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Abstract. This A novel single elliptical photonic quasi-crystal fiber (PQF) structure based on ZrF4-
BaF2-LaF3-AlF3-NaF (ZBLAN) is proposed. There is a single elliptical air hole at the fiber core and a 
ten-fold Person-type quasi-crystal structure distributed in the outer layer. The birefringence and 
confinement loss (CL) of the PQF are numerically proposed in short-wavelength infrared region 
(SWIR) based on finite element method. The high birefringence is achieved thanks to a single ellipse 
near the fiber core breaking the symmetry of the structure. Fluoride materials ZBLAN have lower CL 
in SWIR than traditional quartz glass. The birefringence of this novel PQF can be maintained above 
10-2, which will have great potential in optical devices. 
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1. Introduction 

PQF is based on the theoretical foundation of photonic crystal fiber (PCF) combined with quasi-
crystal structures. Knight and his team drawn the first total internal reflection photonic crystal fiber 
in 1996 [1]. Kim et al. combined quasicrystal structure with PCF to research the optical properties of 
communication bands in 2007 [2]. The change in PQF air holes can achieve unexpectedly superior 
optical properties such as high birefringence [3-6], nonlinearity [7], large mode field area [8], and 
near zero dispersion [9]. PQF can have important applications in sensors [10], nonlinear optics [7], 
rotational angular momentum communication systems [11] and other fields [12]. 

In recent years, research on HB-PQF background materials has expanded many new materials [13], 
which is no longer limited to silica. ZBLAN is a heavy metal fluoride (HMF) material that has been 
widely studied due to its easy to draw properties and lower absorptivity than silica around 
communication band range. 

Herein, we describe a birefringence PQF with a single elliptical air hole in the core to improve the 
asymmetry and achieve high birefringence (on the order of 10-2), and the outer array of Person-type 
ten-fold lattice structures to reduce CL (on the order of 10-2) in the SWIR. 

2. Structure and theory 

Figure 1. cross section of novel PQF based on ZBLAN glass. PQF with a single elliptical air hole 
in the right of core and the outer array of Person-type ten-fold lattice structures. The PQF structure is 
divided into four layers from the fiber core to the outer layer. The circular air holes from the first 
layer to the fourth layer are labeled in pink, blue, yellow, and green colors, and their diameters are 
labeled as d1st, d2nd, d3rd, and d4th. Among them, the second layer has two deep blue air holes located 
on the horizontal axis, with a diameter of d2nd-2. The major axis and minor axis of the ellipse near the 
fiber core are a and b, respectively. The design of basic quasicrystal units is to effectively confine 
light within the fiber core. It can be demonstrated through experiments that adding an elliptical hole 
at the core of the fiber structure can improve birefringence and also achieve single-mode transmission  
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Figure 1. Cross section of novel PQF based on ZBLAN glass. 

 
The effective indexes for different modes are calculated based on perfectly matched layer 

boundary conditions and using the full vector finite element method(FEM). The refractive index is 
calculated based on the Sellmeier equation, and the refractive index of ZBLAN fiber is represented 
as follows: 
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where λ1 and λ2 are the intrinsic absorption wavelength of ultraviolet and infrared, f1 and f2 stand for 
oscillator strength of ultraviolet and infrared, respectively. In the ZBLAN fiber λ1, λ2, f1, and f2 are 0.08969 μm, 
21.3825 μm, 1.22514, and 1.52898, respectively [14]. 

The formula for expressing birefringence is as follows: 
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where 𝑛ୣ୤୤
௫ ,𝑛ୣ୤୤

௬  represent the effective refractive indexes in the polarization directions of x and y 
[13]. 

The calculation of CL is mainly based on the imaginary part of the effective refractive index of 
the fundamental mode, which reflects the constraint ability of the core region [16]. 
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where Im represents the imaginary part of the effective refractive index, k0(k0=2 π/ λ) is the free 
space wavenumber. 

The loss characteristics of PQF are not researched separately and are often complementary to 
characteristics such as birefringence or high nonlinearity. In practical applications, as CL directly 
affects the efficiency of optical fibers, it is necessary to calculate loss while measuring other optical 
characteristics. 

3. Results and Discussion 
The structural parameters of PQF are changed to achieve both high birefringence and low CL. The initial 

value used for the photonic quasicrystal fiber structure are d1st = 1.6 μm, d2nd = d2nd-2 = 1.55 μm, d3rd = 1.4 μm, 
d4th = 0.85 μm, ρ = b/a = 1/0.4, Λ = 1.5 μm. This article researches the optical properties when certain 
parameters (d1st, d2nd, ρ, Λ) are changed. 
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3.1 The influence of the diameter of circular air holes.  

Figure 2 shows the calculated variation curve of birefringence when the d1st range is changed from 
1.45 to 1.6 μm and other parameters are fixed. Birefringence increases with the increase of 
wavelength, which is caused by the increase in effective refractive index difference of the two 
orthogonal polarization modes. When d1st increases, birefringence also increases significantly. Due 
to the increase in air holes, the squeezing of the core mold field also increases, which effectively 
binds the beam to the core. However, when the diameter of d1st increased to 1.55 μm, the amplitude 
of change rapidly decreased. The numerical difference of birefringence between the sizes 1.55 μm 
and 1.6 μm is on the order of 10-3, and the birefringence curves almost overlap. The d1st at 1.55 μm is 
the ideal maximum value for simulation, and exceeding this value during actual manufacturing can 
cause the d1st air holes to fuse with other air holes. 

