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Abstract: We propose a mid-infrared dual-rhombic air hole hexagonal lattice photonic crystal fiber with high birefringence and large nonlinearity based on Ge20Sb15Se65 chalcogenide glass. The properties of birefringence, dispersion, nonlinearity, and confinement loss were investigated in the 3μm~5μm mid-infrared range by using the Finite Difference Time Domain (FDTD) method with perfectly matched layer (PML) absorption boundary conditions. The results indicate that for the optimized structural parameters of Λ=2.0μm, D=1.932μm, d=0.8μm, and H=0.8μm, an ultrahigh birefringence of 0.041, a very low confinement loss of 0.0013dB/km (for x-polarization modes) and 0.0342dB/km (for y-polarization modes), and the maximum nonlinearity coefficient of 4375 w-1km-1 (for x-polarization modes) and 3960 w-1km-1 (for y-polarization modes) were achieved, respectively. The proposed PCF has a lower confinement loss and higher birefringence than an elliptical-hole PCF with the same air-filling fraction. Thus, it will be an excellent candidate for mid-infrared optical fiber sensing, precision optical instruments and nonlinear optics.
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1. Introduction
Photonic crystal fibers (PCFs), which consist of a periodic distribution of air holes along the longitudinal axis have drawn a great deal of attention owing to their excellent features, such as high nonlinearity, endless single mode guiding, controllable mode area, high birefringence, and tailorable chromatic dispersion [1-2]. According to the difference in the light guide mechanism, PCFs can be divided into two main categories: effective-index guidance PCFs and photonic bandgap (PBG) PCFs [3-4]. The former employs the total internal reflection (TIR) between a solid core and a cladding region with air-holes, while the PBG fiber can control the guidance of light within a certain frequency band. One of the most interesting features of PCF is its high birefringence, which is interesting for many practical applications including achieving polarization maintaining or single-polarization single-mode work [5-6]. There are enormous applications of high birefringence PCF in the fields of optical fiber sensing (e.g. optical fiber gyroscopes/hydrophones) [7-8], coherent optical communications (e.g. polarization-insensitive time-demultiplexing, polarization maintaining erbium doped fiber amplifiers/fiber lasers) [9-10] and nonlinearity-based all optical signal processing (e.g. optical switch or optical logical gate) devices [11-12]. So far, various methods have been proposed to realize high birefringence PCF by introducing anisotropic air-hole structure into the fiber core/cladding or both [13-14]. Then, the effective refractive index difference between the two orthogonal polarization modes is increased because of the break in the PCF structural symmetry. For example, Yang et al. obtained a birefringence in the order of 10−2 at 1.550μm by using the proposed PCF composed of a solid silica core and a cladding with elliptical air holes [15]. Wang realized the birefringence at the order of 10−2 covering a wavelength range from 1.0 to 1.6μm based on the proposed elliptical-hole rectangular-lattice PCFs [16]. Masashi achieved a birefringence of 0.065 by using holey fiber with a squeezed lattice elliptical-hole in both the core and cladding [17]. Lin et al. designed a simple PCF composed of a rectangular array of four elliptical air holes in the core and a traditional circular air hole cladding. They obtained a birefringence of 10−2 at 1.55μm [18]. Zhang et al. suggested a PCF composed of a central defect core and cladding with elliptical air holes. They obtained a birefringence of 0.0025 at 1.55μm [19]. Moreover, by enlarging the two circular air holes adjacent to the central region, a birefringence as high as 4.8×10-2  was obtained [20]. In addition, rectangular-hole PCF, rhombic-hole PCF, equiangular spiral PCF, and double-circular hole PCF were also suggested by Jiang[21], Bin [22], Islam[23] and Chen[24], respectively. They obtained the maximum birefringence values of 1×10-3, 3.47×10-3, 0.0278, and 0.01, respectively. All of these schemes show a rapid technological advancement in high birefringence PCF design. However, they are all based on the traditional silica optical fiber material, which has an optimal operating wavelength range of below 2μm, limited by the material absorption. 
