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Abstract

:

A single-polarization solid-core anti-resonant fiber is proposed, and the influence of the fiber core material anisotropy of the solid-core anti-resonant fiber on polarization characteristics is investigated using the finite element method. Single-polarization guidance is achieved by using the anisotropy of optical fiber materials, which also ensures high birefringence. The numerical simulation results indicate that there are two single-polarization intervals (1210–1440 nm and 1490–1560 nm), with a maximum bandwidth of up to 230 nm, when the confinement loss difference between the two orthogonal polarizations exceeds two orders of magnitude. Specifically, when the work wavelength is 1550 nm, a polarization extinction ratio (PER) of 108 is obtained by optimizing the structure parameters. Additionally, the y-polarization fundamental mode (YPFM) can be well confined in the fiber center with a low confinement loss of 0.04 dB/m, while the x-polarization fundamental mode (XPFM) has a huge confinement loss larger than 4.65 dB/m due to the coupling with the tube mode. The proposed single-polarization solid-core anti-resonant fiber has a huge potential in applications such as laser systems, fiber-optic gyroscopes, and optical fiber communications.
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1. Introduction


In the past decade, single-polarization fibers (SPFs) with different geometric parameters based on the photonic band gap principle have been proven and reported [1,2]. However, photonic band gap fibers (PBGFs) achieve light confinement based on the photonic band gap effect of a strict periodic arrangement of the PBGF cladding tubes, which results in some disadvantages, such as complex structure, low design freedom, narrow bandwidth, and so on [3]. In recent years, hollow core anti-resonance fibers (HC-ARFs) have attracted increasing attention. The guidance mechanism of HC-ARFs is different from that of PBGFs. The key property of the HC-ARF is that it has both core modes and cladding modes. At a specific wavelength, the core modes become resonant (phase-matched) with the cladding modes, and leakage from the core is substantially increased. Thus, it is far away from the resonant wavelength, which allows air-core confinement, i.e., low-loss transmission [4,5,6,7]. Compared with PBGFs, HC-ARFs have the advantages of simple structure, strong design flexibility, wide bandwidth, and so on [8]. However, HC-ARFs are difficult to obtain with high birefringence due to the limitation of using air holes as hollow cores. Great efforts have been made to achieve a birefringent HC-ARF but only birefringence is achieved less than 10−4 so far [9]. In addition, the inflatable structure of the HC-ARF may seriously aggravate the instability and collapsibility of the structure [10].



In recent years, photonic crystal fibers (PCFs) have been widely used in the mid-infrared region due to their ultra-high nonlinearity [11,12,13]. Among them, SPFs have attracted extensive attention because of their excellent birefringence and the ability to transmit light in a specific polarization direction. The SPF can effectively eliminate the influence of inter-polarization mode coupling and polarization mode dispersion, which is crucial to improving the accuracy and polarization stability of the optical system. Therefore, they are widely used in laser systems [14], fiber-optic gyroscopes [15], communication [16], and other fields. Although some achievements have been made in the study of SPFs, there are still many key issues to be solved. For example, in many cases, a SPF propagates only in a very small wavelength range, such as 30 nm [17], and has a very low confinement extinction ratio [18].



At present, the design of single-polarization solid-core Bragg fibers has been reported and has obtained good results of up to 10−3 birefringence [19]. However, due to the limitations of its principle, the preparation of fiber may encounter great difficulties. Notably, a solid-core polarization-maintaining anti-resonant fiber was demonstrated successively, but the highest birefringence is only 10−5, which cannot meet the requirements of single-polarization transmission of light waves [20,21]. Theoretically, a high birefringence structure can be formed by stress induction [22] or geometric induction [23], but this structure will have great difficulties in manufacturing and processing, and the fiber may be deformed. If a simply, stable structure can be used to achieve high birefringence, the above problems can be effectively solved. Based on the second-order Maxwell-Garnett effective medium theory [24], birefringence can be obtained by placing subwavelength elements in the fiber core, which allows for the creation of an artificially anisotropic glass. As first demonstrated experimentally by Wang et al. [25,26], an anisotropic glass with birefringence up to 8.8 × 10−3 was obtained. Therefore, it provides an effective basis for realizing antiresonance SPF with anisotropic glass materials.



