Chin. Phys. B  Vol. 22, No. 1 (2013) 014214

Optimization of highly nonlinear dispersion-flattened photonic
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A simple type of photonic crystal fiber (PCF) for supercontinuum generation is proposed for the first time. The
proposed PCF is composed of a solid silica core and a cladding with square lattice uniform elliptical air holes, which
offers not only a large nonlinear coefficient but also a high birefringence and low leakage losses. The PCF with nonlinear
coefficient as large as 46 W—! . km™! at the wavelength of 1.55 um and a total dispersion as low as £2.5 ps-nm~! - km ™!
over an ultra-broad waveband range of the S—C—L band (wavelength from 1.46 pum to 1.625 pm) is optimized by adjusting
its structure parameter, such as the lattice constant A, the air-filling fraction f, and the air-hole ellipticity 1. The novel PCF
with ultra-flattened dispersion, highly nonlinear coefficient, and nearly zero negative dispersion slope will offer a possibility
of efficient super-continuum generation in telecommunication windows using a few ps pulses.
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1. Introduction

Index-guiding photonic crystal fibers (PCFs)l!l also
called holey fibers or microstructured optical fibers, are usu-
ally formed by a central solid defect region surrounded by
multiple air holes with the same diameter arrayed in a regu-
lar triangular lattice. The chromatic dispersion profile can be
easily controlled by varying the hole diameter and the hole-
to-hole spacing.[*! The controllability of chromatic dispersion
in a PCF is very important for practical applications to op-
tical communication systems, dispersion compensation, and
nonlinear optics.[3J So far, various PCFs with remarkable dis-
persion properties, for example, zero dispersion wavelengths
shifted to the visible and near-infrared wavelengths and an
ultra-flattened chromatic dispersion,/*>! have been reported.
However, by using a PCF with hexangular lattice structure
uniform air holes in the cladding region, it is difficult to con-
trol both the dispersion and the dispersion slope in a wide
wavelength range and to obtain a highly nonlinear disper-
sion flattened PCF (HNDF-PCF) in the 1.55 um wavelength
range. While, the HNDF-PCF has various important applica-
tions in nonlinear devices such as an optical parametric os-
cillator (OPO),1®! optical parametric amplifier (OPA),l”) multi-

(8.9 and a signal switcher.'"!

wavelength lasers,
To achieve a highly nonlinear coefficient and a nearly-
zero ultra-flattened chromatic dispersion in a PCF, several in-

triguing designs have been proposed.¥! Among them are the
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the conventional PCF designs with non-uniform optimized air
holes,!'!?] a PCF with two-defected air-hole rings,'! and
a nonlinear PCF with several kinds of air-hole diameters.[*!
This kind of design has a higher request for fabrication. Thus,
the design of a simple PCF structure with highly nonlinear
ultra-flattened chromatic dispersion characteristics and low
confinement losses is an ongoing challenge.

In this paper, using a simple design technique to change
the cladding hexangular lattice structure to a square lattice
structure, and by changing the cladding circle air holes to ellip-
tical air holes, we obtain a simple structure HNDF-PCF, which
is composed of a solid silica core and a cladding with square
lattice uniform elliptical air holes along the fiber length. Note
that the proposed HNDF-PCF will be very easy to fabricate
by adopting capillary stacking technology.!'>! The numerical
research is processed by using the full-vector finite element
method (FV-FEM),['! and the results show that the proposed
HNDF-PCF will present a highly nonlinear coefficient, a small
normal group-velocity dispersion, a high birefringence, and
low leakage losses. This innovation HNDF-PCF with a total
ultra-flattened dispersion as low as 2.5 ps-nm~! - km~! over
an ultra-broad waveband range of the S—C-L band, a nonlinear
coefficient as large as 46 W~ .km~!, a confinement leakage
loss as low as 0.016 dB - km~!, and a birefringence as high as
3.2 x 1073 at the wavelength of 1.55 um is optimized further
by adjusting its structure parameter, such as the lattice constant
A, the air-filling fraction f, and the air-hole ellipticity 1. Thus,
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the proposed HNDF-PCF is very suitable for efficient super-
continuum (SC) generation in the telecommunication window.