Recently, the mid-infrared (mid-IR) region has received considerable scientific and technical attention because this region contains characteristic vibration absorptions of molecules and two atmospheric transmission windows, which make it essential for both civil and military applications in spectroscopy, material analysis, bio-molecular/chemical sensing, food security and free space optical communication [25]. Nevertheless, compared with other soft glass materials including tellurite and fluoride glass, chalcogenide glasses are excellent candidates for the mid-IR region because they exhibit high transparency in this region (the maximum operating wavelength is up to 25μm), relatively large linear and nonlinear refractive indexes, and negligible two-photon absorption and free-carrier absorption [26-27]. In general, chalcogenide glasses contain at least one of the atoms of S, Se or Te in their composition with the addition of As, Ge, Sb and Ga. These glasses can form stable nonlinear media. Moreover, the nonlinear refractive indexes n2 of chalcogenide glasses are 100~1000 times that of silica [28], which enables an extraordinarily high nonlinearity to be realized using only a relatively short length of fiber. Many mid-IR photonic devices including supercontinuum (SC) sources [29], Brillouin fiber laser [30], fiber sensor [31], fiber coupler/attenuator [32-33], all optical wavelength converters [34] and correlated photon-pair generator [35] have been proposed using dispersion engineered chalcogenide fibers. In addition, highly birefringent chalcogenide glass As2Se3-based PCF with a hexagonal lattice of the circular air hole [36] and a spiral As2S3-based PCF with elliptical air holes [37] have been reported. Nevertheless, the obtained birefringence values are only 2.2×10-3 and 0.025 at 1.55 um, respectively. Meanwhile, the birefringence values have only been investigated in the near-infrared wavelength range. In 2016, a highly birefringent chalcogenide As38Se62 based PCF with two larger air holes in the first ring were fabricated. Yet, the obtained birefringence value was only on the order of 10−3 for wavelengths greater than 6 μm [38]. In effect, from the viewpoint of an engineering application, the design of a mid-IR PCF with higher birefringence, larger nonlinearity, and simultaneous lower confinement losses is highly desirable, and would play a very important role in mid-IR chemical and biological sensing, spectroscopy instruments and nonlinear optics research.
In this work, we propose a novel high birefringence Ge20Sb15Se65-based PCF with ultralow confinement loss in the mid-IR region. The proposed structure replaces traditional circular/elliptical air holes with an asymmetric dual-rhombic air holes in the PCF cladding. By using the Finite Difference Time Domain (FDTD) method with rectangular perfectly matched layer (PML) boundary conditions, the properties of birefringence, confinement loss, beat length, chromatic dispersion, and nonlinearity are all investigated. Numerical simulation results indicate that the proposed PCF has the highest birefringence of 0.041 and the shortest beat length of 122μm at 5μm. The maximum nonlinearity coefficients of 4375 w-1km-1 and 3960 w-1km-1 for the x- and y-polarization modes were obtained. The proposed PCF realizes a combination of high birefringence, large nonlinearity and low confinement losses. It will become a promising candidate for applications in mid-IR photonics. 

