infinite elements can accurately represent the exponen-
tially decaying optical field outside the core region. This ap-
proach can yield accurate solutions for the optical modes.
Although, if perfectly matched layers (PML) are used, an-
other important parameter, the leakage loss can be obtained
but in this case the eigenvalue equation would be complex and
the computational time would be at least double. The existing
two-fold symmetry has been exploited to reduce the compu-
tational cost and also to achieve adequate mesh refinement in
the core region.

3 Results

For a regular array of holes of equal size, the hole
diameter is taken as d with Λ as the pitch length. A missing
hole at the center can guide the light, as does the core of a typ-
ical optical waveguide. First, the effect of the hole diameter,
d, on the modal properties is investigated and the variations
of the effective index and the spot-size for the fundamental
quasi-TE (H y

11) mode with the normalized d/Λ dimension are
shown in Fig. 1. Initially the pitch length, Λ (the center-to-
center spacing between two nearest air holes) has been kept
fixed at 2.2 µm. In this case the refractive index of the silica is
taken as 1.46232 at the operating wavelength of 0.5 µm. With
the pitch, Λ, fixed at 2.2 µm, and as the hole diameter d, is in-
creased, the equivalent index of the air hole cladding region
is reduced, which increases the index contrast between the
effective cladding and the solid silica core. Although the re-

FIGURE 1 Variations of the effective index and spot-size with the normal-
ized hole diameter d/Λ

duced cladding index reduces the modal effective indices, the
increased index contrast makes the mode better confined. It
should be noted that, in the present approach, all the air holes,
including their sizes and positions are exactly represented. In
this figure, it can also be observed that as the hole diameter is
increased, the spot-size (σ) is reduced. This is because the en-
largement of the holes restricts the escape of the modal field
from the core area. In this case the spot-size is defined as the
area where the field intensity is greater than 1/e of the max-
imum field intensity (power intensity 1/e2). More than 28 000
first order irregular size triangular elements have been used to
represent only one-fourth of the PCF cross-section and a typi-
cal computational time on a 2 GHz PC is less than one minute.

The dominant Hy field profiles of the fundamental quasi-
TE (H y

11) mode for d/Λ = 0.3 and 0.7 at the operating wave-
length of 0.5 µm are shown in Fig. 2a and b, respectively. It
can be clearly seen that for a lower value of the air hole diam-
eter, the field extends into the silica bridging area (in-between
the air holes). However, for the larger air holes with a nar-
row bridging area, the field is more confined in the core, as
they are restricted from the low-index air regions. The effect
of the hole diameter on the spot-size is clearly visible, and its
variation is shown in Fig. 1.

The FEM approach is a very versatile method and its
strength has been the easy manner of changing the position
and size of any of the air holes, as they are required. By chang-
ing the shape of the holes or the size of some selected air holes,
the structural symmetry can be avoided and this yields an-
other important modal property, the modal birefringence. In
the hexagonal arrangements, air holes are placed in concen-
tric rings around the core. Since, the influence of the air holes
in the first ring would be dominant, to break the structural
symmetry, modification of the air hole dimensions in this ring
would be more effective. The asymmetry arrangement consid-
ered here is similar to that found in [36], where the diameters
(d2) of the four air holes in the first ring are different from
that of the other diameters (d ). The inset in Fig. 3 shows only
a single air hole in a quarter of the cross-section used in the nu-
merical simulations. Such an asymmetric PCF would be able
to maintain a specific input polarization state, and the corres-
ponding modal birefringence is expected to be high. In this
case, initially the pitch, Λ, is taken as 2.2 µm with the oper-
ating wavelength as 0.5 µm. The diameter of asymmetric air
hole (d2) is varied and the diameters of all the other holes are
kept fixed at 1.1 µm (d/Λ = 0.5). The variations of the effect-
ive indices for the fundamental quasi-TE (H y

11) and quasi-TM

FIGURE 2 Dominant Hy field profile of the fundamental quasi-TE mode
for (a) d/Λ = 0.3 and (b) d/Λ = 0.7
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FIGURE 3 Variations of the modal indices with the normalized diameter,
d2/Λ