When the d1st are fixed at 1.55 μm, the d2nd-2 is changed from 1.45 to 1.55 μm. The simulated 
birefringence is shown in Figure 3 Birefringence increases with the increase of d2nd-2 and wavelength. 
 

 

Figure 2. Birefringence for different d1st   Figure 3. Birefringence for different d2nd-2 
 

Figure 4 shows that as d1st increases, the CL in both x and y polarization directions also increase 
exponentially. The CL changes of different d2nd-2 shown in Figure 5 are similar to Figure 4. The single 
elliptical air hole at the fiber core results in higher CL in the x direction than in the y direction. 
Because the elliptical air hole is on the horizontal axis, its effect on the mode field in the x direction 
is stronger than that in the y direction. Here, d1st = 1.55 μm, d2nd-2 = 1.55 μm are selected as the 
optimal value considering birefringence, CL, and actual size. 

 

 
Figure 4. CL for different d1st in (a) x-polarized mode, (b) y-polarized mode 
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Figure 5. CL for different d2nd-2 in (a) x-polarized mode, (b) y-polarized mode 

 

3.2 The influence of the diameter of circular air holes.  

Figure 6 shows the change in birefringence when the ellipticity ρ changes. The influence of the 
long axis on the symmetry of the structure is more pronounced. Therefore, increasing the long axis 
will more effectively improve birefringence than increasing the short axis. Figure 6(a) shows that the 
six curves almost overlap. Figure 6(b) shows subtle differences within the range of 1.5 — 1.7μm. 
When ρ=1.0/0.44, the birefringence value in this band reaches 1.799×102. 
 

 
Figure 6. Birefringence for different ρ in the wavelength range of  

(a)1.3 — 2μm, (b) 1.5 — 1.7 μm 
 
As shown in Figure 7, the CL is influenced by the ellipticity, and the CL in the x-polarization 

direction is significantly higher than that in the y-polarization direction. When the short axis increases 
excessively, it will cause the x-polarization direction loss to be effectively cut off, and only the y-
polarization direction mode is transmitted in the fiber core. Therefore, after six sets of ellipticity (ρ = 
0.8/0.32, ρ = 1.0/0.32, ρ = 1.2/0.32, ρ = 1.0/0.36, ρ = 1.0/0.4, ρ = 1.0/0.44) comparison experiments 
and analysis, the high birefringence parameter is ρ = 1.0/0.44. 

 

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
0

1

2

3

4

5
×10-2

λ(μm)

 

C
L

(d
B

/m
)

 0.725
 0.75
 0.775

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
0.0

0.5

1.0

1.5

2.0

2.5
×10-2

λ(μm)

C
L

(d
B

/m
)

 

 0.725
 0.75
 0.775

(b) (a) 

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4
×10

-2  

B

λ(μm)

 1.0/0.44    1.0/0.4
 1.2/0.32    1.0/0.36
 1.0/0.32    0.8/0.32

1.50 1.55 1.60 1.65 1.70

1.4

1.5

1.6

1.7

1.8

×10
-2

λ(μm)

 

 1.0/0.44    1.0/0.4
 1.2/0.32    1.0/0.36
 1.0/0.32    0.8/0.32

B

(a) (b) 



Highlights in Science, Engineering and Technology MSIA 2024
Volume 117 (2024) 
 

11 

 
Figure 7. CL for different ρ in (a) x-polarized mode, (b) y-polarized mode 

3.3 The influence of elliptical position Λ.  

The final parameter to change is the position of the ellipse from the center of the circle Λ. The 
comparison of birefringence under three sets of parameters（1.3 μm, 1.5μm, 1.7 μm）is shown in 
Figure 8. The elliptical air hole at the fiber core causes compression of the fiber core area, which 
enhances the interaction between the elliptical air hole and the fiber core mode field, thereby 
increasing birefringence. High birefringence is accompanied by a smaller λ, and the elliptical air hole 
coincides with d1 on the upper right when λ is too small. The final selected structural parameter are 
d1st = d2nd-2 = 1.55μm, ρ = 1.0/0.44, Λ=1.3μm with birefringence reaching 2.47×10-2 at 2μm, and loss 
in both polarization directions not exceeding 0.01dB/m. 
 

 
Figure 8. Birefringence for different Λ 

 
Figure 9. CL for different ρ in (a) x-polarized mode, (b) y-polarized mode 

Figure 10 shows the mode field distribution of the PQF structure at an incident wavelength of 1.5 
μm. Due to the addition of a single elliptical air hole, the light confinement effect in the x and y 
polarization directions also varies. 
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4. Conclusion 

This article describes a single elliptical ten-fold PQF with a background material of ZBLAN high 
birefringence and low loss. Ultimately, the birefringence can reach 10-2 in the communication and 
eye safety bands, which is superior to traditional optical fibers after parameter optimization iterations.  
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