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In the paper there are presented results of an investigation of a group birefringence of a fabricated polarization maintaining highly birefringent optical fiber around the central wavelength 1550 nm. The value of group birefringence was determined in two experimental ways. The first experimental set-up uses a system based on fiber loop mirror and the second one is based on a standard polariscopelike geometry usually used for investigation of birefringence of any optically transparent anisotropic medium. In both cases the birefringence is determined by appropriate analysis of typical interference patterns measured by the particular setup. The measurement was performed for fiber samples with various lengths. Comparison between values obtained for various lengths of samples and resulting from interference patterns measured using different experimental set-ups shows a very good match.

I. INTRODUCTION

Highly birefringent (Hi-Bi) optical fibers and Hi-Bi microstructured, or Hi-Bi photonic crystal fibers are special optical fibers realized by introducing certain elements with special geometry and appropriate mechanical and optical properties ensuring the creation of a permanent and welldefined birefringence [START_REF] Alam | Small form-factor PANDA type HiBi fiber for sensing applications[END_REF]. These kinds of fibers can be used as active parts of an optical fiber sensor of any physical quantity which significantly influences the fiber's birefringence [START_REF] Frazão | Temperature sensor using Hi-Bi erbium-doped fiber loop mirror[END_REF][START_REF] Rota-Rodrigo | An in-reflection strain sensing head based on Hi-Bi photonic crystal fiber[END_REF][START_REF] Hlubina | Spectral-domain measurement of birefringence and characteristics of a side-hole microstructured fiber[END_REF][START_REF] Zh | Distributed measurements of external force induced local birefringence in spun highly birefringent optical fibers using polarimetric OFDR[END_REF][START_REF] Yuan | Interaction model for a Hi-Bi fiber optic ultrasonic sensor and the host material[END_REF][START_REF] Layeghi | Magnetic field vector sensor by a nonadiabatic tapered Hi-Bi fiber and ferrofluid nanoparticles[END_REF]. In order to interpret the impact of the environment on the fiber's birefringence correctly, one has to know the dispersion of the birefringence of the fiber within the used spectral range, first. In the paper we present the result of investigation leading to determination of the group birefringence of the fabricated Hi-Bi fiber. The front face of the fiber is illuminated by a linearly polarized light from a SLED source with central wavelength 1550 nm and 100 nm spectral width and the end face of the fiber is connected to a fiber plane polarizer. The group birefringence dispersion is determined from the positions of subsequent maxima of the interference pattern measured by an optical spectrum analyzer. The value of the birefringence obtained is then compared to those gained by measurement using a system based on fiber loop mirror [START_REF] Frazão | Recent advances in highbirefringence fiber loop mirror sensors[END_REF] and calculated from a differential group delay [START_REF] Keiser | Optical Fiber Communications[END_REF], as well.

II. EXPERIMENTAL

A. Hi-Bi fiber fabrication and measurement of the group birefringence using a fiber loop mirror

The experimental Hi-Bi fiber with cross-section shown in Fig. 1 was prepared at Xlim Research Institute. The outer diameter of the fiber is 140 µm, the diameter of the core equals 8.5 µm, the diameters of the two Stress Applied Parts (SAPs) located aside and symmetrically with respect to the fiber's core is 25 µm.

In the design of the polarisation maintaining (PM) fibre, the SAPs are composed of a silica-based glass called SAL (SiO2-Al2O3-La2O3) with: 70%mol SiO2 + 20%mol Al2O3 + 10%mol La2O3. At the opposite of a commercial Panda fibre, we introduced SAP where the refractive index of the material is larger than the refractive index of pure silica, with a strong attenuation coefficient. The preform is realised via the stack and draw technique and the core is coming from a drawing of a MCVD preform to obtain a germanium doped rod. The two capillaries are stacked to realise the SAP, and SAL glass is introduced in these capillaries via the powder in tube technique. The attenuation losses of the prepared fiber equal 0.06 dB/m at 1550 nm for LP01 mode. Birefringence of the fibre can be measured by the introduction of a PM fiber in a Sagnac Interferometer [START_REF] De La Rosa | All-fiber absolute temperature sensor using an unbalanced highbirefringence Sagnac loop[END_REF], or in an equivalent system based on a loop (Fiber Loop Mirrors, FLM) [START_REF] Liu | High-birefringence fiber loop mirrors and their applications as sensors[END_REF]. The birefringence measurement is done by measuring the interference of two contra-propagating waves guided in the same optical fibre, thus exposed to the same external perturbations [START_REF] Frazão | Recent advances in highbirefringence fiber loop mirror sensors[END_REF]. FLM, as illustrated by Fig. 2, is composed of a 50/50 coupler, where the two ends are spliced to the Hi-Bi fiber. After analysing the interference pattern measured for fibers with the lengths ranging from approximately 11 cm to 115 cm the mean value of birefringence was determined to be Dn = 3.19•10 -4 .

B. Determinantion of the group birefringence using standard polariscope-like geometry

The experimental setup for investigation of the group birefringence of the highly birefringent optical fiber is shown in Fig. 3. As a light source we used a linearly polarized source SLED (Safibra OFLS-6) with central wavelength 1550 nm and 100 nm FWHM. The signal was measured by optical spectrum analyzer (Anritsu MS9710B) with 0.07 nm resolution. For analyzing the polarization state of light emerging from the Hi-Bi fiber we used a plane polarizer (OZ Optics LTD.) integrated with a single mode (SM) fiber and designed for 1550 nm with possibility to change the polarization state in 360°.