In this paper, a novel single-polarization solid-core anti-resonant fiber (SPSC-ARF) based on anisotropic solid-core materials is proposed. High birefringence up to 10−2 and ultrahigh single-polarization bandwidth up to 230 nm with a maximum PER of 722 are achieved for the proposed fiber. By optimizing the structure parameters, the polarization extinction ratio at 1550 nm is 108, and the y-polarization fundamental mode (YFM) loss is only 0.04 dB/m.




2. Fiber Structure and Performance


The cross-section of the proposed SPSC-ARF is shown in Figure 1a, and a typical six-ring negative curvature anti-resonant structure is adopted. One of the characteristics of this structure is that when the anti-resonant condition is met, the cladding tube, as the cladding, will also meet the anti-resonant condition [9]. D is the diameter of the core area, t is the wall thickness of the clad pipe, and d is the inner diameter of the clad pipe. In order to produce the anti-resonance effect, the refractive index n1 of the clad tube should be greater than that of the core area n2. In particular, the fiber core of the above optical fiber is composed of anisotropic glass materials and has an anisotropic refractive index with nx and ny direction components; n2 is the result of the interaction and coupling of nx and ny. The initial structural parameters D, t, and d are set at 30 μm, 1.07 μm and 24 μm, respectively. In order to ensure the accuracy of the simulation results, the finite element method is adopted for numerical simulation. A perfect matching layer (PML) with a thickness T of 5.16 μm is set outside the fiber region. The grid division adopts the method of subarea division. The maximum grid unit in the low refractive index region is set to λ/3, the maximum grid unit in the high refractive index region is set to λ/4, and the grid in the PML is set to refine. For anti-resonant fiber, the resonant wavelength can be obtained by,


   λ m  =   2 t    n 1 2  −  n 2 2     m  ,  



(1)




where n1 is the refractive index of the clad t ube, n2 is the refractive index of the core material, m is an arbitrary positive integer, and t is the wall thickness of the clad tube. The N-lasf9 glass material with n1 =1.81 can effectively reduce the loss [27]. The nx of n2 is taken as the refractive index of SiO2 is 1.45, and the higher refractive index of ny is 1.48. Using Equation (1), two resonant wavelengths of 1100 nm and 1160 nm are obtained, respectively, at n2 = 1.45 and n2 = 1.48 when m = 2. Figure 1b,c show the electric field distributions of the FM at the wavelengths of 1100 nm and 1160 nm. It can be seen that FM confinement loss is large at 1100 nm and 1160 nm, especially at 1160 nm, where FM diffuses to the whole optical fiber.



In order to realize a single-polarization waveguide, the ratio of y polarization state fundamental mode loss to x polarization state fundamental mode loss should be as large as possible. Generally speaking, if the PER is greater than 100, it can be considered to realize single-polarization transmission [18]. The confinement loss (CL) value can be calculated by,


  CL = 8.686 ×   2 π  λ  I m    n  e f f       ·   [ dB / m ] ,  



(2)




where λ is the operating wavelength Im(neff) is the imaginary part of the effective refractive index.



Figure 2a shows the confinement losses in the x-polarized and y-polarized FMs. Owing to the mode coupling, the FM loss of x-polarized light changes greatly with the wavelength but only fluctuates within the range of one order of magnitude. It can be seen that the FM loss of the two polarized states has a large difference at a wavelength of 1390 nm. Figure 2b,c show the electric field distribution of the x-polarized and the y-polarized FM at the wavelength of 1390 nm, with the direction of the electric field indicated by arrows. It can be seen that a small amount of energy from x-polarized FM diffuses into the cladding tube of the fiber, while the energy of y-polarized FM can effectively limit the core area.