(H x
11) and the second quasi-TE (H y

21) modes with the normal-
ized asymmetry (d2/Λ) are shown in Fig. 3. It can be observed
that as the diameter of the air hole, d2, is increased, the ef-
fective index values decrease. This is due to the fact that with
the increased air hole size, the equivalent cladding index is
reduced. It can be clearly observed that as d2 is increased,
the modal index difference between the two fundamental TE
and TM polarized modes increases. This arises because the
increased d2 diameter makes the PCF structure more asym-
metric. An increased d2 value makes the height of the effective
core smaller than that of the width and as a consequence the
effective index of the quasi-TE mode is higher than that of the
quasi-TM mode. For comparison, the effective index variation
of the H y

21 mode is also shown in this figure. It was observed,
but not shown here, that the spot-size reduces as the d2 diam-
eter is increased as the increased air hole diameter restricts the
optical field in that air hole region.

The variations of the modal birefringence, B, and the beat
length, LB, are shown in Fig. 4 for the case where the operat-
ing wavelength is 0.5 µm. In this case the modal birefringence
is defined as:

B = ny −nx (2)

FIGURE 4 Variations of the beat length and modal birefringence with the
normalized d2/Λ for Λ = 2.2 µm

where ny and nx are the effective indices of the fundamen-
tal H y

11 and H x
11 modes, respectively. The polarization beat

length, LB, is a measure of the birefringence and is defined as:

LB = 2π/(βy −βx) = λ/B (3)

where βy and βx are the propagation constants of the H y
11

and H x
11 modes, respectively. It can be clearly observed that

the birefringence value increases as the d2 value is increased,
since the asymmetry of the PCF structure is also increased. In
this case the maximum birefringence value of 1.6 ×10−4 is
achieved, which is comparable to the birefringence of polar-
ization maintaining Panda or Bow-tie type Hi-Bi fibers.

The group velocity dispersion (GVD) is one of the most
important modal properties of an optical waveguide and this
parameter, D, can be defined as:

D(λ) = −λ

c

∂2ne

∂λ2
(4)

where ne is the effective index of a given mode and c is the
speed of light in the free-space.

Variations of the GVD with the operating wavelength for
the quasi-TE (H y

11) and quasi-TM (H x
11) modes for the asym-

metric structure with d2/Λ = 0.95 are shown in Fig. 5 by
a dashed line and a solid line, respectively. Chromatic disper-
sion of the silica has been taken into account by calculating the
refractive index of silica through the Sellmeier equation [37].
For comparison, the GVD of a degenerate PCF with identi-
cal air holes, d/Λ = d2/Λ = 0.5, is also shown in this figure
by a dashed-dotted line. It can be observed that by controlling
the diameters of the air holes, the range of anomalous disper-
sion, the maximum value of the GVD and its slopes, and the
locations of the zero GVD value can be adjusted and similar
adjustable GVD properties cannot be achieved in the design
of a less flexible telecommunication grade SMF. The polar-
ization dependence of the asymmetric PCF can be clearly
observed and so various polarization dependent linear and
nonlinear devices can be fabricated by using such birefringent
PCFs.

FIGURE 5 Variations of GVD with the operating wavelength
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Besides the structural asymmetry, the birefringence value
also depends on the modal confinement. For a fixed pitch
length, Λ = 2.2 µm, as the operating wavelength, λ, is in-
creased, the modes become more weakly confined and the
modal field extends further into the air hole regions. The vari-
ation of the modal birefringence, B, with the operating wave-
length, λ, is shown in Fig. 6. In this case the d/Λ value is
kept constant at 0.5 and the asymmetric air holes with their
normalized diameter d2/Λ = 0.95. It can be observed that as
the operating wavelength is increased to 2.0 µm, the birefrin-
gence increases significantly to a value of 0.0071 with the
corresponding beat length, LB, reduced to 281 µm. This re-
sult agrees well with the numerically simulated result reported
by Saitoh and Koshiba [36] of B = 0.00327 at a wavelength
of 1.45 µm.