2. Structure of the double-rhombic-hole unit PCF

The cross section of the proposed high-birefringence PCF is shown in Fig.1. The blue regions represent the Ge20Sb15Se65 chalcogenide glass, which has unique properties including nontoxicity, high thermal/mechanical durability, a wide transparent window and a large nonlinear coefficient in the mid-IR waveband. The white regions denote air holes. In order to obtain higher birefringence in the PCF, hexagonal lattices with double-rhombic holes are used to destroy the six-fold symmetry of the PCF. Two rhombic air holes with short diagonal d and long diagonal D, arranged in the x-direction with a center-to-center distance H, form a basic double-rhombic-hole unit in the cladding, which is different from traditional PCF that has circular or elliptical air holes. The distance between the neighboring double-rhombic air hole unit in the x-direction is Λ. The fiber core is formed by removing the one central double-rhombic air hole unit from the regular hexagonal pattern. The proposed PCF with five rings of dual-rhombic air holes is used as cladding, thus ensuring the stability when fabrication of the fiber preform. 
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Fig.1 Schematic cross section of the proposed PCF
3. Simulation method and theoretical model

   The simulation was performed using the FDTD method from a commercially available software package offered by Lumerical Solutions Incorporated. It is a powerful numerical tool for dealing with complex waveguide structures with great accuracy and has already been successfully applied to investigate the mode properties of PCFs [39-40]. Generally, for a linear isotropic material in a source-free region, Maxwell’s equations can be written as 
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are the position-dependent permittivity, permeability and conductivity of the material, respectively. Maxwell’s equations can be discretized in space and time by Yee’s cell [41], and form a linear system of algebraic equations. Furthermore, from the linear system of equations, an eigenvalue equation can be obtained as follows [42]
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If we ignore waveguide material absorption, 
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are real sparse matrices. By solving the eigenvalue equation, the effective modal index neff =β/k0 and modal fields of the guided modes can be obtained. In order to make the solution of discretized differential equations have convergence and stability, the time step must satisfy the Courant stability condition [41]
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In this simulation, a rectangular PML is employed and surrounds the proposed PCF.                                            The number of PML layers is set to be 10. The mesh cells in the x- and y-directions are all 150 (a large mesh cell means high mesh accuracy). The simulation domain is x∈[-11, 11], y∈[-11, 11]. 
    For our proposed PCF, the asymmetry is enhanced by introducing double-rhombic air hole units. Then the degeneracy of the fundamental modes is destroyed. Meanwhile, the x- and y-polarization components have different effective refractive indexes. Five important performance parameters, birefringence B, beat length LB, confinement loss LC, chromatic dispersion D and nonlinear coefficient γ, are investigated in this work. The birefringence is determined by taking the difference of the real parts of the effective refractive indices of two fundamental orthogonal polarization modes [43]
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The beat length can be defined by [43]
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The confinement loss describes the amount of optical power leakage from the fiber core to the cladding owing to the finite air holes in the PCF. It can be calculated by [21]
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Chromatic dispersion is the sum of material dispersion and waveguide dispersion, which can be calculated by the formula [21] 
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The nonlinear coefficient γ of PCF is defined as [43]
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Aeff   QUOTE ,A-eff. is the effective mode area and can be calculated by
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Where B is birefringence,
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is beat length,
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is the nonlinear coefficient. Aeff  QUOTE Aeff is the effective mode area. 
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and are the effective refractive indexes of the two orthogonal x- and y-polarization components. Re represents the real part, Im represents the imaginary part. λ is the wavelength of the light, and c is the velocity of light in the vacuum. n2 is the nonlinear refractive index (n2=6.98×10-18 m2·W-1 for Ge20Sb15Se65 glass [44]), and E is the profile of the vector electric field. It is clear from equation (9) that the effective way to improve the nonlinear coefficient is by reducing the effective mode area and increasing the optical power density in the core region. 

