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parameters on the coupling length. The results show that the elliptical size is reasonably
changed, the extinction ratio can reach 107.21 dB at the wavelength of 1.55 um, the length
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1. Introduction

High-speed, high-capacity all-optical network has become the trend of future communications. All-optical network with
large capacity and ultra-high speed needs the support of high-performance optical devices, and all-optical devices with
excellent performance and low price have become the research hotspots. Polarization splitter is an important optical device
in all-optical network, which can separate one light beam into two orthogonal polarization states, the long length of a
polarizing splitter made by a conventional optical fiber limits its application, so it is necessary to design a high-performance
polarizing splitter.

Photonic crystal fiber (PCF), because of its unique and excellent optical properties, which include endlessly single-mode
[1], ultra-low loss [2], high-birefringence [3], extremely effective mold field area [4], chromatic dispersion [5] and great
nonlinearity [6] has attracted a large amount of interests since 1996. The flexible design of the structure and high birefrin-
gence provide the basis for high performance polarization splitter. So polarization splitter based on photonic crystal fiber
has attracted research interest. At present, polarization splitters based on PCF have been reported. Rosa et al. [7] presented a
polarization splitter consisting of square-lattice PCF, with the length being 29 mm, and the bandwidth being 90 nm when the
extinction ratio is more than 23 dB. Rajeswari [8] designed a polarization splitter with dual-core PCF, with the length being
2mm, and the bandwidth of the x, y-polarization modes being 100 nm and 55 nm. Saitoh et al. [9] proposed a three-core
polarization splitter based on PCF, with the length being 1.9 mm, and the bandwidth being 37 nm. Jiang et al. [10] presented
a dual-core polarization splitter based on PCF, whose length is only 119.1 pwm.
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Fig. 1. Cross section of the polarization splitter.

Because the tellurite glass has a high linear and nonlinear refractive index and a wide transmission spectrum, especially,
their typical melting temperature is much lower than that of silica, it has attracted researchers interests again. Liu [11] ana-
lyzed high extinction ratio PCF polarization splitter based on ZnTe glass, with the length being 1.1452 mm at the wavelength
of 1.55 wm, the extinction ratios being 92.16 dB and 29.56dB in A and B cores respectively, and the bandwidth of the x,
y-polarization modes being 100 nm and 45 nm. Liu et al. [12] analyzed a total solid three-core PCF polarization splitter based
on tellurite, with the length being 1.14 mm, the extinction ratio being up to —101.27 dB, the bandwidth being 100 nm. Liu
[13] simulated a short and broadband polarization splitter based on PCF filled tellurite glass, with the length being 510 um at
the wavelength of 1.55 um, the extinction ratio being 71.2 dB. Rui [ 14] proposed highly birefringent PCF polarization splitter
made of soft glass, with the length being 252 pm at the wavelength of 1.55 wm, the extinction ratio being —44.42 dB, the
bandwidth being 32 nm. The above designs have their advantages, but they do not have the characteristics of short length,
high extinction ratio and wide bandwidth, so the performance of polarization splitter should be further optimized.

In this paper, we proposed a polarization splitter based on dual-core photonic crystal fiber (PCF) with tellurite glass.
The effective refractive index is calculated by the commercial package Comsol Multiphysics based on the full vector finite
element method (FEM) with perfectly matched layer. Moreover, we analyzed the impacts of structural parameters on the
coupling length, and by optimizing the structural parameters, a polarization splitter with ultra-short length, high extinction
ratio and wide bandwidth is obtained. Besides, we also compared the characteristics of tellurite glass and silica glass photonic
crystal fiber polarization beam splitters with the same structural parameters.

2. Model and theory

The cross section of the polarization splitter based on dual-core PCF with tellurite glass is shown in Fig. 1. The middle
three rows of air holes are arranged in a rectangular lattice, the horizontal pitch is A, = 1.1 wm and vertical pitch is
Ay = 1.5 um, the remaining circular air holes are arranged in a common hexagonal lattice and the diameter of circular air
holes is d=1.0 wm and a lattice constant is A,. The minor and major half-axis length of the ellipse 1 are b; =0.60 um and
a; =0.97 wm, respectively. The distance between the ellipse 1 and the ellipse 3 in the horizontal pitch is 2 A;. The minor and
major half-axis length of the ellipse 2 are b, =0.25 wm and a, = 0.85 um, respectively. The distance between the ellipse 2 and
the ellipse 3 in the vertical pitch is A4, and the horizontal direction between the two ellipses 2 is tangent. The minor and
major half-axis length of the ellipse 3 are b3 =0.25 wm and a3 =0.53 m, respectively. The background material of the whole
fiber is ZnTe tellurite glass, the refractive index can be calculated from the Sellmeier formula [15], the material dispersion is
negligible. The refractive index of the air is 1.

BA2 DA2

where A=2.4843245, B=1.6174321, C=0.053715551, D=2.4765135, E=225.0. A is the free-space wavelength of the
incident light and its unit is micrometer [15].

