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Abstract—We propose a kind of novel photonic crystal fibers (PCFs)
based on a super-lattice structure. Uniform air holes are used to
form the basic cell structure. Using the uniform air holes in the
PCF has the advantage of minimizing the structural distortion during
fabrication while forming a complex-structure cross section. We
propose an effective-circular-hole PCF with the similar properties of
the conventional circular-hole PCF to address the concept of the super-
lattice structure PCF. An effective-elliptical-hole PCF based on a
super-lattice structure is proposed and investigated, which has similar
birefringent and confinement loss characteristics as the previously
reported elliptical-hole PCF. Other PCFs based on super-lattice
structures such as the effective-triangular-hole PCF and effective-
rectangular-hole PCF can also be achieved by using the design method
proposed in this paper.

1. INTRODUCTION

Photonic crystal fibers (PCFs) [1-3] which have the flexibility for the
cross section design have attracted considerable attention over the past
decade because of both their unique properties in birefringence [4],
dispersion [5], nonlinearity [6], effective mode area [7] and their
excellent performances in the applications of fiber sensors [8, 9], fiber
lasers [10-12] and nonlinear optics [13,14]. Many studies focus on the
performance of PCFs as functional components or devices instead of
a transmission medium. To achieve a specific function of a PCF, the
cross section of the PCF can be very complex. For example, many
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designs have been proposed to achieve a single-polarization single-
mode (SPSM) PCF [15-18] and dispersion-flattened (DF) PCF [19, 20].
Early PCF designs were proposed to achieve SPSM and DF PCFs by
employing circular air holes of different diameters. More recently, novel
SPSM PCF's employing elliptical air holes of different sizes [17], or using
both elliptical air holes and circular air holes [18] in the cross section
are proposed to achieve a larger SPSM operation band. Moreover,
PCFs with complex cross section were also designed to achieve high
birefringence [21-24]. However, it is very challenging for the fabrication
of those kinds of PCFs, since both the exact air hole size and shape
are very important for those PCFs with complex cross section. In
order to compensate different surface tensions of the air holes with
different diameters, complex pressure control is needed to accurately
produce the air hole of different sizes during fabrication. Air holes
will always tend to become circular during the fabrication because of
the unavoidable surface tension. It is almost impossible to accurately
fabricate PCFs with different kinds of complex noncircular air holes
(e.g., the SPSM PCF reported in [17, 18]) using the current fabrication
techniques available.

In this paper, we propose a kind of novel PCFs based on a super-
lattice structure, which will minimize the structural distortion during
fabrication, at the same time, achieving the unique optical property of
the PCF's with complex structures. Small circular air holes are used to
build the basic cell (structure unit) in the cross section of the PCFs,
which will potentially overcome the fabrication challenge because of
the uniform hole size. The small circular air holes can be combined to
build a complex air-filling area, which represent an effectively large air
hole of complex shape. We investigate in detail two examples of the
proposed super-lattice structures based PCFs, one PCF design with
effective-circular-holes and the other with effective-elliptical-holes. The
proposed effective-elliptical-hole PCF is with high birefringence (even
up to 0.01) and lower confinement loss than the conventional elliptical-
hole PCF.

2. EFFECTIVE-CIRCULAR-HOLE PCF BASED ON A
SUPER-LATTICE STRUCTURE

In this section, we will first introduce the concept of a super-lattice
structure PCF. It is worthwhile to note that Wang et al. has proposed a
supercell lattice method for PCF modeling [25] which is quite different
from the concept for super-lattice structure PCF (structure design
method) in this paper.