It can be observed that the birefringence value increases
rapidly with the operating wavelength. Earlier it has been re-
ported that the birefringence and the operating wavelength
could be related by

B α λκ . (5)

To obtain the κ dependence, a log-log plot is also shown as
an inset in Fig. 6. The near straight line relationship demon-
strates a fixed value of κ, and from the slope of this line, the
value of κ has been calculated as 1.6. It should be noted that
the κ value depends on the specific design parameters of the
PCF and values of 1.38 [6] and 2.7 [8] have been reported.

The pitch length, Λ, the operating wavelength, λ, and the
normalized hole diameter d/Λ, all play key roles in the modal
properties and additionally the asymmetry d2/Λ for the bire-
fringence properties. For a fixed operating wavelength, the
pitch length, Λ, can be used as the key controlling param-
eter. Variations of the effective indices of the fundamental
quasi-TE (H y

11) mode with the pitch length, Λ, are shown
in Fig. 7 for two d/Λ values when the operating wavelength
is 1.55 µm. In this case, when the waveguide dimension is
reduced compared to the wavelength, the modal field is ex-
tended further into the cladding region. In both the cases,
the modal effective indices reduce monotonically as the pitch
length, Λ, is reduced. It can be observed that the effective in-

FIGURE 6 Variation of the birefringence with the operating wavelength

FIGURE 7 Variations of the effective indices and the spot-size with the
pitch length, Λ

dex values are lower for PCFs with larger d/Λ values, since
in these cases the equivalent cladding indices were also lower.
It should also be noted that, for a larger d/Λ value the index
contrast is higher, and the cutoff value of the pitch length, Λ,
is also smaller, as is shown here.

Variations of the spot-size with the pitch length, Λ, are
also shown in Fig. 7. It can be noted that as the pitch length,
Λ, is decreased, the waveguide dimension is reduced com-
pared to the operating wavelength, the mode approaches its
cutoff condition, the modal field expands and as a conse-
quence the spot-size also increases, in a way similar to what
was observed experimentally by Baggett et al. [38]. It should
be noted that with a larger d/Λ value, the hole diameters
are large, which restricts the mode in a narrower silica re-
gion and so the spot-size is smaller. The minimum spot-size
value of 3.42 µm2 can be achieved for a d/Λ value of 0.5,
when Λ = 1.14 µm at the operating wavelength of 1.55 µm.
On the other hand if the d/Λ value is increased to 0.9, the min-
imum spot-size could be as low as 1.2 µm2 at Λ = 0.90 µm,
one of the lowest reported so far. For many nonlinear appli-
cations, the reduction of the spot-size is a key issue, where an
example of this is the usage of sub-micron guides in super-
continuum generation [39, 40]. It can be noted that for a larger
d/Λ value, the cutoff condition approaches more rapidly due
to the larger index contrast between the silica core and the ef-
fective cladding.

The variations of the dominant Hy fields for the quasi-TE
(H y

11) mode along the x-axis are shown in Fig. 8. In this case
the horizontal distance is normalized (x/Λ), so that for all
the Λ values, the air holes are located at the same normalized
position. It can be observed that the field decays away from
the PCF core and reduces substantially in the air hole region
and increases locally beyond the air holes. It should be noted
that, for Λ = 0.95 µm (the mode being close to its cutoff) the
field magnitude in the cladding region is significantly large.
Although, in this figure for Λ = 2.2 µm, the normalized field
spread appears to be the smallest, but in fact the spot-size is
much larger as the pitch length is much longer.

For a PCF with a regular hexagonal hole arrangement of
a fixed diameter, a six-fold or 60 degree rotational symme-
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FIGURE 8 Variations of the modal fields in the normalized x direction

try exists, which makes the modes degenerate. There will
be degenerate modes with the polarization directions rotated
60 degrees from each other. However, strictly speaking the
vertically polarized TE and horizontally polarized TM modes
would not be degenerate as the required 90 degrees rotational
symmetry does not exist. Despite very good hexagonal sym-
metry in the fabricated PCFs, the existence of high birefrin-
gence in such PCFs has been measured by several groups [32,
41–43] but this has often been attributed to possible internal
stress or to slight asymmetry, due to variations in the position-
ing and the diameters of the air holes. In several numerical
studies, the structural representations have been systemati-
cally refined by using the finite element method [32, 44] and
the plane wave method [45]. In all of these cases, a small
residual birefringence remained, again attributed to the intrin-
sic calculation error of the computational approach. However,
from these reports [32, 45] it could be clearly observed that
this residual birefringence value is larger for smaller Λ/λ