According to the mode coupling theory, there are four modes in the dual-core PCF, which are the odd-mode Ex,, Eyo and
even-mode Eye, Ey. in X, y-polarization directions, respectively [16]. Their field distributions of even modes and odd modes
are shown in Fig. 2.

The same polarization mode that satisfying the interference conditions will cause the core power coupling, that is, the
core power coupling is caused by the even and odd modes interference in the X, y-polarization directions [17]. When the
energy of a polarized light is completely transferred from one core to another, that is, the optical power of the polarized
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Fig. 2. Transverse magnetic-filed vector distribution of the PCF.

light is changed from the maximum to the minimum, and the other core is changed from the minimum to the maximum,
the distance traveled by the polarized light in the optical fiber is defined as the coupling length of the optical fiber [18].

T A

Lyy = = (2)
T BT o )

where A is the wavelength of the incident light, 8% and 8%, B% and B} are the propagation constants of x, y-polarized even
and odd modes, n¥ and n¥, n¥ and n}, are the effective refractive index of x, y-polarized even and odd modes, respectively.

The length of splitter is an important parameter of the polarization splitter. Because the length of the polarization splitter
is very short, its transmission loss can be neglected. When the input power of core A is p;,, the output powers of X, y-polarized
light in core A are calculated from the following equation [7]:

T L
P:)(I’}; = Pan052 (2 Lx,y) (3)
Lx, y can be calculated from Eq. (2). L is the length of fiber. Besides, the expression of normalized optical powers (NP) is:
Pt 27 L
NP; = P = cos 3 m (4)

When the length L of the fiber reaches Ls, the normalized optical power of a polarized light in the core region reaches a
maximum value while the other reaches a minimum value, Ls is called the length of polarization splitter.
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Fig. 3. The effect of the optimization of parameters by and a; on the coupling length and the coupling ratio.

The extinction ratio (ER) is another important parameter to measure the performance of the polarization splitter. It is
defined as the power of a particular polarization mode in the expected output core comparing to the power of the other
polarization mode in the same core, which can be obtained as follows [19].

Y
ER = 10log;, P"“f (5)

X
out

P P,’)'m are the optical powers of the x, y-polarized light output port. The greater the absolute value of ER, the better the
performance of polarization splitter. The two orthogonal polarization states of the incident light are regarded to be separated

when the extinction ratio is greater than 20 dB [10], so ER determines the available bandwidth of a polarization splitter.

3. Results and discussions

Because of the coupling mode equations and the asymmetry for X, y-polarized direction, the coupling length is different
in the PCF transmission, that is Lx # Ly, the dual-core PCF can be made into a polarization splitter. Coupling Length Ratio
(CLR) is an important reference for designing a polarization splitter. It can be expressed as [20].

Ly, m
CIR = =7 (6)
where m and n are integers with positive parity. To obtain a high-performance polarization splitter the CLR value is very
close to 2 (Lx<Ly) or 1/2 (Lx>Ly). The key issue is how to adjust and optimize the structural parameters so that the value
of CLR is very close to 2. Therefore, in order to achieve high-performance polarization splitter, there are six geometrical
parameters to be adjusted and optimized, which are the major and minor half-axis of the ellipse 1, 2 and 3 ay, b1, az, by, as,
b3, respectively.

The relation between the CL and CLR and the structural parameters of by, a; are depicted in Fig. 3. Fig. 3(a) and (b) shows
that Lx, Ly decrease as by and a4 increase. The main reason is when b4, a; increase, the birefringence is increased and the core
mode field is reduced, the increase of birefringence is greater than the reduction of the core mode field, so Lx, Ly decrease
with the increase of by, a;. Besides, Fig. 3(a) shows that CLR first keeps level and then decreases as b; increases, the main
reason is that the increase in by, at the beginning, makes Lx, Ly descend at the same rate and then Ly descends faster than
Lx, so CLR first keeps level and then decreases as b; increases; While Fig. 3(b) shows that CLR increases as a; increases, the
main reason is that the increase in a; makes Ly descends slower than Lx, so CLR increases as a; increases. When the CLR
value is very close to 2, we can obtain a high-performance polarization splitter, so we choose by =0.60 um, a; =0.97 wm. The
relation between the CL and CLR and the structural parameters of b, and a, are depicted in Fig. 4. Fig. 4(a) and (b) shows
that Lx, Ly increase as b, and a, increases. The main reason is when b, a; increases, the birefringence is increased and the
core mode field is reduced, and the core energy is continuously squeezed into the cladding, that is, the core mode field is
more distributed in the cladding. This part of the energy weakens the core of the birefringence, so the coupling strength is
weakened, Lx, Ly increase with the increase of b,, a,. Besides, Fig. 4(a) and (b) show that CLR increases as b, and a; increase,
the main reason is that the increases in b,, a; makes Ly descends slower than Lx, so CLR increases as b, a; increases. When the
CLR value is very close to 2, we can obtain a high-performance polarization splitter, so we choose b, =0.25 pum, a; =0.85 pm.
The relation between the CL, the CLR and the structural parameters of b3 and a3 are depicted in Fig. 5. Fig. 5(a) shows that Lx,
Ly increase as bz increases. The main reason is that when b3 increases, the birefringence is increased and the core mode field
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Fig. 5. The effect of the optimization of parameters bs and as; on the coupling length and the coupling ratio.