2. Design principle of the HNDF-PCF

The cross section of the proposed HNDF-PCF is depicted
in Fig. 1. The whole fiber is based on pure silica. The air holes
are arranged in a square lattice structure along the fiber length,
and the central air hole is eliminated to form a light propaga-
tion region. All cladding air holes are uniformly squeezed in
the y axis direction to form elliptical air holes. This is charac-
terized by the lattice constant A, air-filling fraction f = d/A,
elliptical air-hole major axis d and minor axis b. Here, we
introduce an air-hole ellipticity 1 to describe the squeezing
degree of the PCF. It is defined as 1 = b/d. To accurately sim-
ulate the proposed PCF architecture, we adopt the FV-FEM!!6]
with anisotropic perfectly matched layers (PML) to study all
the propagation characteristics of the waveguide with high ac-
curacy.
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Fig. 1. Schematic cross-section diagram of the proposed HNDF-PCF.

From Maxwell’s equations, the basic equation for the
FEM can be expressed as

V x (] 'V x E) = i3[e,] E = 0, (1)

where E denotes the electric field, and [e,] and [p,] are the
relative dielectric permittivity and magnetic permeability ten-
sors, respectively.

When the FV-FEM is applied to the PCF, a curvilinear
hybrid edge/nodal element'!”! is very useful for avoiding spu-
rious solutions and accurately modeling curved boundaries of
air holes. Meanwhile, to ensure a high accuracy in reconstruct-
ing the structure of the PCF, we use as many as 2'® curvilinear
hybrid edge/nodal elements for the fiber cross section. Divid-
ing the fiber cross section into 2'° curvilinear hybrid elements,
from Eq. (1), we can obtain the following eigenvalue equation:

[KH{E} = king[M{E}, )

where [ K] and [M] are the finite element matrices, and { E'}
is the discrete electric field vector composed of the edge and

nodal variables. Utilizing the sparse features of [ K] and [M],

we solve Eq. (2) using the multi-frontal method, and the effec-

tive refractive index of the fundamental mode n¢ is obtained.

As we know, the waveguide dispersion Dy, (1) of the PCF,

depending on n.g, can be determined according to the follow-
ing formula:''®!

2

D (3) =~ ZIRa] ®

where c is the velocity of light in a vacuum, Re denotes the

real part, and Im denotes the imaginary part. The leakage loss

Lc.(A) of the PCF, also depending on neg, can be determined

according to the following formula:!!*!
2x 107 2w

Meanwhile, the nonlinearity coefficient y (1) of the PCF can

be defined as!2!
B 27rn2

Y(A)*m,

where 15 = 3.0 x 10720 m2- W is the nonlinear refractive

&)

index of silica, and Aefr (A) is the effective mode area, which

is calculated by!?!!

B (ff’Ezy dxdy)2
Al = B ey

In the following, we numerically investigate the depen-

(6)

dences of dispersion Dy(A4) and nonlinearity coefficient y (1)
of the proposed PCF on its structural parameters in detail, with
the purpose of controlling its dispersion profile and nonlinear-
ity coefficient in a wide wavelength range.

3. Numerical results and discussion

Our design has focused on the total dispersion D(A)
in a PCF, which can be approximated using the following

relationship:!'8]

D(A) = Dy (4) +Dm(4), @

where D, (1) is the material dispersion and can be obtained
using Sellmeier’s equation. In order to obtain an ultra-flat dis-
persion, from Eq. (7), we can see that the PCF can be designed
in such a way that the waveguide dispersion is nearly opposite
to the material dispersion over a finite range of frequencies.[*!
For the PCEF, it is very easy to tune Dy, (1) by artificially chang-
ing the photonic crystal cladding parameters.

3.1. Nonlinearity coefficient and waveguide dispersion
analysis of the proposed HNDF-PCF

Firstly, the dependences of Dy, (A) and nonlinearity co-
efficient ¥ (1) on hole pitch A are simulated and shown in
Fig. 2, by fixing the air-filling fraction f = 0.6 and hole el-
lipticity = 0.8 while changing A from 1.2 pum to 1.8 um
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with a step of 0.2 um. It can be seen from Fig. 2(a) that the
proposed HNDF-PCF has a negative dispersion parameter and
a negative dispersion slope in the wavelength range around
1.55 um, which demonstrate the excellent dispersion compen-
sating property. The value of Dy, (1) decreases gradually with
the increasing wavelength, Meanwhile, Dy, (1) is enhanced by
changing A from 1.2 um to 1.8 um. Hence, the minimum
dispersion wavelength has a red shift with the increase of A .
Figure 2(b) shows that y (1) is decreased monotonically with
the increase of wavelength, and ¥ (1) shows a gently dipping
trend when A is increased. It is natural that y (1) is smaller
at the wavelength of 1.55 um when A is 1.2 um. In order to
obtain a larger ¥ (1) and through an overall consideration of
the dispersion compensating, here, A = 1.6 pum is selected.
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Fig. 2. (a) Waveguide dispersion Dy, (1) and (b) nonlinearity coefficient
Y (A) versus wavelength for the proposed HNDF-PCF with different
values of pitch A. Here, f = 0.6 and n = 0.8.