values.
Variations of the birefringence with the pitch length, Λ, for

a PCF with six-fold symmetry for two different d/Λ ratios are
shown in Fig. 9. In this case the operating wavelength is fixed
as 1.55 µm. For a PCF with a larger Λ/λ value, the birefrin-
gence is very small but it can also be observed that as the pitch
length, Λ, is reduced, the birefringence value is increased
due to the larger modal field values in the air/silica cladding
region. It should be noted that for some special cases the bire-
fringence could be zero but in general this is not true for all
the regular PCF structures with a six-fold symmetry, and more
particularly when operating close to their cutoff points. It can
be noted that for higher d/Λ values, the birefringence changes
rapidly with Λ as their corresponding cutoff condition also ap-
proaches rapidly. One important validation of this work is the
existence of the modal birefringence for PCFs with six-fold
rotational symmetry.

Modes in optical waveguides with two-dimensional con-
finement are not truly TE or TM, but hybrid in nature. For
quasi-TE (H y

mn) modes, the Hy field component is domin-
ant: however the non-dominant field, Hx is not zero. The

FIGURE 9 Variations of the birefringence with the pitch length, Λ

modal hybridness is an important parameter in the design and
operation of many optical systems, particularly to identify
polarization-dependent performance, the modal losses, and
possible polarization conversion. The modal hybridness can
be defined as the ratio of the maximum values of the non-
dominant to the dominant field components values. For the
quasi-TE (H y

mn) modes, the hybridness is defined as the ratio
of the non-dominant Hx field to the dominant Hy field. Varia-
tions of the modal hybridness with the pitch length, Λ, for the
fundamental Hy

11 mode are shown in Fig. 10 for d/Λ = 0.4,
0.5 and 0.6, by dashed-dotted, dashed and solid lines, respec-
tively. The modal hybridness increases as Λ is reduced and
reaches a maximum value when the spot-size is near to its
minimum value. It can also be noted that for a higher d/Λ

value, the maximum hybridness value is also higher due to the
associated higher index contrast. It was also observed that for
the quasi-TM modes, the patterns of the hybridness variations
were similar.

It is expected that a lower pitch length, Λ, would produce
a higher birefringence for a given structural asymmetry. To
achieve a higher birefringence value, a smaller pitch length of
Λ = 1.1 µm was considered. It was mentioned earlier, that the
diameters of either two air holes [46] or four air holes [36] in

FIGURE 10 Variations of the modal hybridness with the pitch length, Λ
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the first ring could be changed to break the rotational symme-
try. The variations of the birefringence (B) with the normal-
ized air hole diameter, are shown in Fig. 11 for both the cases,
when Λ = 1.1 µm and the operating wavelength λ = 1.55 µm.
Hole arrangements are also shown in this figure as an inset.
It can be clearly observed that for four-hole arrangements,
shown by the dashed line as d2 > d, the birefringence is pos-
itive and similarly when d2 < d, the birefringence values are
negative. It can be noted that for higher d2/Λ values, the ef-
fective index value of the quasi-TE mode is higher than that of
the quasi-TM mode, as in this case the equivalent core width is
larger than its height. Similarly, when the d2/Λ value is lower,
the effective index value of the quasi-TM mode is higher as
in this case the equivalent width is smaller than its equiva-
lent height. This birefringence value increases rapidly when
d2 is much larger than d, as both the TE and TM modes ap-
proach their cutoff values and their difference increases. It can
be noted that in this case the maximum birefringence value
is significantly higher, reaching a value of 0.0062, the high-
est at this wavelength for an asymmetric PCF using circular
air holes. It should also be noted that the birefringence value
of such a simple PCF with circular holes is significantly high,
compared to the polarization maintaining Panda or Bow-tie
fibers [5] and thus is useful for many practical applications in
optical communications and sensing. When the d2/Λ value
is larger than 0.85, this particular PCF cannot guide the H x

11
mode and the PCF structure becomes a single polarization
guide.

