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Combination of full-vector finite element method with anisotropic perfectly matched layers results in a novel 
structure of low-dispersion photonic crystal fiber with high birefringence. The negative dispersion can be 
obtained at a wavelength of 1.55 μm by adjusting the lattice constant Λ and the round air hole diameter d. 
Numerical results show that the dispersion variation is negative in the C band, the dispersion slope values are 
between 0.112 and 0.142 ps·km-1·nm-2 over the C band, and the birefringence is 5.7 × 10-3. 
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Photonic crystal fibers (PCFs)[1,2], also called holey fi-
bers (HFs) or microstructured fibers, are characterized 
by a periodic arrangement of air holes around a cen-
tral high-index core along the entire length of the fi-
ber. Control of chromatic dispersion in PCFs is a very 
important problem for practical applications in optical 
communication systems, dispersion compensation, and 
nonlinear optics. So far, various PCFs with remarkable 
dispersion properties, such as shifting of zero disper-
sion wavelengths to the visible and near-infrared wave-
length, an ultra-flattened chromatic dispersion, and a 
large positive dispersion with a negative slope in the 
1.55-μm wavelength range, have been reported[3]. Fibers 
with flattened dispersion are mostly preferred for opti-
cal frequency conversion and broad-band flattened su-
percontinuum generation. 

PCFs with high birefringence are of significant re-
search interest, as they could be widely used in fiber 
sensors, in the long fiber loops of gyroscopes and high-
bit-rate communication systems with long-term stabi-
lized operation[4]. Modal birefringence in these PCFs 
has been predicted to have values an order magnitude 
of 10-3 higher than that of the conventional HB fibers 
(10-4)[5]. To our knowledge, the key point in realizing 
the birefringence is to destroy the symmetry of the 
fiber structure and increase the effective index differ-
ence between the two orthogonal polarization modes[6]. 
According to previous researches, highly birefringent 
PCFs can be obtained by breaking the circular sym-
metry implementing asymmetric defect structures such 
as dissimilar air hole diameters along the two orthogo-
nal axes[7,8], asymmetric core design[9,10] and by replacing 
the circular holes with elliptical ones in the cladding[11,12] 
and squeezed hexagonal lattice PCFs[13]. Another kind of 
highly birefringent structure reported is a square lattice 
PCF[14]. According to the symmetry theory, the rectan-
gular lattice is potentially more anisotropic than the 
triangular and honeycomb lattices[14,15]. 

 

Fig. 1. Schematic cross-section of the proposed PCF structure. 
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Fig. 1. Schematic cross-section of the proposed PCF structure.

The design of a simple PCF structure with low dis-
persion and high birefringence characteristics is an on-
going challenge. Taking all the above circumstances 
into account, in this paper, we propose a novel PCF, in 
which the fiber includes a solid silica core and a clad-
ding with rectangular lattice elliptical air holes along 
the fiber length. The design is validated using an effi-
cient full-vector finite-element method (FV-FEM) with 
anisotropic perfectly matched layers (PMLs) for accu-
rate modeling of PCFs[3,16].

As shown in Fig. 1, the structure of PCF studied 
here has a transverse section consisting of four ellipti-
cal air holes. The whole fiber is based on pure silica, 
and all air holes are arranged by using square lattice 
structure along the fiber length, and a central air hole 
is eliminated to form a light propagation region. It is 
characterized by the lattice constant Λ, the elliptical air 
hole major axis a and minor axis b, and the round air 
hole diameter d. It is defined as h = b/a. In our work, 
the refractive index of the air hole is n0 = 1, and the 
refractive index of the silica background is n = 1.45. 
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The cross-section of the PCF is divided into homo-
geneous subspaces, where we employ the FEM to solve 
Maxwell’s equations by accounting for the adjacent sub-
spaces[3,16]. Following vector wave equation is derived from 
Maxwell’s equations by employing anisotropic PMLs[3,16]

 −∇ × ∇ × − =
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where k0 = 2π/l is the free-space wave number, l being 
the wavelength, 

�
E  denotes the electric field, n is the 

refractive index, [s] is the PML matrix, and [s]-1 is an 
inverse matrix of [s]. 

