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ABSTRACT In this paper, a V-shape photonic crystal fiber (PCF) polarization filter based on surface plasmon 

resonance (SPR) effect is proposed. With the full vector finite element method, the V-shape photonic crystal fiber 

polarization filter is designed, and the coupling characteristics between the core mode and surface plasmon 

polariton mode are analyzed. The simulation results show that the fiber parameters have significant effects on the 

shift and strength of the SPR wavelength. Moreover, the losses of the core modes along the Y and X polarization 

directions are 68904 dB/m and 858 dB/m at the SPR wavelength of 1550 nm, respectively. Finally, the extinction 

ratio and error-tolerant rate of extinction ratio are also analyzed. The proposed V-shape PCF polarization filter can 

achieve good filtering effect in the communication band and is easy to integrate with existing optical fiber 

communication and sensing systems. 
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1. Introduction 

Since the surface plasmon resonance (SPR) effect and photonic crystal fiber (PCF) are 
respectively proposed[1-3], the SPR effect combined with PCF has attracted great research 
interests[4-6]. In 2007, Zhang et al. successfully fabricated the PCF with silver-coated air holes by 
chemical vapor deposition and analyzed the polarization characteristics of the PCF[7]. In 2008, 
Schmidt et al. reported that high-quality nanowire can be fabricated by inserting the molten metal 
rod to hollow channel of the PCF[8]. In the same year, Lee et al. introduced the gold nanowire into 
a birefringent PCF, which results in strong polarization-dependent transmission[9]. Such a fiber can 
be used as novel correlated filtering and polarization devices[10-12]. 

The fiber filter plays an important role in laser and optical communication systems Many 
researchers have designed a variety of polarization filters based on the mode coupling between the 
surface plasmon polariton (SPP) mode and guide-mode of the PCF. In 2013, Xue et al. designed a 
PCF filter with gold-coated air holes, where the propagation loss along the Y polarization 
direction was 508 dB/cm at 1310 nm[13]. In 2015, Jiang et al. designed a liquid core PCF filter 
with gold-coated air holes, where the propagation losses along the Y and X polarization directions 
were 536 dB/cm and 5.29 dB/cm at 1550 nm, respectively[14]. In 2018, Yang et al. designed a 
polarization filter of high-birefringence PCF selectively coated with silver layers[15]. In 2018, 



Zhou et al. designed a novel offset core photonic crystal fiber filter based on surface plasmon 
resonance, where the loss along the Y polarization direction was 657 dB/cm at 1550 nm[16]. 
However, it is difficult to fabricate such a PCF filter due to the liquid-filled air hole and 
super-large air holes in the cladding region. In addition, the D-shape PCF filter is difficult to 
couple with other optoelectronic devices, which greatly limits its practicality. 

In this paper, a V-shape PCF polarization filter based on the SPR effect is proposed. The mode 
coupling characteristics between the core mode and SPP mode are investigated. By optimizing the 
structure parameters, a polarization filter with a filter bandwidth of 130 nm across the C-band is 
obtained. The extinction ratio and error-tolerant rate of extinction ratio are also analyzed. 

2. Design of the V-shape PCF Polarization Filter 

The V-shape PCF polarization filter structure designed is shown in Fig. 1. The background 
material of the PCF is pure silica. The air holes are arranged in a V-shape. The hole-hole pitch is Λ, 
and the air hole diameters are d1 and d2, respectively. In the X direction, two large air holes with 
diameter d3 are introduced to induce the birefringence. A gold film with a thickness of t was 
coated on the inner side of the air hole in the Y direction to excite the SPP mode. 

  

Fig. 1 Cross-section of the designed V-shape PCF polarization filter. 

The full-vector finite element method is used to investigate the mode characteristics and 
calculate the effective refractive indices of the core mode and SPP mode of the PCF. The material 
dispersion of silica can be calculated by Sellmeier equation[17]. The relative dielectric constant of 
gold can be described by the Drude-Lorentz model[18] 
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where ε∞=5.9673 is the high frequency dielectric constant, Δε=1.09 is the weighted coefficient, ω 
is the angle frequency of the guided-wave, ωD and γD are the plasma and damping frequency, and 
ΩL and ΓL represent the frequency and frequency bandwidth of Lorentz oscillator. Here, 
ωD/2π=2113.6 THz，γD/2π=15.92 THz，ΩL/2π=650.07 THz，and ΓL/2π=104.86 THz. 

