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Abstract: Through introducing three sizes of holes in cladding, highly birefringent two-mode
photonic crystal fibers (PCFs) are proposed. The full-vector finite-element method (FEM) is
applied in the calculation of the transverse electric field vector distributions of the two modes,
their effective indices, modal birefringence, chromatic dispersion, and confinement losses.
The defect holes near the core region are deliberately designed to obtain high birefringence.
Furthermore, the structural parameters are carefully selected to flatten chromatic dispersion
curve and reduce confinement losses.

Index Terms: Birefringence, chromatic dispersion, finite-element method (FEM), photonic
crystal fibers (PCFs).

1. Introduction

The photonic crystal fiber (PCF), known as the “holey” fiber, is a microstructured fiber consisting of
air hole arrays that run along the waveguide length of the fiber, which has unique properties that are
not realized in standard optical fiber, such as endless single-mode operation [1], high birefringence
[2], high nonlinearity and tailorable chromatic dispersion [3], and so on. The key point in realizing the
birefringence is to destroy the symmetry of the fiber structure, which can be achieved either by
altering the air hole sizes near the core area or by distorting the shape of the air holes (elliptical air
holes) [4]-{6]. The stack-and-draw process is in favor of the former.

Birefringent two-mode optical fibers that support two stable spatial modes, i.e., the fundamental
LPo1 and the second-order even LP{1 mode, have attracted considerable interest for a number of
applications, including interferometric modal/polarimetric sensors of strain, temperature, or both at
the same time [7], [8]. A kind of highly birefringent PCFs for two-mode devices is reported in the
literature [9]. The birefringence in this structure is induced by two air holes adjacent to the fiber core
and having diameter greater than the other cladding holes.

In this work, we employed the index-guiding PCF structure with uniform air-silica lattice, as well
as the defected-core to achieve high birefringence and two-mode propagation. Based on the
suitable sample, we optimized the design parameters to achieve other desirable properties,
including high birefringence and near-zero flattened dispersion. The optimized structure was
numerically analyzed by using full-vector finite-element method (FEM). The boundary conditions
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were treated with anisotropic perfectly matched layers (PMLs) to minimize the reflections at the
boundary and thus simulated an unbounded region.

2. Theory

2.1. Simulation Method

A full vectorial FEM formulation for modal analysis based on anisotropic PMLs is capable of
handling as many other modes as required and analyzing the leaky modes. Using PMLs boundary
conditions, propagation characteristics of leaky modes in PCF, as well as even both dispersion and
loss properties, can be accurately evaluated [10], [11].

Using FEM, the PCF cross section, with the finite number of air holes, was divided into homo-
geneous subspaces where Maxwell’s equations were solved by accounting for the adjacent sub-
spaces. These subspaces are triangles that allow a good approximation of the circular structures.
Using the anisotropic PML, from Maxwell’s curl equations, the following vectorial equation was
obtained:

V x ([S]_1V><E')—k§n2 ] E=0 1)

where E denotes the electric field. ky = 27/ X is the free space wave-number. n is the refractive
index of the domain, [s] is the PML matrix, [s]”" is an inverse matrix of [s], and X is the operating
wavelength [10].

2.2. Birefringence

The birefringence of a PCF is determined by the difference between the real part of the effective
indices Re(n%;) and Re(n%,), which corresponds to the two fundamental core eigenmodes LP},
and LP}, mainly polarized along the x- and y-axes, respectively

B = |Re(myy) — Re(ny)|- @)

2.3. Chromatic Dispersion

The Chromatic dispersion consists of material dispersion and waveguide dispersion, which can
be calculated from the ngs value against the wavelength using

A aan A\ 02 [Re(neff)|n,v,(/\):const.]
D=- <E> e (z) e ®)

where c is the speed of light, and ny, is dependent on X in dispersive media. The material dispersion
is given by Sellmeier's formula [12].

When ny () = const., material dispersion can be neglected. It is possible to alter the balance
between the two dispersion mechanisms, and the desired dispersion profile can achieved by
changing the structure parameters.