Waveguide dispersion of optical fibers is a major fac-
tor causing optical pulse spreading. Once the modal ef-
fective indexes neff are solved, the waveguide dispersion 
parameter Dw(l) can be obtained[17]  
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where c is the velocity of the light in a vacuum, l is the 
wavelength of the light. Our design procedure is based 
on the possibility to approximate the real dispersion 
D(l) by a sum of the waveguide dispersion (or geo-
metrical dispersion) Dw(l) and the material dispersion 
Dm(l)[18]

 D(l) ≈ Dw(l) + Dm(l). (3)
The material dispersion can be obtained directly from 
the three-term Sellmeier formula, while the waveguide 
dispersion can be calculated as in Eq. (2). In order to 
obtain total dispersion, from Eq. (3), if we are able 
to design the PCF in such a way that it can exhibit 
a waveguide dispersion nearly opposite to that of the 
material dispersion, namely Dw(l) ≈ -Dm(l) over a fi-
nite number of frequencies[19], we can partially fulfill the 
nearly-zero dispersion requirement.

The dependences of Dw(l) are plotted on vari-
ous incremental values of the design parameter of 
the proposed PCF, as in Fig. 2. Figure 2(a) shows 
the Dw(l) curves by fixing h = 0.5 and d = 0.7 μm, 
while changing Λ from 1.2 to 1.4 μm in step size 0.1 
μm. It can be seen from Fig. 2(a) that the proposed 
PCF has a negative dispersion parameter and a nega-
tive dispersion slope in the wavelength range around 
1.55 μm, which demonstrates an excellent dispersion 

 

 Fig. 2. Waveguide dispersion Dw(λ) curves as a function of the wavelength λ for various incremental values of the design 
parameters Λ, d, and η. (a) Change Λ when d = 0.7 and η = 0.5 μm. (b) Change d when Λ = 1.2 μm and η = 0.5. 
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Fig. 2. Waveguide dispersion Dw(l) curves as a function of the 
wavelength l for various incremental values of the design pa-
rameters Λ, d, and h. (a) Change Λ when d = 0.7 and h = 0.5 
μm. (b) Change d when Λ = 1.2 μm and h = 0.5.

 compensating property. The value of Dw(l) decreases 
gradually with wavelength in a shorter wavelength, 
and increases gradually in a longer wavelength range, 
owing to the fact that the air hole function decreases 
with an increase in Λ. Meanwhile, the minimum dis-
persion wavelength has a blue shift with an increase in 
Λ. The Dw(l) decreases gradually with the wavelength 
as well as shows up-shift with the increase in Λ. Here, 
in order to obtain better dispersion compensating, we 
have fixed Λ at 1.2 μm. 

In addition, Fig. 2(b) shows the Dw(l) curves by 
changing d from 0.7 to 0.8 μm in step size 0.05 μm by 
fixing Λ at 1.2 μm and h at 0.5. Figure 2(b) shows that 
the proposed PCF has a negative dispersion param-
eter and negative dispersion slope in the wavelength 
range around 1.55 μm, and the value of Dw(l) decreases 
gradually with wavelength, while the value of Dw(l) in-
creases with increase in d. Meanwhile, the minimum 
dispersion wavelength has a red shift with an increase 
in d. Analyzing Figs. 2(a) and (b), it is understood that 
the proposed PCF has optimal dispersion curves and 
better dispersion compensation when the fiber param-
eters are optimized as follows: Λ = 1.2 μm, d = 0.7 μm, 
and h = 0.5.

The sum of the PCF can, thereby, be altered to ob-
tain the total dispersion profile [Fig. 3(a)]. For conve-
nience, the total dispersion is calculated using Eq. (3), 
but written in a slightly different form as follows:
 D(l) ≈ Dw(l) - (-Dm(l)). (4)
In Fig. 3(a), the curves corresponding to the Dw(l), 
the sign-changed -Dm(l), and D(l), are represented in 
triangular sign, square sign and black circle sign, re-
spectively. According to Eq. (4), the black circle curve 
corresponding to D(l) is obtained by subtracting the 
values of the square curve from the triangular one. As 
it can be observed, the total dispersion is -7.04 ps·km-

1·nm-1 at wavelength of 1.55 μm, and the dispersion 
slope values are between 0.112 and 0.142 ps·km-1·nm-2 
over the C band, as shown in Fig. 3(b). 

Birefringence is defined as a difference between the 
real part of effective refractive indices of x and y polar-
ized fundamental modes and can be expressed as[20]

       = −λ λ λ( ) Re( ( )) Re( ( ))y x
eff effB n n . (8)

 

Fig. 3. (a) Curves for Dw(λ), Dm(λ), and D(λ) versus wavelength for the optimized PCF when Λ=1.2 μm, d=0.7 μm, 
and η=0.5. (b) DSlope(λ) versus wavelength for the optimized PCF when Λ=1.2 μm, d=0.7 μm, and η=0.5. 
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Fig. 3. (a) Curves for Dw(l), Dm(l), and D(l) versus wave-
length for the optimized PCF when Λ = 1.2 μm, d = 0.7 μm, 
and h = 0.5. (b) DSlope(l) versus wavelength for the optimized 
PCF when Λ = 1.2 μm, d = 0.7 μm, and h = 0.5.
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where, nx
eff and ny

eff are effective refractive indices of 
two orthogonal polarization fundamental modes.