Figure 1(a) shows the cross sections of an effective-circular-
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Figure 1. Cross sections of (a) an effective-circular-hole PCF based
on a super-lattice structure and (b) a conventional circular-hole PCF.
(Dotted circles indicate potential cane elements).

hole PCF based on a super-lattice structure, and Fig. 1(b) shows a
conventional circular-hole PCF. For the effective-circular-hole PCF, 7
small air holes form a basic cell structure. The cell structure works as
a large effective-circular air hole that is found in a conventional PCF.
The 7 air holes are arranged in a structure of hexagonal lattice with
pitch, A’, which ensures stability and flexibility when making the fiber
preform. 5 rings of basic cells (large effective-circular air holes) are
employed in the fiber cladding of the PCF with a cell-to-cell spacing
lattice constant A (i.e., the pitch of the large effective-circular air holes
where each is formed by 7 small air holes).

We employ a full-vector finite-element method (FEM) [26] and
anisotropic perfectly matched layers to investigate the guided modes
of the proposed PCF. The confinement loss can be deduced from
the imaginary part of the effective modal index. In what follows,
the refractive indexes of fused silica and air are assumed to be 1.45
and 1, respectively. Calculated results are expressed in terms of the
normalized frequency v = A/\, where A is the operation wavelength
in free space. The effective-circular-hole PCF with the structure
shown in Fig. 1(a) has the parameters of A = 2.2 um, A’ = 0.5 um,
and d = 0.4um. For comparison, the circular-hole PCF with the
structure shown in Fig. 1(b) has the same lattice constant (A) and air-
filling fraction as the effective-circular-hole PCF (air-filling fraction =
20.99%, d/A = 0.481).

Figure 2 shows the effective index of the z-polarized (black solid
circles for effective-circular-hole PCF and black solid rectangles for
circular-hole PCF) and y-polarized (red hollow circles for effective-
circular-hole PCF and green hollow rectangles for circular-hole PCF)
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Figure 2. Effective index of the z-polarized and y-polarized
fundamental modes as a function of normalized frequency for the
effective-circular-hole PCF and the conventional circular-hole PCF.
Inset shows the power flow of the y-polarized fundamental modes at
normalized frequency v = 1 for the conventional circular-hole PCF
(left inset) and the effective-circular-hole PCF (right inset).

fundamental modes as a function of normalized frequency. Inset shows
the power flow of the y-polarized fundamental mode at v = 1 for the
conventional circular-hole PCF (left inset) and the effective-circular-
hole PCF (right inset). Note that the effective index curves of the
z- and y-polarized fundamental modes for both the effective-circular-
hole PCF and circular-hole PCF show that the two kinds of PCFs
exhibit small birefringence. This can be understood due to the fact
that the 7 small air holes with a hexagonal lattice structure can be an
effective-circular hole. Both A’ and d’ can affect the effective index of
the effective-circular-hole PCF.

Figure 3(a) shows the effective index (black hollow circles for
effective-circular-hole PCF and black hollow rectangles for circular-
hole PCF) and confinement loss (red solid circles for effective-circular-
hole PCF and red solid rectangles for circular-hole PCF) of the y-
polarized fundamental mode for different diameters of the small air
holes (d') with A = 2.2 pum and A’ = 0.5 um, and the parameters of the
circular-hole PCF have the same lattice constant (A) and equivalent
air-filling fraction. For both kinds of PCFs, as the diameter of the
small air hole (or corresponding air-filling fraction) increases, both the
effective index and confinement loss decrease. Moreover, it is found
that the confinement loss of the circular-hole PCF is larger than that
of the effective-circular-hole PCF. Fig. 3(b) shows the effective index
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Figure 3. (a) Effective index (black hollow circles for effective-
circular-hole PCF and black hollow rectangles for circular-hole PCF)
and confinement loss (red solid circles for effective-circular-hole PCF
and red solid rectangles for circular-hole PCF) of the y-polarized
fundamental mode for different diameters of the small air holes (or
corresponding air-filling fraction). (b) Effective index (black hollow
circles) and confinement loss (red hollow circles) of the y-polarized
fundamental mode of the effective-circular-hole PCF for different
pitches of the small air holes.

(black hollow circles) and confinement loss (red hollow circles) of the
y-polarized fundamental mode for different pitches of the small air
holes with A = 2.2um and d = 0.4um. As the pitch of the small
air hole (A’) increases, both the effective index and the confinement
loss of the PCF decrease. These simulation results show that with the
same air-filling fraction in the fiber cladding, the distribution of the
small air holes will affect the effective index and confinement loss of
the effective-circular-hole PCF.