On the other hand, for the two-hole arrangement as shown
by a solid line, when d1 < d, the birefringence is positive as
the effective width is larger than its height. However, when
d1 is much larger than d, although the birefringence is nega-
tive, this value does not increase significantly. In this case,
since the equivalent cross section is only slightly reduced, the
modal cutoff conditions of the two fundamental modes are
not reached. It should be noted that the experimental results
for similar air hole asymmetry and modal confinement (but
with only two air holes [46] enlarged) yielded a much lower
birefringence and a value of B = 0.00258 was reported [13],
which agrees well with that reported in this work.

FIGURE 11 Variation of the birefringence with two different structural
asymmetry values, di/Λ, i = 1, 2

4 Conclusions

Important design parameters, such as the effective
indices, the modal field profile, the spot-sizes, the modal hy-
bridness, and the GVD are determined and presented for PCFs
with equal and unequal circular holes, by using a rigorous full-
vectorial finite element-based approach. This is a versatile
approach, which can be used to represent any arbitrary-shaped
PCF with arbitrary hole shapes, sizes, orientations, materi-
als and placement. The variations of the GVD, an important
optical parameter, are shown and it appears to be possible to
design a PCF with a specific GVD, or other optical properties,
by adjusting the different fabrication parameters. It is clearly
shown that, in a PCF with six-fold rotational symmetry, de-
spite having degenerate modes, the horizontally and vertically
polarized quasi-TE and TM modes are not degenerate and the
modal birefringence can be increased by operating near their
modal cutoff.

It is well known that the form birefringence of silica fiber
is smaller due to the smaller index contrast and additional
birefringence may be introduced using stress-applying parts,
with different thermal expansion coefficients, as in the design
of Panda type fibers. On the other hand, the form birefrin-
gence of a PCF can be significantly higher than that of the
Panda fibers because of their higher air/silica index contrasts.
So far, the highest value of the birefringence, B = 0.0062,
for any PCF with circular air-holes is also reported. In Panda
type fibers, due to thermal stress, both the ordinary and ex-
traordinary indices changes, but their spatial variations are
nonuniform [5] and their difference, although larger than the
form birefringence of solid silica fiber, are smaller relatively
than the form birefringence of asymmetric PCFs. Folken-
berg et al. have designed a polarization maintaining [47] and
a single polarization [48] PCF with the stress applying parts
to increase the birefringence. Since the designs used iden-
tical air holes, with low form birefringence, the increased
birefringence values due to the stress present were between
1 ×10−4 [46] and 3 ×10−4 [47], which is of a similar order to
that in a Panda or Bow-tie silica fiber.

The air holes of a PCF can also be selectively filled up
with other materials having different refractive index values,
such as polymer [49], to create a structural asymmetry. Be-
sides obtaining a moderate birefringence value, of the order
of 10−3, this parameter can also be tuned through temperature
adjustment. When the refractive index change of the polymer,
∂n/∂T , is taken as −4 ×10−4 /◦C, this yields a birefringence
change of the order of ∂B/∂T ∼ 3 ×10−6 /◦C. It has also been
shown that twisting or bending of the fibers also introduces
additional birefringence. Under external force, a waveguide
deforms and due to the elasto-optic effect both the profiles
of the ordinary and extraordinary refractive indices change.
However, these birefringence changes have been modest and
Zhu and Brown [50] have reported a birefringence change of
10−4 , for an applied force of 1000 Nm.

Although the effects of stress applying zones, tempera-
ture changes, and applied pressure on the enhancement of the
birefringence in such highly birefringent PCFs appear to have
been limited, these physical parameters can however be used
to tune the modal birefringence or to control the polariza-
tion degeneration of the light wave for important communi-
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cations and sensor applications. The powerful finite element
method can be used to represent such a complex structure
accurately, and this work has shown that this approach is
also versatile and effective especially when combined with
other physical models, such as the acousto-optic, thermo-
optic, elasto-optic, and electro-optic models. As a result, it is
extremely useful to optimize various novel PCF based compo-
nents for future applications in communications and sensing
in particular.
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