In Fig. 4, the calculated fundamental mode bire-
fringence as a function of the wavelength l has been 
plotted, for the optimized design parameters. It can be 
 observed that the birefringence is about 5.7 × 10-3 at 
the wavelength of 1.55 μm.

In addition, from the electric field distribution of the fun-
damental mode in Fig. 5 at the wavelength of l = 1.55 μm,  
we can observe the strong confinement of light in the 
core of the PCF.

We demonstrate a novel-type low-dispersion PCF with 
high birefringence. By tuning the pitch and hole size, 
it is demonstrated how the dispersion of the fiber can 
be designed and fibers with positive as well as near-zero 
dispersion slope are fabricated. When the parameters 
of the proposed PCF are optimized to be Λ = 1.2 μm,  
d = 0.7 μm, and h = 0.5, the dispersion slope values are 
between 0.112 and 0.142 ps·km-1·nm-2 over the C band, 
and the birefringence is 5.7 × 10-3 at 1.55 μm. 

The work was supported by the Baoji University of Arts 
and Science Key Research Foundation (No. ZK14011).
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Fig. 4. Birefringence curves as a function of the wavelength λ for the proposed PCF with 
optimized design parameters Λ=1.2 μm, d=0.7 μm, and η=0.5. 

Fig. 4. Birefringence curves as a function of the wavelength l 
for the proposed PCF with optimized design parameters Λ = 
1.2 μm, d = 0.7 μm, and h = 0.5.

 

Fig. 5. Normalized electric field distribution of the x-polarized mode at a wavelength of λ=1.55 μm for 
the proposed PCF. 

Fig. 5. Normalized electric field distribution of the x-polarized 
mode at a wavelength of l = 1.55 μm for the proposed PCF.

 4.  X. L. Tan, Y. F. Geng, and J. Zhou, Opt. Laser Technol. 43, 
1331 (2011). 

 5.  J. Liang, M. J. Yun, W. J. Kong, X. Sun, W. F. Zhang, and S. X. 
Xi, Optik. 122, 2151 (2011).

 6.  H. Ademgil and S. Haxha, J. Lightwave Technol. 26, 441  
(2008).

 7.  A. Ortigosa-Blanch, J. C. Knight, W. J. Wadsworth, J. Arriaga, 
B. J. Mangan, T. A. Birks, and P. S. J. Russell, Opt. Lett. 25, 
1325 (2000). 

 8.  J. Ju, W. Jin, and M. S. Demokan, IEEE Photon. Technol. Lett. 
15, 1375 (2003).

 9.  T. P. Hansen, J. Broeng, S. E. B. Libori, E. Knuders, A. Bjarklev,  
J. R. Jensen, and H. Simonsen, IEEE Photon. Technol. Lett. 13, 
588 (2001). 

10.  S. Kim, C. S. Kee, J. Lee, Y. Jung, H. G. Choi, and K. Oh, J. 
Appl. Phys. 101, 016101 (2007).

11.  D. Chen and L. F. Shen, IEEE Photonics Technol. Lett. 19, 185 (2007).
12.  Z. Wu, D. X. Yang, L. Wang, L. Rao, L. Zhang, K. Chen, W. J. 

He, and S. Liu, Opt. Laser Technol. 42, 387 (2010).
13.  L. Zhang and C. Yang, Opt. Express 12, 2371 (2004). 
14.  M. Y. Chen, R. J. Yu, and A. P. Zhao, J. Opt. A: Pure Appl. 

Opt. 6, 997 (2004).
15.  A. Ferrando and J. J. Miret, Appl. Phys. Lett. 78, 3184  

(2001).
16.  K. Saitoh and M. Koshiba, IEEE J. Quantum Electron. 38, 927 (2002).
17.  K. Saitoh and M. Koshiba, Opt. Express 13, 267 (2005).
18.  S. Haxha and H. Ademgil, Opt. Commun. 281, 278 (2008).
19.  A. Ferrando, E. Silvestre, P. Andres, J. J. Miret, and M. V. 

 Andres, Opt. Express 9, 687 (2001). 
20.  Y. N. Zhang, L. Y. Ren, Y. K. Gong, X. H. Li, L. R. Wang, and 

C. D. Sun, Appl. Opt. 49, 3208 (2010).