   For Ge20Sb15Se65 glass here, the material refractive index can be taken into account through the sellmeier equation [45] 
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Where A=3.8667, B1=0.1366, B2=2.2727, B3=0.0138, C1=0.0420, C2=0.01898, and C3=68.8303. The material dispersion of the Ge20Sb15Se65 glass can be obtained easily through equation (11).                           
   In the following section, we will optimize the structural parameters of the PCF to obtain high birefringence and low confinement loss. Moreover, the beat length, chromatic dispersion, and nonlinear coefficient are all investigated in detail. 
4. Simulation result and analysis
4.1 Birefringence and confinement loss
Because birefringence is determined by the difference in the real parts of the effective refractive indices between the x-polarized and y-polarized fundamental modes, the relationship between the effective refractive index and the wavelength are investigated first. It is known that the effective refractive indexes of PCF are dependent on air-hole shape, size, lattice constants, and operating wavelength. Then it is necessary to investigate the influence of these parameters on the effective refractive indexes of the two fundamental modes. The results are shown in Fig.2. 
First, we investigated the dependency of the effective refractive indices on the PCF structural parameters Λ. In this simulation, D=1.8µm, d=0.8µm, and H=0.9µm. Λ is increased from 2.0µm to 2.3µm in a step of 0.1µm. The results are shown in Fig.2(a). It is evident that the effective refractive indexes of the x-polarized and y-polarized modes decrease gradually with the increase of wavelength in the 3~5µm range. On the other hand, we can find that the y-polarized mode has a higher effective refractive index than that of the x-polarized mode for all Λ. This is derived from the fact that the air hole air-filling fraction in the x-direction is higher than that in the y-direction. Second, we investigated the dependency of the effective refractive indices on the PCF long diagonal D. The results are shown in Fig.2(b). In this simulation, Λ=2.0μm, H=0.9μm, and d=0.8μm. D is increased from 1.536μm to the 1.932μm in a step of 0.132μm while all the other parameters remain constant. It can be seen that the difference between 
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and  (for the same structure) is higher than that in Fig.2(a). In contrast, Fig.2(c) describes the dependency of the effective refractive indexes on the PCF short diagonal d. In this simulation, Λ=2.0μm, D=1.932μm, and H=d+0.1(μm). d is increased from 0.78μm to 0.81μm in a step of 0.01μm. Additionally, Fig.2(d) describes the dependency of the effective refractive indexes on the PCF center-to-center distance H. In this simulation, D=1.932μm, d=0.80μm, and Λ=2.0μm. H is increased from 0.80μm to 0.90μm. It can be seen that the variation tendency of Fig.2(c) and Fig.2(d) is similar to Fig.2(a) and Fig.2(b). However, the most obvious feature of Fig.2(c) and Fig.2(d) is that  all
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are higher thanfor all d (in Fig.2(c) ) and H (in Fig.2(d)). 
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Fig.2 Effective refractive index of the PCF as a function of wavelength (a) for different Λ when D=1.8μm, d=0.8μm, and H=0.9μm, (b) for different D when Λ=2.0μm, H=0.9μm, and d=0.8μm, (c) for different d when Λ=2.0μm, D=1.932μm, and H=d+0.1, (d) for different H when D=1.932μm, d=0.8μm, and Λ=2.0μm.
    Furthermore, the corresponding birefringence and confinement loss of the proposed PCF have been calculated according to equation(5) and equation(7) individually. They are related to the real part and imaginary part of the effective refractive index, respectively. The results are shown in Fig.3. Here we should note that the selected PCF structural parameters of Fig.3 correspond to Fig.2 in our simulation. Fig.3(a) describes the dependence of the birefringence and PCF structural parameter Λ. All of the PCF structural parameters selected in Fig.3(a) are the same as in Fig.2(a). It can be seen that the birefringence increases gradually with the increase of wavelength in the 3~5µm band. Yet, for the same wavelength, the birefringence decreases gradually with the increase of Λ. Figure 3(b) illustrates the curves of the confinement loss in the x- and y-direction as a function of wavelength. We can see that the confinement loss is the lowest when Λ is 2.0µm. Nevertheless, if we continue to reduce the Λ, it will not only violate the design principle of the single mode PCF (the space ratio of the air hole (d/Λ) less than 0.43[46]) but may also increase the difficulty of the PCF manufacturing. On the other hand, if we further increase Λ, it will reduce the air hole filling fraction and ultimately increase the PCF confinement loss. For clarification, Fig.3(b) illustrates the dependence of the confinement loss (in the x- and y-direction) and Λ. It is clear that the lowest confinement loss is obtained when Λ is 2.0µm.Thus, Λ was chosen to be 2.0µm in our design.
Figure 3(c) illustrates the birefringence dependence on the PCF long diagonal D. It is evident that for the same wavelength, the birefringence increases with the increase of D. This can be explained by the fact that the double-rhombic air hole can be effectively viewed as a single elliptical air hole. Thus, with the increase of D, the ellipticity is increased. However, if we continue to increase D, there is an overlap between the two neighboring double-rhombic-hole units. For comparison, Fig.3(d) describes the confinement loss (in x- and y-direction) dependence on the wavelength for different D. The inset of Fig.3(d) provides an enlarged view of the confinement loss for the x-polarization. It can be seen that the lowest confinement loss is obtained for D=1.932μm. Therefore, D=1.932μm was selected in our simulation. 