is reduced, and the core energy is continuously squeezed into the cladding, that is, the core mode field is more distributed
in the cladding. This part of the energy weakened the core of the birefringence, so the coupling strength is weakened, Lx,
Ly increase with the increase of bs. Fig. 5(b) shows that Ly increases as as increases, while Lx decreases as a3 increases, the
main reason is that when a3 increases, the birefringence is increased and the core mode field is reduced, the increase of
birefringence is greater than the reduction of the core mode field in the x direction but is opposite in the y direction, so Ly
increases with the increase of a3, while Lx decreases with the increase of as. Besides, Fig. 5(a) and (b) show that CLR increases
as b3 and a3 increase, the main reason is that the increase in b,, a, makes Ly descends slower than Lx, so CLR increases as b3
and a3 increase. When the CLR value is very close to 2, we can obtain a high-performance polarization splitter, so we choose
b3 =0.25wm, a3 =0.53 pm.

Based on the above discussions, by adjusting and optimizing the structural parameters, the value of CLR can be very close
to 2 and the optimized parameters are A; =1.5pum, Ay = 1.1 um, d=1.0 um, a; =0.97 wm, by =0.60 wm, a, = 0.85 pm,
b, =0.25 um, a3 =0.53 pum, b3 =0.25 wm. Fig. 6 shows the relation between the coupling length of tellurite, silica glass and
the wavelength. It can be seen from Fig. 6 that the coupling length decreases as the wavelength increases. Besides, we can
also see that at the wavelength of 1.55 um, the coupling length of tellurite glass is Lx=44.51 pm, Ly =89.05 um and the
coupling length of silica glass is Lx=25.74 pm, Ly =39.94 pm.

Core A and core B are symmetrical, so we analyze the normalized optical power of fundamental modes in core A. Fig. 7
shows the normalized optical power of tellurite and silica glass with the variations of propagation distance. The two orthog-
onal polarized optical powers are different at different fiber lengths, which are periodically shifted in cores A and B for X,
y polarization directions. From Fig. 7(a) we can see that in the PCF polarization splitter based on tellurite glass, when the
fiber length is 89.05 pm, x polarized light couple into core B while y polarized light still in core A, i.e., they are separated
from each other at the length of 89.05 wm. From Fig. 7(b) we can see that in the PCF polarization splitter based on silica
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glass, when the fiber length is 360 wm, x polarized light couple into core B while y polarized light still in core A, i.e., they are
separated from each other at the length of 360 um. What is more, the length of the PCF polarization splitter based on silica
glass is longer than the PCF polarization splitter based on tellurite glass.

Fig. 8 shows the relation between ER and the wavelength. From Fig. 8(a) it can be seen that the largest value of ER of the
polarization splitter based on tellurite glass is 107.21 dB at the wavelength of 1.55 um, and the bandwidth is 150 nm from
1.473 wm to 1.623 wm, covering the S, C and L bands when the ER is more than 20dB. Fig. 8(b) shows that the ER of the
polarization splitter based on silica glass is only 32.91 dB at the wavelength of 1.55 wm, and the bandwidth is only 25 nm
when the ER is more than 20 dB, and the bandwidth is 16 nm when the ER is less than —20 dB. Therefore, the PCF polarization
splitter based on tellurite glass has a better performance than the silica glass in the proposed dual-core PCF.

There will be fabrication tolerance in the practical production process, so the polarization splitter requires some fault
tolerance. We analyze the influences of the slight changes of the splitter length on the extinction ratio and bandwidth. The
results are shown in Fig. 9. From Fig. 9 we can see that the bandwidth almost does not change with the slight changes of the
splitter length, when the error is +1.7%, and the bandwidth keeps 150 nm, the extinction ratio remains above 20dB when
the wavelength is 1.55 pm, therefore, it has a high application value.

4. Conclusions

To summarize, polarization splitter based on dual-core photonic crystal fiber (PCF) with tellurite glass was proposed. The
full vector finite element method is used to analyze the impacts of structural parameters on the coupling length. Besides,
we also compare the characteristics of tellurite glass and silica glass photonic crystal fiber polarization beam splitters with
the same structural parameters and we find that the PCF polarization splitter based on tellurite glass has a shorter length, a
higher ER and a wider bandwidth. The length of the splitter is 89.05 pm, the bandwidth is 150 nm from 1.473 pm to 1.623 pm
covering the S, C and L bands when the ER is more than 20 dB, and the ER can reach 107.21 dB at the wavelength of 1.55 pm.
At the same time, the polarization splitter has good fault tolerance characteristics. It still has a good performance when the
error in the length of the polarization splitter is within +1.7%. It can be widely used in all-optical network.
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