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Abstract:



We propose a tunable magnetic fluid-filled hybrid photonic crystal fiber mode converter. Innovative design principles based on the hybrid connected dual-core photonic crystal fiber and magnetically modulated optical properties of magnetic fluid are developed and numerically verified. The mode converter was designed to convert LP11 in the index-guiding core to the LP01 mode in the photonic bandgap-guiding core. By introducing the magnetic fluid into the air-hole located at the center of the photonic bandgap-guiding core, the mode converter can realize a high coupling efficiency and an ultra-wide bandwidth. The coupling efficiency can reach up to 99.9%. At a fixed fiber length, by adjusting the strength of the magnetic field, the coupling efficiency can reach up to 90% and 95% at wavelengths in the ranges of 1.33 µm–1.85 µm and 1.38 µm–1.75 µm, with bandwidth values reaching 0.52 µm and 0.37 µm, respectively. Moreover, it has a good manufacturing flexibility. The mode converter can be used to implement wideband mode-division multiplexing of few-mode optical fiber for high-capacity telecommunications.
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1. Introduction


Since photonic crystal fiber (PCF) shows excellent optical properties, such as controllable birefringence, flexible dispersion, etc. [1,2,3], they have been receiving growing scientific and industrial interest [4,5,6]. Mounts for structures based on PCF have been designed, including index-guided PCFs [7], photonic bandgap fibers [8], hybrid PCFs [9], etc. Meanwhile, the multi-core PCF has also been extensively researched [10,11]. Multi-core PCF has excellent properties with regard to the coupling characteristics of the splitter, coupler and mode converter [12,13,14,15].



The mode converter is an important element in the mode-division multiplexing system [16,17,18]. Mode converters that convert several separate channels into the mode of few-mode fibers are essential components [19,20,21]. Bandwidth, dependent loss, and extinction ratio are important properties for mode-division systems. Integrated mode couplers based on silicon-on-insulator technology are suitable for high-performance mode converters [22,23]. Meanwhile, the PCF mode converter is also a promising solution for realizing a wide bandwidth, low dependent loss, and high extinction ratio. In other words, it is a promising candidate for a high-performance mode converter. Lai et al. constructed a PCF mode converter based on air-hole collapse [24]. Sun et al. have theoretically investigated the general principles of the PCF mode converter based on air-hole collapse [25]. Cai et al. proposed the tapered PCF and hybrid dual-core PCF mode converter to realize broadband and low-loss devices [26,27]. However, these mode converters still show relatively narrow bandwidth. Meanwhile, a tunable PCF mode converter has hardly been analyzed.



Magnetic fluid (MF) provides a viable solution for a tunable PCF mode converter. MF is a kind of magneto optical material that exhibits both fluidity, like liquid material, and magnetism, like solid material [28]. The control mechanisms of MF in manipulating these optical properties have been studied by some institutions [29,30]. Based on the properties of MF, researches have been demonstrated their usefulness for magnetic field sensing, splitters, couplers, etc. [31,32,33]. However, the number of studies concerning mode converters based on MF has been relatively small.



In this paper, we propose a tunable MF-filled hybrid PCF mode converter. The bandwidth and the optimum operating wavelength are tunable by adjusting the strength of the magnetic field. The mode converter was designed to convert LP11 to the LP01 mode. The calculation is based on a finite difference beam propagation method (BPM), and a numerical calculation is carried out on this mode converter to determine the parameters that affect the mode conversion. The performance of such a mode converter is expected to be insensitive to parameters. Moreover, PCF postprocessing technique has been given considerable attention by the research workers in the past. Therefore, it is relatively easy to manipulate, and has been used to fabricate such a mode converter.




2. Structure of Magnetic Fluid-Filled Hybrid Photonic Crystal Fiber


As shown in Figure 1, the MF-filled hybrid PCF has the following variable parameters: [image: ], D1 = 5.4 µm, D2 = 3 µm, and D3 = 1.5 µm, where [image: ] is the air-hole pitch, D1, D2, and D3 are the normal, compressed, and filled air-hole diameters, respectively. Background silica index is assumed to be 1.45. The red circle hole located at the center of core B, is filled with MF. In contrast to traditional PCF, the structure has a connected dual core (A and B), and shares properties of both the photonic bandgap (PBG)-guiding and the index-guiding mechanisms. The operation of the proposed hybrid PCF mode converter is based on power transfer between the PBG-guiding core (core B) and the index-guiding core (core A) mode. The gradual crossover of propagation constants between the two modes leads to the power transfer. The hybrid PCF mode converter is employed to support a fundamental mode LP01 and a second-order mode LP11. A LP11 mode is ported into the core A of the MF-filled hybrid PCF at the input side by offset splicing with a piece of multimode fiber. At the output side, a standard SMF is spliced to the hybrid PCF for exciting the LP01 mode purely in core B.