In the calculation, a perfectly matching layer is introduced to absorb the radiation energy 
incident from different angles [19-21]. By dividing the solution domain into several triangular grids, 
the effective refractive index of the mode can be calculated. By using the imaginary parts of the 
effective refractive indices of the core and SPP modes, their confinement losses (LC) can be 



described as following[22] 
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3. Simulation Results and Discussion 

  

  
Fig. 2 (a) Effective refractive index real part Re(neff) and (b) confinement loss of the core mode and the 

second-order SPP mode along the X-polarization direction as functions of wavelength, and (c) Re(neff) and (d) 

confinement loss of the core mode and the second-order SPP mode along the Y-polarization direction as functions 

of wavelength. The insets of (a) and (c) show the mode field distributions of the core mode and second-order SPP 

mode at different wavelengths. 

When the initial structure parameters are set as Λ=2.2 μm, d1=0.9 μm, d2=1.2 μm, d3=2.5 μm, 
and t=50 nm, Re(neff) of the core mode (fundamental mode) and second-order SPP mode along the 
X-polarization direction as functions of wavelength are shown in Fig. 2(a). The insets of Fig. 2(a) 
show the mode field distributions of the core mode and second-order SPP mode at different 
wavelengths. From Fig. 2(a) and the insets, Re(neff) of the second-order SPP mode is larger at the 
shorter wavelength, and most of energy of the core mode and second-order SPP mode is bound to 
the core and surface of the gold film. At the longer wavelength, energy distributions of the core 
mode and second-order SPP mode are the same as those at the shorter wavelength, but Re(neff) of 
the core mode is larger than that of the second-order SPP mode. Re(neff) of the two modes has an 
intersection at wavelength 1573 nm, where is called as the resonant wavelength. At the resonant 
wavelength, energies of the core mode and second-order SPP mode mainly remain in the regions 
of the core and gold film surface, respectively. The weak energy transduction between the core 
mode and second-order SPP mode occurs, forming an incompletely coupled supermode. Fig. 2(b) 
shows the confinement loss curves of the core mode and second-order SPP mode. According to 
the coupled-mode theory [23], the confinement losses of the two modes are not equal, and there 



are maximum and minimum at the resonant wavelength, respectively. Fig. 2(c) shows Re(neff) of 
the core mode and second-order SPP mode along the Y-polarization direction as functions of 
wavelength. Re(neff) of the two modes has an inverse intersection at resonant wavelength 1489 nm. 
The insets of Fig. 2(c) show the mode field distributions of the two modes at different 
wavelengths. From Fig. 2(c) and the insets, energy of the second-order SPP mode is mainly 
distributed on the gold film surface at the shorter wavelength. With the increase of wavelength, 
energy of the second-order SPP mode is gradually coupled from the gold film surface to the core 
region, and energy of the core mode is gradually coupled from the core region to the gold film 
surface. The energies of the core mode and second-order SPP mode occur to strong exchange at 
the resonant wavelength, forming a completely coupled supermode. At the resonant wavelength, 
energy of the core mode is the same as that of the second-order SPP mode. The confinement loss 
curves of the core mode and second-order SPP mode are shown in Fig. 2(d). Based on the 
coupled-mode theory, the confinement losses of the two modes are equal at the resonant 
wavelength. 

The confinement losses of the core mode along the X-polarization and Y-polarization 
directions as functions of wavelength are shown in Fig. 3. From Fig. 3, the confinement losses 
increase first and then decrease with the increase of wavelength. The resonance wavelength of the 
core mode along the X-polarization direction is located at 1573 nm, where the maximum loss is 
20250 dB/m. The resonance wavelength of the core mode along the Y-polarization direction is 
located at 1489 nm, where the maximum loss is 47189 dB/m. In contrast, the confinement loss of 
the core mode along the X- polarization direction is 1991 dB/m at 1489 nm. By comparison, at the 
resonance wavelength of 1489 nm, the confinement loss of the Y- polarization core mode is much 
higher than that of the X-polarization core mode. When the optical wave at wavelength 1489 nm 
is propagated, the Y-polarization core mode will decay rapidly and only the X-polarization core 
mode is remained. Thus, the filtering effect is achieved. In the following, we will focus on 
investigating the influences of the PCF structure parameters on the filtering effect. 

 
Fig. 3 Confinement losses of the X-polarization and Y-polarization core modes as functions of wavelength. 

Figs. 4(a) and 4(b) show the confinement losses of the X-polarization and Y-polarization core 
modes of the V-shape PCF polarization filter with different t, respectively. With the increase of t, 
Re(neff) of the second-order SPP mode decreases, and Re(neff) of the core mode remains 
unchanged. From Fig. 4(a), the two modes along the X-polarization direction change from the 
incomplete to complete coupling, the resonance wavelength of the X-polarization core mode 
occurs to blue-shift, and the peak loss decreases first and then increases. From Fig. 4(b), the two 
modes along the Y-polarization direction achieve the complete coupling, the resonance 



wavelength of the Y-polarization core mode occur to blue-shift, and the peak loss increases first 
and then decreases. 