   Fig.3(e) describes the dependence of the birefringence and PCF short diagonal d. It is clear that the birefringence increases monotonically with the decrease of d in the 3μm to 5μm range. Yet, if we continue to reduce d, the fundamental mode will be cut off. Moreover, the air hole filling rate will decrease, which will further cause a relatively high confinement loss (as illustrated in Fig.3(f)). Fig.3(f) illustrates the confinement loss dependence on the wavelength for different d. It is clear that the confinement loss increases with the decrease of d. Thus, there is a trade-off between birefringence and confinement loss. Taking into account both factors, d=0.80μm was selected for our design.
    Fig.3(g) illustrates the dependence of the birefringence and PCF long diagonal H. It can be seen that for the same wavelength, the birefringence increases with the increase of H. However, if we further increase H, there will be an overlap between the two neighboring double-rhombic hole units. Meanwhile, Fig.3(h) illustrates the dependence of confinement loss and wavelength for different H. The inset of Fig.3(h) provides an enlarged view of the x-polarization mode. It can be seen that the confinement loss increases with the increase of the H (see Fig.3(h)). If H increases from 0.8μm to 0.9μm, the increment of the confinement loss is much bigger than for the birefringence. Thus, H=0.8μm was chosen for our design. 
    Based on the above analysis, it is evident that large birefringence and low confinement loss can be obtained simultaneously in the 3µm-5µm range. With the optimized set of parameters: Λ=2.0μm, D=1.932μm, d=0.8μm, and H=0.8μm, the obtained birefringence is in the range of 0.011~ 0.041, and the lowest confinement loss is 0.0013dB/km and 0.0342dB/km. The birefringence value is much better than the previously published results [38] in the same simulation wavelength range. For example, the birefringence value that we obtained is 0.041 at 5μm, while it is only 0.5×10-3 at 5μm in Ref.[38].
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Fig.3. Birefringence and confinement loss of the PCF as a function of wavelength. (a) and (b) for different Λ when D=1.8μm, d=0.8μm, and H=0.9μm, (c) and (d) for different D when Λ=2.0μm, H=0.9, and d=0.8μm, (e) and (f) for different d when Λ=2.0μm, D=1.932μm, and H=d+0.1, (g) and (h) for different H when D=1.932μm, d=0.8μm, and Λ=2.0μm.
Furthermore, the field profiles of the TE and TM modes for the proposed PCF with the optimized structure are illustrated at 3μm and 5μm in Fig.4. Generally speaking, the mode powers for TE and TM have similar field profiles and the fields are all well confined in the PCF. Nevertheless, there are two points that should be noted. First, at a short wavelength (e.g. 3µm), the mode is concentrated in the core region, but the optical power enters into the cladding region gradually with the increase of wavelength (e.g. 5µm). Therefore, the effective refractive indexes are affected by both the inner rings and the outer rings. Especially when the pitch is small, the influence of the outer air hole ring of the cladding is more intense. The difference between 
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and  is increased correspondingly, which contributes to the improvement of the birefringence. Second, the TM mode has a larger mode area than that of the TE mode because the dual-rhombic air hole in the x-axis provides less space for light to transmit than that in the y-axis. Then, the confinement loss in the y-polarized direction is larger than that in the x-polarized direction. The higher optical power leakage contributes to the increase in the mode area.
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Fig.4 The field profiles of the two orthogonal fundamental modes: (a) x-polarized at 3μm, (b) x-polarized at 5μm, (c) y-polarized at 3μm and(d) y-polarized at 5μm.
4.2 Beat length
When the light wave is injected into the fiber, it can be decomposed into two orthogonal polarization components. With the propagation of light wave in the optical fiber, the powers of the optical field in the two orthogonal polarization directions are periodically exchanged. This periodic length is defined as the beat length. The beat length can be calculated through equation (2). The dependency of the beat length on the wavelength for different PCF structural parameters is shown in Fig.5. It can be seen that the evolution trends for beat length and birefringence are opposite. This means that the higher of the birefringence, the shorter of the beat length. From Fig.5, the longest beat length (see Fig.5(a), cyan line, 549.5μm) is about 6 times as long as that of the shortest beat length (see Fig 5(c), blue line, 92.25μm). However, for the optimized PCF structure (see Fig 5(d), blue line), the beat length ranges from 122μm (at 5μm) to 273μm (at 3μm). This means that the two orthogonal polarization modes with a wavelength of 5μm (or 3μm ) can exchange their power in the length of 122μm (or 273μm) totally. 
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Fig.5. Beat length of the PCF as a function of wavelength. (a) For different Λ when D=1.8μm, d=0.8μm, and H=0.9μm (b) for different D when Λ=2.0μm, H=0.9, and d=0.8μm (c) for different d when Λ=2.0μm, D=1.932μm, and H=d+0.1 (d) for different H when D=1.932μm, d=0.8μm, and Λ=2.0μm. 
4.3 Chromatic dispersion