As shown in Figure 3, it shows the birefringence and PER of the fiber. It can be seen that there are two single-polarization regions (PER values greater than 100 are marked in blue columns) between 1210 nm and 1440 nm and 1490 nm and 1560 nm, respectively. The PER fluctuates due to the FM fluctuation of the x polarization, but wide single-polarization bandwidths of 230 nm and 70 nm can still be obtained.




3. Fiber Properties


In this section, the properties of the proposed optical fiber with different structure parameters are discussed. Figure 4a presents the confinement loss of the FM in the y polarization direction for different ny. It can be seen that the confinement loss curve of the FM in the y polarization direction will move to the short wavelength direction when ny increases. Figure 4b shows the confinement loss of the FM in the x polarization direction for different ny. It can be seen that the confinement loss curve of the FM in the x polarization direction under different ny conditions will shake violently, and the smaller the ny, the greater the range of jitter. When ny increases, the confinement loss curve of the FM in the x polarization direction tends to move in the direction of increasing loss. It is worth noting that when ny increases from 1.45 to 1.46, the loss in the x-polarization direction increases rapidly by nearly two orders of magnitude, and then with the gradual increase of ny, the loss in the x-polarization direction gradually tends to be flat, so it is not advisable to blindly seek for greater anisotropy differences of glass materials. Considering the manufacturing process of the fiber-core glass material and the difficulty in manufacturing the target of the single-polarization region, ny is set to 1.48 in this paper.



Figure 5 presents the birefringence of the fiber under different ny. With the increase of ny, the birefringence increases gradually but within an order of magnitude. Therefore, the anisotropy of anisotropic glass materials can effectively improve birefringence. Figure 6 shows the PER of the fiber under different ny. It can be seen that with the increase of ny, the PER value first increases rapidly and then becomes slow. According to the principle of anti-resonant fiber, when the refractive index of the cladding differs greatly from that of the core, a larger anti-resonant wavelength can be obtained. However, due to the use of different core refractive indexes nx and ny, there are two different anti-resonant wavelengths. For anti-resonant fibers, the p-polarization wave exhibits much worse light confinement than the s-polarization (the p-polarization wave direction is perpendicular to the cladding ring wall). Implying that, in the case of a hybrid polarization wave, the p-polarization component will play the primary role in light leakage [4]. From the analysis of the y-polarization direction, the p-polarization direction is the same as the y-polarization direction, and the change in ny has a significant impact on the anti-resonant wavelength. Therefore, as ny increases, the constrained loss curve of FM in the y polarization direction will move towards the short wavelength direction, showing that the transmission window (PER curve) follows. From the perspective of the x-polarization direction, the p-polarization direction is the same as the x-polarization direction, but the nx remains unchanged, which has little impact on the transmission window. Finally, the result shows that the two antiresonant wavelengths are comprehensively coupled. From the above analysis, it can be inferred that increasing the ny value can effectively improve the performance of the fiber. The ideal effect can be achieved by selecting the appropriate ny according to the target of the single-polarization region.



Figure 7 presents the losses in the x-polarized and y-polarized FM at the wavelength of 1550 nm and the PER of the fiber. It can be seen that when t = 1.2 μm, the maximum value of PER is 308. This means that we can adjust the polarization region of interest by changing the thickness of the tube. Figure 8 shows the change curve of fiber PER with wavelength for different tube thicknesses. It can be seen from Figure 8 that with the increase in tube thickness, the PER curve moves in the long wavelength direction and the changing trend becomes flat. According to Equation (1), the resonance wavelength is increasing as t increases, and the anti-resonance wavelength is positively correlated with the resonance wavelength. Therefore, the window of the PER will move in the long wavelength direction. Theoretical analysis is consistent with simulation results. To obtain a large single-polarization region in the near-infrared region, the fiber thickness is designed at 1.07 μm.