Next, we fix A = 1.6 pm and n = 0.8 while changing
the air-filling fraction f, the dependences of Dy, (1) and y (A1)
on wavelength are depicted in Fig. 3. We can clearly obtain
from Fig. 3(a) that the value of negative dispersion increases
with the increase of f and wavelength. Figure 3(b) shows that
the nonlinearity coefficient curves are almost parallel to each
other. When the air-filling fraction f is enlarged, the curve
of ¥ (A) is up-shift and the value of y (A1) is increased. Here,
in order to gain a larger nonlinearity coefficient in the wave-
length range around 1.55 pum, the air-filling fraction f must be
adjusted to 0.8.

Finally, fixing f = 0.8 and A = 1.6 pm while changing
air-hole ellipticity 77, we analyze the dependences of Dy (1)
and 7 (1) on wavelength, and the results are depicted in Fig. 4.

It is clearly seen from Fig. 4(a) that the dispersion curve up-
shifts with the increase of 7, the bigger the value of 1) is, the
more the dispersion curve up-shifts. Figure 4(b) tells us that
the value of ¥ (A1) will become larger with the increase of 1.
Here, with the purpose of achieving a larger nonlinearity co-
efficient and optimizing the dispersion compensation, we fix
n = 0.8 for the proposed HNDF-PCF.
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Fig. 3. (a) Waveguide dispersion Dy, (A1) and (b) nonlinearity coefficient
v (A) versus wavelength for the proposed HNDF-PCF with different
values of f. Here, 1 =0.8 and A = 1.6 um.
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Fig. 4. (a) Waveguide dispersion Dy, (A1) and (b) nonlinearity coefficient
Y (A) versus wavelength for the proposed HNDF-PCF with different
values of 1. Here f =0.8 and A = 1.6 pm.
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According to the aforementioned discussion, in order to
obtain a greater nonlinearity coefficient y(A4) and a lower ultra-
flattened dispersion in the wavelength range around 1.55 um,
the optimization structure parameters for the proposed square
lattice elliptical air-holes PCF are f = 0.8, n = 0.8, and
A =1.6 um.

3.2. Characteristics of the optimized HNDF-PCF

The total dispersion can be easily calculated based on
Eq. (7) for the optimized HNDF-PCEF, as shown in Fig. 5(a),
and the waveguide and the material dispersion curves have
been included in Fig. 5(a). Obviously, the material disper-
sion, which is a monotonically increasing smooth function
of the wavelength, is anti-symmetric with the waveguide dis-
persion. So, the total dispersion is ultra-flattened within
+2.5 ps-nm~! -km~! over an ultra broad waveband range of
the S—-C-L band, as shown in Fig. 5(b), and is nearly zero at
the wavelength of 1.54 pm, which is similar to the dispersion
parameter of a commercial high nonlinear PCE.??]
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Fig. 5. (a) Waveguide and material dispersions, which lead to

a nearly-zero total dispersion; (b) ultra-flattened dispersion within
+2.5ps-nm~' -km~! over the waveband range of the S—C-L band as
well as nearly zero dispersion at the wavelength of 1.54 pm.

The dispersion slope Sp(A) shown in Fig. 6(a) is an im-
portant parameter to describe the property of ultra-flattened
dispersion for the proposed PCF. It can be seen from Fig. 6(a)
that the optimized PCF presents a nearly zero negative disper-
sion slope, which will offer the possibility of efficient super-
continuum generation.!”?! Figure 6(b) also shows the anti-
symmetric relationship of the nonlinearity coefficient ¥ (1)

and the effective mode area A.g (A) for the optimized HNDF-
PCF. It can be seen from Fig. 6(b) that Ass (A) is as small
as 3.25 um? at the wavelength of 1.55 um for the optimized
HNDF-PCF, which will induce a larger nonlinearity coeffi-
cient closed to 46 W~ .km~!. Obviously, the nonlinearity
coefficient v (1) of the optimized HNDF-PCF has a sound im-
provement, which is 4 times larger than that of the commercial
high nonlinear PCF, and it will have an important application
in the nonlinear four-wave mixing effect.!>*!
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Fig. 6. (a) Dispersion slope versus wavelength; (b) anti-symmetric
curves of nonlinearity coefficient ¥ (A) and the effective mode area
Acgr (1) for the proposed HNDF-PCF with optimized design parame-
ters ) =0.8, f=0.8,and A = 1.6 pm.