     The chromatic dispersion is a combination of material dispersion and waveguide dispersion. It is a very crucial parameter of PCFs and plays an important role in optical fiber communication systems because it limits the information-carrying capacity of the optical fiber. The most obvious effect of chromatic dispersion is that pulses at different wavelengths propagate at different speeds inside a fiber because of a mismatch in their group velocities. This feature generates walk-off and eventually causes the optical pulse widening. Nevertheless, it can be engineered for the convenience of practical applications including dispersion management and nonlinear dynamics. The chromatic dispersion and group velocity dispersion (GVD) curves of the x- and y-polarization modes for the proposed PCF are illustrated in Fig.6. It can be seen from Fig.6(a) that the chromatic dispersion increases first and then decreases. The chromatic dispersion of the x-polarization mode is higher than that of the y-polarization mode in the 3μm-5μm range. The dispersions are all positive in the calculated band. Meanwhile, the dispersion values of the y-polarization mode have a higher fluctuation than those of the x-polarization mode in the band under discussed. Moreover, there is no zero dispersion wavelength appearing for both the x and y polarization fundamental modes in the 3μm-5μm mid-IR region. In contrast, the corresponding GVD is inversely proportional to the chromatic dispersion. It decreases first and then increases. And it is all abnormal dispersion in the 3μm-5μm range. This is very useful for achieving high-energy fiber ring lasers and wavelength-tunable fiber lasers [47-48]. Therefore, for this set of optimized parameters, not only is the high birefringence achieved, but also an all-abnormal dispersion is obtained. 
[image: image57.emf]3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5