  
Fig. 4 The confinement losses of (a) X-polarization and (b) Y-polarization core modes for different t. 

  
Fig. 5 The confinement losses of (a) X-polarization and (b) Y-polarization core modes for different d1. 

Figs. 5(a) and 5(b) show the confinement losses of the X-polarization and Y-polarization core 
modes of the V-shape PCF polarization filter with different d1, respectively. With the increase of 
d1, Re(neff) of the core mode and second-order SPP mode are almost unchanged. From Fig. 5(a), 
the two modes along the X-polarization direction change from the complete to incomplete 
coupling, the resonance wavelength of the X-polarization core mode slightly red-shifts first and 
then slightly blue-shifts and the peak loss decreases. The two modes along the Y-polarization 
direction remain the complete coupling, and the resonance wavelength and the peak loss remain 
almost unchanged. 

  
Fig. 6 The confinement losses of (a) X-polarization and (b) Y-polarization core mode for different d2. 

Figs. 6(a) and 6(b) show the confinement losses of the X-polarization and Y-polarization core 



modes of the V-shape PCF polarization filter with different d2, respectively. With the increase of 
d2, Re(neff) of the core mode decreases, and Re(neff) of the second-order SPP mode increases. 
From Figs. 6(a) and 6(b), Both the two modes along the X-polarization and Y-polarization 
directions change from the complete to incomplete coupling, and the resonance wavelengths of 
the X-polarization and Y-polarization core modes occur to red-shift. The peak loss of 
X-polarization core mode continuously decreases, but the peak loss of Y-polarization core mode 
increases first and then decreases. 

Figs. 7(a) and 7(b) show the confinement losses of the X-polarization and Y-polarization core 
modes of the V-shape PCF polarization filter with different d3, respectively. With the increase of 
d3, Re(neff) of the core mode decreases, and Re(neff) of the second-order SPP mode remains almost 
unchanged. The two modes along the X-polarization direction change from the incomplete to 
complete coupling. On the contrary, the two modes along the Y-polarization direction change from 
the complete to incomplete coupling. The resonant wavelengths of the X-polarization and 
Y-polarization core modes occur to red-shift, but the peak loss of the X-polarization core mode 
continuously increases, while the peak loss of the Y-polarization core mode increases first and 
then decreases. 

  
Fig. 7 The confinement losses of (a) X-polarization and (b) Y-polarization core mode for different d3. 

 
Fig. 8 The confinement losses of the X-polarization and Y-polarization core modes as functions of wavelength. 

Based on the above results and coupled-mode theory, the confinement loss increases first and 
then decreases when the polarization modes change from the incomplete to complete coupling. 
For this case, there is a critical value for the maximum confinement loss. Moreover, the resonance 
wavelength and peak loss are affected by the PCF structure parameters. Thus, the optimized 
structure parameters obtained are as following: Λ=2.1 μm, d1=0.95 μm, d2=1.3 μm, d3=2.53 μm, 
and t=52.6 nm. At this time, the relationships between the confinement losses of the 



X-polarization and Y-polarization core modes and wavelength are shown in Fig. 8. The maximum 
of the X-polarization core mode at resonance wavelength 1680 nm is 12215 dB/m. The maximum 
of the Y-polarization core mode at resonance wavelength 1550 nm can be up to 68904 dB/m, but 
the confinement loss of the X-polarization core mode is as low as 858 dB/m. Therefore, when 
optical wave centered at 1550 nm are propagated inside the PCF, good filtering effect can be 
achieved. 

The extinction ratio is an important parameter for evaluating the performance of the 
polarization filter. The wavelength range corresponding to extinction ratio below -20 dB is defined 
as the bandwidth of the polarization filter. Extinction ratio can be calculated by the equation[24] 
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where Pout (x) and Pout (y) represent the output powers from the X-polarization and Y-polarization 
directions, respectively.  

 
Fig. 9 The extinction ratio as a function of wavelength for different PCF length L. 

Table 1 Comparison with the reported PCF polarization filters. 