3. EFFECTIVE-ELLIPTICAL-HOLE PCF BASED ON A
SUPER-LATTICE STRUCTURE

The above section has shown that an effective-circular-hole PCF
based on a super-lattice structure can achieve similar properties of
the conventional circular-hole PCF. In this section we will show that
the PCF based on a super-lattice structure can also achieve high
birefringence just like the elliptical-hole PCF. Fig. 4(a) shows the cross
sections of an effective-elliptical-hole PCF based on a super-lattice
structure, and Fig. 4(b) shows a conventional elliptical-hole PCF. For
the effective-elliptical-hole PCF, 9 small air holes form a basic cell
structure with a diamond-shaped area which plays a role of an effective-
elliptical air hole. Note that the overall structure can be arranged into
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Figure 4. Cross sections of (a) an effective-elliptical-hole PCF based
on a super-lattice structure and (b) a conventional elliptical-hole PCF.
(Dotted circles indicate potential cane elements).
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Figure 5. Effective index of the z-polarized (red dotted curves)
and y-polarized (black solid curves) fundamental modes as a function
of normalized frequency for the effective-elliptical-hole PCF and the
conventional elliptical-hole PCF. Inset shows the power flow of the y-
polarized fundamental mode de at v = 1 for the conventional elliptical-
hole PCF (left inset) and the effective-elliptical-hole PCF (right inset).

a preform using the secondary stacking of canes method mentioned in
Section 2.

Figure 5 shows the effective index of the z-polarized (red dotted
curves) and y-polarized (black solid curves) fundamental modes as a
function of normalized frequency for the effective-elliptical-hole PCF
(with the parameters of A = 2.2um, A’ = 0.5 um, and d’ = 0.4 pm)
and the conventional elliptical-hole PCF with the same lattice constant
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(A) and air-filling fraction (26.98%) as the effective-elliptical-hole PCF.
The ellipticity of the elliptical air hole in the elliptical-hole PCF is set
to be 1.5. Inset shows the power flow of the y-polarized fundamental
mode at v = 1 for the conventional elliptical-hole PCF (left inset)
and effective-elliptical-hole PCF (right inset). Evidently, the y-
polarized modes have a higher effective index than the z-polarized
ones for both kinds of PCFs, which indicates that they have high
birefringence (in particular at the low normalized frequency). Note
that the birefringence is defined as An = n, —n, in this paper, where
n; (i = z,y) are the effective indexes (modal indexes).

Figure 6 shows both the birefringence property and confinement
property of the effective-elliptical-hole PCF (black curves) and the
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Figure 6. (a) Birefringence property of the effective-elliptical-
hole PCF (black curves) and the elliptical-hole PCF (red curves).
(b) Confinement property of the effective-elliptical-hole PCF (black
curves) and the elliptical-hole PCF (red curves). (c) Birefringence of
the effective-elliptical-hole PCF for different pitch of the small air holes.
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elliptical-hole PCF (red curves). The previously reported elliptical-
hole PCFs [21,22] have been well investigated. The birefringence
property (red solid curve) and confinement property of y-polarized
(red curve with rectangles) and z-polarized (red curve with triangles)
fundamental modes of the elliptical-hole PCF with a structure shown
in Fig. 4(b) are shown in Figs. 6(a) and (b). High birefringence (up
to the order of 1072) which is mainly introduced by the asymmetry
of the fiber cladding can be achieved at the low normalized frequency
(the power distributed in the fiber cladding and the confinement loss
is relatively high). The proposed effective-elliptical-hole PCF with
a structure shown in Fig. 4(a) has similar birefringence property
(shown as black solid curve in Fig. 6(a)) and confinement property
of the y-polarized (shown as black curve with rectangles in Fig. 6(b))
and z-polarized (shown as black curve with triangles in Fig. 6(b))
fundamental modes. It is observed that the birefringence curves of
the two kinds of PCFs intersect at v = 0.95, shown in Fig. 6(a). The
birefringence of the PCF is due to the effects of the asymmetry of
both the fiber core and fiber cladding [17]. The proposed effective-
elliptical-hole PCF has a core of higher asymmetry (due to the diamond
shape of air hole area) compared with the elliptical-hole PCF, which
results in higher birefringence for the effective-elliptical-hole PCF at
the high normalized frequency (larger than 1). At the low normalized
frequency, the birefringence is predominantly due to the effect of the
asymmetry of the fiber cladding, and the elliptical-hole PCF has higher
birefringence. In addition, the simulation results also show that the
birefringence increases when the diameter of the small air hole increases