Figure 1. (a) Schematic of magnetic fluid-filled hybrid PCF; (b) Cross section of the proposed PCF.



[image: Crystals 08 00095 g001]






The refractive index of MF can be changed with an applied external magnetic field. When the magnetic field strength exceeds a critical value, the refractive index increases with the rising magnetic field strength, reaching a saturated value under a higher strength. The variation in refractive index of MF with the field strength H and the temperature T is attributed to the column formation, the trend of the refractive index of MF should be similar to Langevin function. The refractive index of MF is described in detail [28,31]:


[image: ]



(1)




where no (=1.4620 here) is the refractive index of MF under magnetic field lower than Hc,n (critical field strength). ns (=1.4704 here) is the saturated value of the refractive index of MF. [image: ] is the fitting parameter, H is the field strength in Oe, and T is the temperature in Kelvin. In this paper, the temperature is set to be 24.3 °C = 397.45 °K, Hc,n is 30 Oe, and [image: ] is 3.01. At 24.3 °C, the refractive index of MF as a function of the magnetic field strength is shown in Figure 2.


Figure 2. Refractive index of MF as a function of the magnetic field strength.
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3. Numerical Analysis and Simulated Results


In the calculation, the temperature is 24.3 °C, H = 73 Oe, and the refractive index of MF RIMF = 1.4632. Combined with the BPM, when a LP11 mode is ported into core A, Figure 3 shows the coupling efficiency of the MF-filled hybrid PCF at the fixed fiber length Z = 835 µm, and the effective refractive index of the LP11 mode in core A and the LP01 mode in core B. From the figure, we can see that when the wavelength λ = 1.55 µm, the coupling efficiency is maximized, and the optical power is coupled with core B. Core A is treated as an independent waveguide, which is affected by the perturbation of light waves traveling in core B. When the effective refractive indexes of the LP11 mode and the LP01 mode in the individual cores are equal, the phase matching condition is satisfied, which enables the coupling between core A and core B. From the figure, we can see that the phase matching wavelength is at approximately 1.532 µm. There is a small difference between 1.532 µm and 1.55 µm, because the refractive indexes are obtained in single-core situation without considering the impact of a connected dual core. In addition, the hybrid PCF mode converter exhibits an ultra-wide bandwidth. The coupling efficiency can reach up to 90% and 95% at wavelength ranges of 1.378 µm–1.736 µm and 1.423 µm–1.678 µm, where the maximum bandwidth value can reach 0.358 µm and 0.255 µm, respectively. The wide bandwidth mode conversion is due to the small differences in the propagation constants of the two modes in the long-wavelength range. When λ = 1.4 µm and λ = 1.7 µm, the effective refractive index differences between the LP11 mode and the LP01 mode are only 2.63 × 10−4 and 3.76 × 10−4, respectively.


Figure 3. Coupling efficiency of the MF-filled hybrid PCF, and effective refractive index of the LP11 mode in core A and the LP01 mode in core B.
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To further analyze the coupling characteristics, the calculated mode field distribution of the mode converter is discussed. Figure 4 shows the process of mode conversion between the LP11 and LP01 mode along the propagation direction at the coupling length Z = Lc, the operating wavelength is 1.55 µm. From Figure 4, we can see that the input light of LP11 mode is almost completely coupled into LP01 mode, and the coupling efficiency can reach up to 99.9% at Z = Lc/2 = 853 µm. The calculated mode field distribution of the mode converter is also shown for different wavelengths. Figure 5 shows that the mode field distributions at the fixed fiber length is 835 µm for different wavelengths. From the figure, we can see that the coupling efficiency of mode convertercan reach up to 76.7%, 90.6%, 90.3%, and 82.7% at λ = 1.3 µm, λ = 1.38 µm, λ = 1.73 µm, and λ = 1.8 µm, respectively.