40

60

80

100

120

140

160

Wavelength(



m)

Dispersion (ps/nm-km)

 

 

X-polarization

Y-polarization

(a)

[image: image58.emf]3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

x 10

-9

Wavelength(



m)

Group Velocity Dispersion(ps

2

/km)

 

 

X-polarization

Y-polarization

(b)


Fig.6 (a) Dispersion and (b) GVD as a function of wavelength when Λ=2.0μm, D=1.932μm, H=0.8μm,
and d=0.8μm.
4.4 Nonlinearity
The nonlinear coefficient is closely related to some nonlinear effects in PCFs, like four-wave mixing, cross phase modulation, solitons and supercontinuum generation. The nonlinear coefficient and effective mode area of the proposed PCF were calculated with the optimized PCF parameters as mentioned above. The results are illustrated in Fig.7(a) and Fig.7(b) as a function of wavelength for the x- and y-polarization modes, respectively. As depicted in Fig.7, with the increase of wavelength, the effective mode area increases while the nonlinear coefficient decreases. The reason is that the field gradually spreads from the core into the cladding region with the increase of wavelength. For the x-polarization, the proposed PCF provides the maximum nonlinear coefficient of 4375 w-1km-1 and effective mode area of 3.34μm2 at 3μm. For the y-polarization, the proposed PCF provides the maximum nonlinear coefficient of 3960 w-1km-1 and an effective mode area of 3.69μm2 at 3μm. The nonlinear coefficients obtained are superior to the previously reported results [49] in the same simulation waveband. For example, at an operating wavelength of 3.625μm, we obtained γx is 3342 w-1km-1 and γy is 2972 w-1km-1. In contrast, γx is only 1690 w-1km-1 and γy is 780 w-1km-1 in Ref. [49]. Admittedly, the PCF described here has a high nonlinear coefficient. Thus, it offers new possibilities in the field of all-optical signal processing since it enables the realization of compact nonlinear devices with relatively low power requirements. 
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Fig.7 The effective mode area and nonlinearity coefficient with wavelength for (a) x-polarization and (b) y-polarization when Λ=2.0μm, D=1.932μm, H=0.8μm, and d=0.8μm
4.5 Comparison with an elliptical-hole PCF
As mentioned above, the double-rhombic air hole unit can be effectively viewed as a single elliptical air hole. Therefore, it is worthwhile to investigate the difference of birefringence and confinement loss between the dual-rhombic air hole PCF and the equivalent elliptical air hole PCF. The air-filling fraction (f) and lattice constant (Λ) for the two PCFs were the same in our calculation. The results are illustrated in Fig.8. On the one hand, as depicted in Fig.8(a), the proposed double-rhombic air hole PCF and the elliptical air hole PCF have similar birefringence curves. The birefringence will increase with the increase of the wavelength. Nevertheless, the birefringence value of the dual-rhombic air hole PCF is evidently larger than that of the elliptical air hole PCF for the same wavelength. It is 0.011 and 0.041 at 3μm and 5μm for the dual-rhombic air hole PCF, respectively. In contrast, it is 0.003 and 0.015 at 3μm and 5μm for the elliptical air hole PCF, respectively. On the other hand, as depicted in Fig.8(b), the confinement loss of the double-rhombic air hole PCF and the elliptical air hole PCF are slightly different. The proposed PCF has an ultralow confinement loss of 0.0013dB/km in the x-polarization and 0.0342dB/km in the y-polarization. By contrast, the confinement loss of the elliptical air hole PCF is 0.0015dB/km in the x-polarization and 0.0754dB/km in the y-polarization, respectively. The inset of Fig.8(b) provides an enlarged view of the confinement loss for the x-polarization in the 4.4μm~5μm wavelength range. Thus, it is clear that the double-rhombic air hole PCF has a slightly higher birefringence and lower confinement than that of the elliptical air hole PCF. 
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Fig.8 (a) The birefringence dependence on wavelength for the double-rhombic air hole PCF and the elliptical air hole PCF, (b) the confinement loss dependence on wavelength for the double-rhombic air hole PCF and the elliptical air hole PCF under the same air-filling fraction f=0.5 when Λ=2.0μm, D=1.932μm, d=0.8μm, and H=0.8μm.
   Actually, from the viewpoint of fiber fabrication, the proposed PCF structure is slightly complex. It is difficult to manufacture especially when using the traditional capillary-stacking/drawing method [50], extrusion method[51], or mechanical drilling method[52]. On the contrary, the sol-gel method is a relatively new and more promising approach because of its flexible design freedom and high dimensional precision[53]. As a casting method with a predesigned mold, this technique can be used to fabricate a PCF of any structure. The hole size, shape and pitch of the PCF may all be adjusted flexibly and independently using this method. Then, we can easily change the circular hole elements into any other shapes. Recently, PCFs with rhombic-hole [22], rectangular-hole [21] and nano-scale slot core [54] have been proposed by other researchers. A chalcogenide As20Sb15Se65 based PCF with a suspended-core has also been reported [44]. Therefore, it is feasible to develop and fabricate the PCFs theoretically predesigned in this work. 

5. Conclusion
In this work, a novel highly birefringent chalcogenide Ge20Sb15Se65 based PCF in the mid-IR 3μm- -to-5μm wavelength range was designed. The effective refractive index, birefringence, confinement loss, beat length, chromatic dispersion, and nonlinear coefficient of the proposed PCF were all investigated using the FDTD method combined with the PML boundary condition. The results show that for the optimized structural parameters of Λ=2.0μm, D=1.932μm, d=0.8μm, and H=0.8μm, an ultrahigh birefringence of 0.041, a very low confinement loss of 0.0013dB/km (for x-polarization mode) and 0.0342dB/km (for y-polarization mode), and the maximum nonlinearity coefficient of 4375 w-1km-1 (for x-polarization mode) and 3960 w-1km-1 (for y-polarization mode) were achieved, respectively. Moreover, we also compared the dual-rhombic air hole PCF and the equivalent elliptical air hole PCF for the same air-hole filling fraction in the 3μm-5μm wavelength range, and found out that the dual-rhombic air hole PCF provides a higher value for birefringence and lower value for confinement loss than an equivalent elliptical air hole PCF. The proposed PCF exhibits excellent performance in its high birefringence, ultralow confinement losses, large nonlinear coefficient and all positive chromatic dispersion. It has strong potential for applications in mid-IR fiber sensor/spectroscopy systems, nonlinear optical signal processing and so on.
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