Figure 7. Cross sections of (a) an effective-triangular-hole PCF and
(b) an effective-rectangular-hole PCF based on super-lattice structures.
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for the effective-elliptical-hole PCF. The dashed and dotted curves
show the birefringence of effective-elliptical-hole PCF with small air
hole diameters of ' = 0.36 pm and d’ = 0.44 um, respectively. Fig. 6(c)
shows the relationship between the birefringence and the hole pitch
of the small air holes (A’) for the effective-elliptical-hole PCF with
the parameters of A = 2.2 um and d’ = 0.4 um when the normalized
frequency is v = 1, which indicates that the proposed PCFs provides
an additional parameter for highly birefringent PCF design.

4. DISCUSSION AND CONCLUSION

In general, the proposed super-lattice structure PCFs in this paper
are with large potential benefits discussed as follows. Firstly, small
air holes can be used to form the basic cell structure with effective
index under flexible control, which has also been partially mentioned
in our previous work [22]. It is shown with the example of the effective-
circular-hole PCF in this paper. A basic cell formed by 7 small holes
can be viewed as an effective circular hole, and the properties (effective
index or dispersion) of the PCF are dependent on the parameters of
the small holes. This concept can be extended to apply to complex
dispersion-flattened PCF structures [20], in which, different circular
hole sizes can be replaced with different numbers of small circular
holes in the cell (cane) elements. Secondly, small circular holes can
form a basic cell of an effective noncircular hole shape. With basic
cell of diamond-shaped air area formed by 9 small holes, the proposed
effective-elliptical-hole PCF in this paper has similar effective index
and birefringence property to the elliptical-hole PCF. Besides the
effective-elliptical-hole PCF, SPSM PCFs with a more complex cross
section such as the ones recently reported in [18] with both circular
and elliptical air holes in the cross section can also be replaced with a
PCF based on super-lattice structure. Similarly it works for triangular
and square/rectangular [27] hole designs shown in Fig. 7. Thirdly,
the design of super-lattice structure PCFs with small and uniform air
holes can reduce complications during fiber fabrication. It is difficult
to fabricate PCFs with complex noncircular air holes because of the
unavoidable surface tension. The super-lattice structure PCFs will
potentially overcome the fabrication challenge because of the uniform
hole size.

For the design of a super-lattice structure PCF specific property,
optimized basic cell of the PCF should be achieved by optimizing
parameters such as the number, size and pitch of the small air holes.
Increasing the number of smaller holes can help to achieve increasingly
complex air-filling area and index, which may be good to achieving
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very specific property of the PCF. However, fabrication limit to make
the smaller air hole open should be considered.

In conclusion, we have proposed a kind of novel PCFs based on
a super-lattice structure. Both an effective-circular-hole PCF and an
effective-elliptical-hole PCF based on a super-lattice structure have
been investigated. Simulation results show that the PCFs based on
the super-lattice structure can achieve the optical properties as the
previously reported PCFs. Some of which (e.g., elliptical-hole PCF)
will be difficult to fabricate. The proposed super-lattice structure
PCF's concept in this paper indicates a method to achieve PCFs with
complex air hole structure which has the potential to overcome the
problem that arises during fabrication.
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