Figure 4. Power transfer from the index-guiding to the PGB core at propagating distance (a) Z = 0; (b) Z = Lc/4; (c) Z = Lc/2; (d) Z = 3Lc/4; and (e) Z = Lc. The coupling length is Lc = 1670 µm, the operating wavelength is 1.55 µm.
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Figure 5. Mode field distribution of the mode converter at (a) λ = 1.3 µm; (b) λ = 1.38 µm; (c) λ = 1.73 µm; and (d) λ = 1.8 µm.
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From Equation (1), we know that the refractive index of MF varies with magnetic field strength. The coupling characteristics can be controlled by changing the magnetic field strength. We can further increase the bandwidth and change the optimum operating wavelength of the mode converter. Figure 6a shows the coupling efficiency of the mode conversion for different refractive indexes of MF at Z = 835 µm. From the figure, we can see that the coupling efficiency can reach up to 90% in the wavelength range of 1.33 µm–1.85 µm, and the maximum bandwidth value can reach 0.52 µm. Moreover, the coupling efficiency can reach up to 95% in the wavelength range of 1.38 µm–1.75 µm, the maximum bandwidth value can reach 0.37 µm. By changing the magnetic field strength, the bandwidth is further increased. The comparison among the properties of the tunable MF-filled hybrid PCF mode converter with existing structures in the literature is shown in Table 1. The performance comparison has taken into account structure type, coupling efficiency at 1.55 µm, and bandwidth range. As is clearly evident from the table, the proposed mode converter shows better performance in terms of high coupling efficiency and wide bandwidth.


Figure 6. (a) Coupling efficiency of the MF-filled hybrid PCF for different refractive index of MF at the fixed fiber length Z = 835 µm; (b) Effective refractive index of the LP11 mode in core A and the LP01 mode in core B at different refractive indexes of MF.
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Table 1. Comparison among the properties of the proposed fiber with previously reported mode converter.







	
References

	
Structure Type

	
Coupling Efficiency

	
Bandwidth Range






	
[20]

	
Multi-plane

	
94%

	
1530 nm–1565 nm




	
[23]

	
SOI-based rib waveguide

	
97.5%

	
1500 nm–1600 nm




	
[26]

	
Dual-core PCF

	
95%

	
1460 nm–1625 nm




	
[34]

	
Tapered Mode

	
99%

	
1527 nm–1620 nm




	
[35]

	
Polymer Waveguide Grating

	
99%

	
1530 nm–1625 nm




	
This work

	
MF-filled hybrid PCF

	
99.9%

	
1380 nm–1750 nm










Meanwhile, with the increase of the refractive index of MF, the optimum operating wavelength shifts to a longer wavelength. To further numerically analyze the coupling performance, Figure 6b shows the effective refractive index of the LP11 mode in core A and the LP01 mode in core B at different refractive index of MF. At the wavelengths corresponding to the intersection points, the LP11 mode and the LP01 mode have the same mode refractive index. The intersection points suggest the wavelengths where the LP11 mode is coupled into LP01 mode. The figure shows a qualitative understanding of our structure. From the figure, we can see that with the increase of the refractive index of the MF, the phase matching wavelength shifts from 1.458 µm to 1.816 µm. This result could indicate that when the refractive index of MF increases, the effective refractive index curve of the LP11 mode does not change, but the effective refractive index curve of the LP01 mode shifts up due to the increase of the refractive index of MF. Furthermore, the ultra-wide bandwidth mode conversion is due to the small differences of the propagation constants of the two modes in the long-wavelength range. We can further decrease the effective refractive index difference by changing the refractive index of MF, and that which results in the increase of coupling strength. For example, when the operating wavelength is [image: ], the effective refractive index difference between the LP11 mode and the LP01 mode is 3.64 × 10−4 at RIMF = 1.462, and further increase the coupling efficiency at λ = 1.3 µm. Figure 7 shows the mode field distribution of the mode converter at Z = 835 µm for different magnetic field strength. From the figure, we can see that the coupling efficiency is up to 86.9%, 95.8%, 96.2%, and 92.9% at λ = 1.3 µm, λ = 1.38 µm, λ = 1.73 µm, and λ = 1.8 µm, respectively. Compared with the Figure 5, the coupling efficiency is significantly increased due to the change of magnetic field strength.