2.4. Confinement Loss

When the optical mode is propagating in the core region, due to a finite number of layers of air
holes, the mode leakage from the core region into the outer air hole region is unavoidable, and then,
the confinement loss due to the extent of the cladding is occurring. The confinement loss of the
fundamental mode is calculated from the imaginary part of the complex effective index ngs, using

407
Conf. loss = Wlm(neﬁ) [dB/m] 4)

where Im is the imaginary part of the ngs [13].
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Fig. 1. Cross section of two-mode PCF.

3. Results and Discussions

3.1. Structure Parameters

It is well known that hexagonal structure is the best arrangement of air-holes to gain high
birefringence, flatten dispersion, and get very low confinement loss. In this paper, we propose PCFs,
which are shown in Fig. 1. The PCF comprises of a hexagonal lattice of air holes with missing holes
on the innerrings in a silica background, whose refractive index is 1.45. There are four holes omitting
on the first ring and two on the second. The outer four rings are in hexagonal symmetry. The
diameter of air holes and hole-to-hole spacing is denoted with d and A. As shown in Fig. 1,
Ao = 3.6 um s the distance of the biggest two holes in the center; A = 2 um is the distance between
each of the rings; and d; =1.8 um, db =1.4 um, and ds = dy = ds = ds = 0.6 um show the
diameter of air holes on different rings, respectively. The computational window in x- and y-direction
is Wx = Wy = 26 um. The PML region, of which the thickness is 2 um, is uniformly divided into eight
subdivisions. These parameters are carefully selected to optimize the optical properties.

3.2. Modal Characteristics of the Two Modes

The calculated results indicate that, over a very wide wavelength range, as shown in Fig. 2, the
PCF supports only four nondegenerate eigenmodes (LPg;, LP},, LPJ,, and LPY,) with transverse
mode field pattern shown in Fig. 3. Besides two orthogonal polarization modes LP, and LP,, the
second-order mode LP%; (even) and LPY, (even) can propagate stably in high birefringence PCF
within the wavelength range of 0.4 um to 2 um, which covers almost the entire low loss window of
the silica fibers. The mode effective index become low with the wavelength increasing. The index of
the y-polarized is larger than that of the x-polarized one, and their gap is increasing with
wavelength. As shown in Fig. 4, the birefringence reaches an order of 1073,

3.3. Influence of the Geometric Parameter A on Birefringence, Dispersion, and
Confinement Losses

In this section, we investigate the influence of the geometric parameters A and d> on mode LPy4’s
birefringence, dispersion, and confinement losses. However, the pitch Ag, dy, and d; were kept
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Fig. 2. Mode effective indexes of the fundamental and the second order modes as functions of
wavelength.
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Fig. 3. Vector distribution of two guiding mode (a) and (b) LPg¢ and (c) and (d) LP4; (even). (a) LPj;,.
(b) LP%,. (c) LPY, (even). (d) LPY, (even).

constant for the whole study, which is necessary to keep a large enough d; and a close pitch Aq for
obtaining a high birefringence, as reported in much of the literature.

Fig. 4 shows the birefringence value by varying A from 1.8 um to 2.2 um when other parameters
remain unchanged. The birefringence decreases with the increase of A. When A decreases to
1.9 um, the birefringence reaches an order of 1073 at 1.55 um wavelength.

On the basis of the above analysis, we focus on optimizing flattened dispersion of LPg, mode.
Fig. 5 shows the variation of the chromatic dispersion of LP§, mode as a function of the wavelength.
The impact of tuning the pitch A on the total dispersion is illustrated with up-shifted dispersion
curves at smaller pitch values. When A =2.05 um, near-zero flattened dispersion in a wide
wavelength is obtained. Especially, the LP3; mode exhibits a dispersion of 0.196 ps/(km e nm) for
1.55 um wavelength.
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Fig. 5. Dispersion of the LP§; mode as functions of wavelength.