Table 1 shows a summary of the birefringence, PER, bandwidth, and critical bond radius of different SPF designs and provides a direct performance comparison of the fibers. Compared with other designed fibers, the fibers have higher birefringence and higher bandwidth. It can be seen that although SC-PBGF can obtain large bandwidth and high birefringence, its PER is low and cannot meet practical requirements. Currently, SC-ARF has a low birefringence of only 10−5 orders of magnitude and is often used as a polarization-maintaining fiber. Note that although HC-ARF can achieve good birefringence and an extremely high PER, manufacturing issues such as bandwidth and air hole collapse cannot be ignored. The designed fiber cannot only obtain a large PER but also a nice bandwidth.




4. Discussions and Conclusions


In 2021, Damian Michalik et al. tested the development of quartz all glass fiber with high birefringence and large mode area (HB-LMA), and the results proved that anisotropic glass can be successfully used as the core of the fundamental mode polarization component of C-band large core fiber [28]. In 2022, Alicja et al. reported the development of a quartz glass single-mode polarization-maintaining fiber with birefringence induced by the artificial anisotropic glass in a round core, and its loss can reach 0.1 dB/m [29]. Based on the above work, it is possible to use the subwavelength glass layer interlaced by high and low refractive index and use CVD technology to form an anisotropic fiber core with glass materials with a low refractive index and glass with a high refractive index, which ensures the possibility for the fabrication of the proposed SPSC-ARF.



In conclusion, we propose a novel six-ring SPSC-ARF based on anisotropic solid core materials. Based on the anisotropy of the fiber glass core material, two single-polarization operating regions (1210–1440 nm and 1490–1560 nm) are obtained. SPSC-ARFs with different structural parameters have been investigated. The optimized simulation results show that the ultra-wide single-polarization operating bandwidth of 230 nm and the maximum PER of 722 can be achieved. The difference in confinement loss between two orthogonal polarizations exceeds two orders of magnitude, and FM loss in the y-polarization direction is as low as 0.04 dB/m. Furthermore, these studies indicate that solid-core anti-resonant fiber might show great promise for ultrafast photonic applications [30,31,32], fiber-optic gyroscopes, and optical fiber communications.
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Figure 1. (a) Cross-section of the proposed SPSC-ARF and the electric field distributions of the FM at the wavelengths of (b) 1100 nm and (c) 1160 nm. 
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Figure 2. (a) The losses in the x-polarized and y-polarized FM. The electric field distributions of the (b) x-polarized and (c) y-polarized FMs at the wavelength of 1390 nm. 
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Figure 3. Birefringence (black curve) and PER (red curve) of the fiber. 
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Figure 4. (a) The confinement losses in the y-polarized FM under different ny; (b) the confinement losses in the x-polarized FM under different ny. 
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Figure 5. The birefringence of the fiber under different ny. 
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Figure 6. The PER of the fiber under different ny. 
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Figure 7. The confinement losses in the x-polarized and y-polarized FMs at 1550 nm wavelength and PER of the fiber. 
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Figure 8. The PER of the fiber under different tube thickness. 
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Table 1. The performance comparisons of the typical SPFs.
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	Fiber Type
	Method
	Birefringence/PER
	Bandwidth
	Ref.





	HC-PBGF
	Add thick TSW structure
	2.40 × 10−4/15 dB
	120 nm
	[2]



	HC-ARF
	Silicon-coated double-ring cladding structure
	-/14,232
	15 nm; 10 nm; 30 nm
	[17]



	HC-ARF
	Non-touching nested structure
	3.07 × 10−4/4432
	12 nm
	[18]



	SC-PBGF
	Fill circular air holed
	10−3/15.7
	277 nm
	[19]



	SC-ARF
	Fill different materials
	1.56 × 10−5/-
	-
	[20]



	SC-ARF
	Fill different materials
	3.07 × 10−5/-
	-
	[21]



	SC-ARF
	Fiber-ore base on material anisotropy
	10−2/722
	230 nm; 70 nm
	This work
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