Figure 7. Mode field distribution of the mode converter at (a) λ = 1.3 µm, RIMF = 1.462 (H < 30); (b) λ = 1.38 µm, RIMF = 1.462 (H < 30); (c) λ = 1.73 µm, RIMF = 1.466 (H = 198); and (d) λ = 1.8 µm, RIMF = 1.4672 (H = 282).
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The air-hole diameter D3 is the crucial parameter, and it affects the coupling characteristics. Figure 8 shows the effect of the D3 on coupling characteristics. From the Figure 8a, we can find that the coupling strength first increases and then rapidly decreases with the increase of D3, for the reason that, with the increase of D3, the effective refractive index curve of core B is characterized by its exponential shape, but the effective refractive index curve of core A only changes slightly. The difference in the propagation constants of the two cores first decreases and then rapidly increases, resulting in the rapid decrease of coupling strength at larger D3. Therefore, in order to achieve efficient mode conversion, a particular value of D3 is needed. Taking into account the actual fabrication process, the structural accuracy may be influenced by the nonuniformity of the device itself. To further analyze the geometrical errors, we define the power difference (PD) of core A and core B, PD as [32,36]:


[image: ]



(2)




where PcoreA and PcoreB are the output power of core A and core B, respectively. The fabrication flexibility is discussed as shown in Figure 9. When the operating wavelength is 1.55 µm, the PD can reach up to −35 dB and −40 dB for D2, with a structural deviation of [image: ], and the PD can also reach up to −33 dB and −50 dB for D3, with a structural deviation of [image: ], which indicates that LP11 mode can be completely coupled into LP01 mode, regardless of the structural inaccuracy. The mode conversion can operate well within an error of [image: ]. Meanwhile, structural inaccuracy does not cause a change in bandwidth.


Figure 8. (a) Coefficient efficiency of the MF-filled hybrid PCF for different D3 at λ = 1.55 µm; (b) Effective refractive index of the LP11 mode in core A and the LP01 mode in core B for different D3.
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Figure 9. PD versus the wavelength at various fabrication tolerances. (a) D2 with a fabrication tolerance of 0.5%; (b) D3 with a fabrication tolerance of 0.5%.
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All the above results are based on a fixed fiber length. By changing the fiber length, we can achieve a high coupling efficiency at a longer wavelength. Figure 10a shows the coupling efficiency for long wavelengths as a function of distance. From the figure, we can see that the coupling efficiency can be significantly increased by changing the fiber length. Because the coupling length is decreased with the increase of wavelength, the coupling length is inversely proportional to wavelength. The coupling efficiency can also reach up to 99.8%, 99.2%, and 97.7% at λ = 1.55 µm, λ = 2.0 µm, and λ = 2.1 µm, respectively. Although the fiber length affects the coupling efficiency, the mode conversion can also operate well within an error of 0.5%.The fabrication flexibility of fiber length is discussed as shown in Figure 10b. From the figure, we can see that when λ = 1.55 µm, and Z = 835 µm, the mode conversion shows good stability within an error of 0.5%.


Figure 10. (a) Coupling efficiency as a function of distance for different long wavelengths; (b) PD versus the wavelength at fiber length with a fabrication tolerance of 0.5%.
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In addition, the structural accuracy is also influenced by the environment. According to the results discussed above, we know that in order to achieve a higher coupling efficiency, a particular value of refractive index of the MF is needed. However, from Equation (1), we know that the refractive index of MF varies with temperature. The temperature can affect the coupling efficiency and bandwidth. In the temperature range of 0–55 °C, magnetic strength has a linear relation to the temperature [27,31]. Therefore, at different temperatures, higher coupling efficiency can be realized by adjusting the magnetic field strength. Based on the above, these error tolerances are experimentally feasible and realistic.




4. Conclusions


In conclusion, a MF-filled hybrid PCF mode converter has been presented. The design is based on a connected dual-core PCF, and shares properties of both the PBG-guiding and the index-guiding mechanisms. The PCF is filled with MF in the PBG-guiding core, whose refractive index varies with the magnetic field strength, and realizes a tunable mode converter. Study results demonstrate that the mode converter shows a high coupling efficiency and an ultra-wide bandwidth. Meanwhile, by changing the magnetic field strength, the bandwidth can be further increased, and the optimum operating wavelength can be changed. At a fixed fiber length, by adjusting the strength of magnetic field, the coupling efficiency can reach up to 90% and 95% at wavelength ranges of [image: ] and [image: ], while the bandwidth value can reach [image: ] and [image: ], respectively. Additionally, the designed MF-filled hybrid PCF mode converter has good manufacturing flexibility. Therefore, the mode converter works well with a fabrication tolerance of 0.5%. The mode converter can be used to implement wideband mode-division multiplexing of few-mode optical fiber for high capacity telecommunications.
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