The confinement loss strongly depends on the number of air hole rings, air hole diameter, and
hole-to-hole spacing. The confinement losses of the fundamental mode LPg, are presented in
Fig. 6. According to the numerical simulation results, as the pitch A decreases, confinement
losses of LPg, mode is reduced significantly. In the proposed design in Fig. 1, the confinement
loss is 4.6E-5 dB/m at the operating wavelength A\ = 1.55 ym.

Based on the simulation results, it is possible to obtain PCF with high birefringence and low
confinement losses if A is further reduced, but this would have a unfavorable effect on the chromatic
dispersion properties. Therefore, the tradeoff between near-zero flatten dispersion and other two
properties should be take into account.

3.4. Influence of the Geometric Parameter d» on Birefringence, Dispersion, and
Confinement Losses

As reported in much of the literature, increasing the outer air hole size or the number of rings, the
mode becomes more confined, and confinement loss is reduced. At the same time, the influence of
outer air holes on birefringence is not remarkable. We paid attention to the special inner ring air hole
size d», while other parameters were kept constant, as in Fig. 1.
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Fig. 6. Confinement losses of the LPg; mode as functions of wavelength.
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Fig. 7. Birefringence of the fundamental mode as functions of wavelength.

Increasing the second ring air hole diameter d> enhances B, as shown in Fig. 7, but the change is
not obvious, compared with Fig. 4. As for confinement losses, the curves in Fig. 8 are almost
coincident at shorter wavelengths, and the gaps are too slim for longer wavelengths, which is
different from Fig. 6. A bigger d» helps to heighten the birefringence, but it is not helpful to lessen
confinement losses. Moreover, the effect of d> are not as notable as that of A.

Choosing a proper parameter db, the chromatic dispersion of LPj, mode presents near-
zero flattened, as shown in Fig. 9. When db = 1.25 um, the LP2§1 mode exhibits a dispersion
of 0.196 ps/(km e nm) for 1.55 um wavelength, and ultraflattened dispersion of —0.8 ~
+0.2 ps/(km e nm) is obtained in 1.5 to 1.65 um wavelength range.

In the second air-hole ring, we omitted two holes and kept the diameter large enough to reduce
the rotational symmetry of the fiber structure to obtain high birefringence. Furthermore, the sim-
ulation results indicate that parameter d, impacts the properties indistinctly, which will be helpful to
simplify the requirement to fabrication technology.

3.5. Influence of Some Uncertainty in Fabrication on Birefringence

The preferred fabrication technique stack-and-draw was introduced by Birks in 1996 [14]. It
allows relatively fast, clean, low-cost, and flexible preform manufacture, as reported in Fig. 10 [15].
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Fig. 8. Confinement losses of the LPg; mode as functions of wavelength.
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Fig. 9. Dispersion of the LPy, mode as functions of wavelength.
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Fig. 10. Scheme of the PCF fabrication process [15].
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Although the surface tension can otherwise lead the air-hole collapse, a slight overpressure relative
to the surroundings may prevent it.

As reported in much of the literature [5], [6], the outer rings have almost no impact on the
birefringence. So, we considered some uncertain variances of d; and d»>; moreover, the location
and shape of holes on the inner two rings were taken into account. The results show that A and d»
are the most sensitive parameters. A closer holes arrangement and bigger holes in the second ring
bring us a considerable birefringence. As for the change in the symmetry, the diversification only in
the polarization directions is permissible, whereas the alteration in the nonpolarization directions
should be avoided. Furthermore, the small deformation of the holes induced by the production
process have only a slight effect on the birefringence.

4. Conclusion

In this article, the novel PCFs have been analyzed based on the FEM. To induce high birefringence
up to 1E-3 order, omitting inner two ring holes was used to destroy the symmetry of the structure.
The proper air hole size and pitch help flat dispersion near zero. Ultraflattened dispersion of
—0.8 ~ 0.2 ps/(km e nm) was obtained to within a 1.5 to 1.65 um wavelength range. Especially, the
structure supports two-modes over extremely broad wavelength ranges.
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