Ref. 
Resonance  

wavelength  

The value of the 

loss peak 

Bandwidth of ER 

below -20 dB 

The way to  

achieve SPP 

Optical Fiber 

Structure 

[13] 1311 nm 50800 dB/m Not mentioned 
gold-coated 

liquid-filled 
hexagonl attice 

[14] 1550 nm 53600 dB/m Not mentioned 
gold-coated 

liquid-filled 
hexagon lattice 

[15] 1310 nm 50000 dB/m Not mentioned gold-silver hexagon lattice 

[16] 1550 nm 65700 dB/m 100 nm gold-coated hexagon lattice 

[22] 1550 nm 43365 dB/m 150 nm gold-coated rectangular lattice 

This work 1550 nm 68904 dB/m 138 nm gold-coated V-shape 

The relationships between the extinction ratio and wavelength under different PCF length L are 
shown in Fig. 9. From Fig. 9, the extinction ratio is decreased as L is increased. When L is chosen 
as 4 mm, the minimum extinction ratio is -272 dB, and wavelength range corresponding to 
extinction ratio below -20 dB is from 1478 to 1616 nm, which covers the entire C wave-band and 
part of S+L wave-band. When L is 6 mm, the maximum extinction ratio reaches -408 dB, and 
wavelength range corresponding to extinction ratio below -20 dB is from 1459 to 1624 nm, which 
covers the entire S+C+L wave-band. Thus the bandwidth of the polarization filter is inversely 



proportional to L.  
 In Table 1, the proposed polarization filter is compared with the reported results. By 

comparison, the peak loss of the proposed polarization filter is highest. Although the bandwidth is 
slightly smaller than that reported in Ref. [22], it is much easier to fabricate the proposed PCF 
compared to the PCF with a rectangular lattice. 

4. Error-Tolerant Rate Analysis 

 
Fig. 10. The extinction ratio when structure parameters (a) t , d1 and (b) d2 , d3 have deviations of ±1%. 

Table 2 The influences of structure parameters on the performances of the V-shape PCF polarization filter (t , d1, 

d2 , and d3 have deviations of ±1%, L=4 mm) 

Parameter 

change 

Resonant 

wavelength 
Y-pol LC X-pol LC 

Y-pol/X-pol 

LC 
Min ER 

Bandwidth of ER 

below -20 dB 

unchange 1550 nm 68904 dB/m 858 dB/m 80 times -272 dB 138 nm 

t change +1% 1547 nm 67319 dB/m 852 dB/m 79 times -266 dB 136 nm 

t change -1% 1554 nm 70650 dB/m 874 dB/m 81 times -279 dB 139 nm 

d1 change +1% 1550 nm 69075 dB/m 853 dB/m 81 times -273 dB 138 nm 

d1 change -1% 1550 nm 68852 dB/m 860 dB/m 80 times -272 dB 138 nm 

d2 change +1% 1554nm 77711 dB/m 808 dB/m 96 times -308 dB 136 nm 

d2 change -1% 1547 nm 59915 dB/m  926 dB/m 65 times -236 dB 139 nm 

d3 change +1% 1560 nm 57769 dB/m 833 dB/m 70 times -228 dB 145 nm 

d3 change -1% 1541 nm 78705 dB/m 883 dB/m 89 times -311 dB  130 nm 

The designed V-shape PCF polarization filter can be fabricated by the improved stack and 
draw method[25,26]. First, the high purity silica rod and tube are drawn into some rods and 
capillaries respectively. Second, the preform is fabricated according to the designed V-shape PCF 
structure. Third, the preform is drawn into the PCF. Finally, the gold coating process can be 
completed by high pressure chemical vapor deposition, magnetron sputtering, or supersonic laser 
deposition. 

Because the slight structure deformation may occur during the fabrication, the variations of 
extinction ratio are shown in Figs. 10(a) and 10(b) when structure parameters including t, d1, d2, 



and d3 have deviations of ±1%. From the Table 2, the minimum bandwidth of extinction ratio 
below - 20 dB is 130 nm, and good filtering effect can be still achieved, indicating that the 
designed V-shape PCF polarization filter has excellent error-tolerant rate.  

5. Conclusion 

In summary, a V-shape PCF polarization filter which operates at 1550 nm is proposed. The 
complete coupling between the core mode and second-order SPP mode along the Y-polarization 
direction leads to strong resonance peak. The strongest resonance strength of the Y-polarization 
core mode can reach 68904 dB/m at the resonance wavelength 1550 nm, where the confinement 
loss of the X-polarization core mode is as low as 858 dB/m. When the PCF length used is 4 mm, 
the minimum extinction ratio reaches -272 dB and the bandwidth of extinction ratio below -20 dB 
is 138 nm, covering the entire C wave-band and part of S+L wave-band. Because the designed 
V-shape PCF polarization filter has the advantages, including short fiber length, high extinction 
ratio, wide filter bandwidth, and good error-tolerant rate, it can find important applications in 
optical communication and sensing systems. 
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