In general, the six-fold symmetry of the PCF guarantees
the degeneracy of the fundamental modes. However, birefrin-
gence emerges for the optimized HNDF-PCF because of the
non-symmetry of its elliptical air holes in the cladding. The
birefringence is related to the effective refractive index of fun-

damental modes 7, which is expressed as!>>)

B() = [Re(r(A)) — Re(rge(A))

) ®

where n; and n; are the effective refractive indices of two
orthogonal polarization fundamental modes, respectively. The
birefringence as a function of wavelength is presented in
Fig. 7(a). It can be seen from Fig. 7(a) that the birefringence
increases monotonically with the increase of wavelength. In
addition, the modal birefringence is close to 3.2 x 1073 the low
loss communication wavelength of 1.55 um, which is 2 times
larger than that in the reported PM-PCF design.!”%”1 The op-
timized HNDF-PCF with high birefringence can be used in
applications in polarization-maintaining communication sys-
tems. The confinement leakage loss of the optimized HNDF-
PCF is shown in Fig. 7(a). From the results in Fig. 7(a), we
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can clearly observe the remarkably low confinement leakage
loss for the optimized HNDF-PCF with only seven air-hole-
rings, which is 0.016 dB - km~! at the wavelength of 1.55 um.
The confinement loss of the next higher order mode is cal-
culated to be larger than 10 dB -km™! for wavelengths above
A = 1.5 um, which ensures the effective single mode opera-
tion of this fiber in the telecommunication window.
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Fig. 7. (a) Birefringence and confinement loss each as a function of
wavelength; (b) electric field distribution of the fundamental mode at
the wavelength of 1.55 pum for the optimized HNDF-PCF with A =
1.6 um, f =0.8, and n =0.8.
The good mode confinement can also be observed from
the normalized electric field distribution of the fundamental
mode shown in Fig. 7(b). The stronger mode confinement can

(28] Hence, the

give rise to a lower confinement leakage loss.
proposed HNDF-PCF has a nearly zero ultra-flattened disper-
sion and a nearly zero negative dispersion slope, and the incor-
poration of admirable low-loss and low effective mode area to-
gether with inducing a high nonlinearity coefficient will have
important applications for broadband SC generation, soliton
pulse transmission, nonlinear optical loop mirror, wavelength

conversion, and so on.

4. Conclusions
In conclusion, a simple controlling technique of chro-

matic dispersion in index-guiding PCF was applied to pro-
pose a HNDF-PCF. A seven-ring HNDF-PCF with low and flat
dispersion, low confinement loss, large nonlinear coefficient,
and high birefringence has been designed by simply chang-
ing the hexangular lattice cladding structure to a square lattice
structure and changing the circular cladding air holes to el-
liptical air holes. The numerical simulations were performed

by adopting the full-vector finite element method, and the op-
timized structure parameters of the proposed PCF were ob-
tained by adjusting its structure parameters, such as the lattice
constant A, the air-filling fraction f, and the air-hole elliptic-
ity n. The numerical results show that a nearly zero nega-
tive dispersion slope is obtained for the optimized PCF with
structure parameters of f = 0.8, 1 =0.8, and A = 1.6 um.
A chromatic dispersion as low as 2.5 ps-nm~!' -km~! over
an ultra-broad waveband range including the S—-C-L band, a
nearly zero dispersion at the wavelength of 1.54 um, and a
nonlinear coefficient as large as 46 W-!.km™!, a confinement
leakage loss as low as 0.016 dB - km~!, and a birefringence as
high as 3.2 x 103 for the low loss communication wavelength
of 1.55 pum have been obtained. The optimized HNDF-PCF
is suitable for use in applications such as a chromatic disper-
sion controller and a dispersion compensator, and can be used
in nonlinear optical systems and for efficient super-continuum
generation®”! in the telecommunication window.
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