The lengths of the two tested fiber samples were 138 cm and 50 cm. The sample under the test was placed between two SM fibers and for alignment of the fibers we used the microstages NanoMax 300 (Thorlabs). Due to the sensitivity of the Hi-Bi fiber to the temperature changes, the fiber together with the microstages was placed in a temperature isolated chamber.

The investigation was performed at room temperature and normal atmospheric pressure. For given polarization state of the optical source we changed the position of the plane polarizer over the 360° range with 5° steps and observed the changes of the spectral distribution of intensity at the output of the SM fiber with integrated polarizer (Fig. 4). In figures 5a and 5b there are plotted curves showing the typical intensity patterns, measured for a certain angle of rotation of the SM fiber integrated plane polarizer, as a function of wavelength for fiber samples 138 cm and 50 cm long, respectively. According to theory [START_REF] Born | Principles of Optics[END_REF] such intensity, or interference pattern, is observed when a slightly birefringent medium is placed in between two plane polarizers with polarization planes rotated with respect to each other by an angle g and the medium is being illuminated by a broadband light source. In our case, however, the role of the first polarizer is directly fulfilled by a plane polarized broadband source of light.

In principle, there are many possible angles of rotation of the integrated plane polarizer for which the intensity distribution will look similarly like those shown in Fig. 5. Depending on the angle of rotation, however, the observed dependences will differ from each other by the magnitude and the contrast, i.e. by the difference in magnitude between consecutive minimum and maximum of the signal [START_REF] Tarjányi | Birefringence of pure and doped lithium niobate crystals[END_REF]. For our investigation such angle of rotation of the integrated plane polarizer was chosen for which the measured intensity pattern shows the maximal contrast. From the measured intensity pattern and the known length d of the birefringent fiber the group birefringence dispersion Dn can be estimated by identifying the positions of subsequent minima and/or maxima, appearing due to interference of eigenmodes at the integrated optical polarizer, according to [START_REF] Tarjányi | Birefringence of pure and doped lithium niobate crystals[END_REF] 

Dn = (l1•l2) / [d•(l1 -l2)], (1) 
where l1 and l2 are the wavelengths corresponding to two subsequent maxima (minima). After determining the wavelengths corresponding to maxima and minima the group birefringence of the fibers under the test was computed according to Eq. ( 1). These values were then assigned to the wavelengths corresponding to central wavelengths of the particular intervals (l1, l2) and plotted. The resulted values of birefringence obtained from interference patterns measured for lengths of the fiber samples 138 cm and 50 cm are shown in Fig. 6a and6b, respectively.

From the measured interference pattern the group birefringence can be estimated also using the differential group delay approach [START_REF] Keiser | Optical Fiber Communications[END_REF]. By counting the number N of extrema observed within the measured spectral span defined by wavelengths lb and le representing the start and stop wavelengths, respectively and using relationship between differential group delay Dt and the optical path difference, i.e. Dt•c = Dn•d, where c is the speed of light in vacuum, one gets from the expression for the group delay of the fiber Dt [START_REF] Keiser | Optical Fiber Communications[END_REF] the relationship for the group birefringence Dn

Dn = (k•N•lb•le) / [2d•(lb -le)], (2) 
where parameter k is a dimensionless mode-coupling factor statistically accounting for the wavelength dependence of the polarization states [START_REF] Keiser | Optical Fiber Communications[END_REF]. According to Hi-Bi fiber cross section as shown in Fig. 1, we can assume that polarization modes emerging in the fiber and propagating through are coupled very weakly, if at all, resulting in k = 1 as valid for nonmode-coupled fibers [START_REF] Keiser | Optical Fiber Communications[END_REF].

For number of extrema N = 57 counted within the spectral range from lb = 1460 nm to le = 1650 nm and length of the fiber sample d = 1.38 m we get from the Eq. ( 2) the value of Dn = 2.62•10 -4 . Similarly, for number of extrema N = 17 counted within the spectral range from lb = 1485 nm to le = 1635 nm and length of the fiber sample d = 0.5 m we get from the Eq. ( 2) the value of Dn = 2.78•10 -4 .

In both cases the range of wavelengths used for calculation of group birefringence was chosen so that the amplitude of the measured signal was sufficient for unambiguous distinguishing between a minimum and a maximum localized close to the starting and ending wavelengths of the measured spectrum. As it is shown in Fig. 6a and6b, the value calculated according to Eq. ( 2) corresponds well with values obtained using Eq. (1) and can be considered a mean value within the investigated interval of wavelengths. 

III. CONCLUSION

The polarization maintaining highly birefringent optical fiber was designed and fabricated, and the group birefringence dispersion of the fiber in the spectral range from 1450 nm to 1650 nm was investigated. The group birefringence was determined first by analyzing the interference pattern observed when the fiber was a part of the loop fiber mirror. After that the plane polariscope-like set-up was used to determine the group birefringence using two approaches. First, the birefringence was calculated from known positions of maxima of the interference pattern and fiber's length d according to Eq. ( 1) which was derived from condition of observing interference maxima (minima). Second, from the expression for the differential group delay of the fiber we derived expression for the group birefringence and calculated the mean value of Dn using known number of extrema observed within the measured spectral range, length of the fiber and assuming the very weak coupling of the polarization eigenmodes. A good match between values obtained by these two approaches as well as the value obtained by FLM method was achieved.

Fig. 1 .

 1 Fig. 1. SEM image of the front face of the fabricated PM Hi-Bi fiber.
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 2 Fig. 2. FLM scheme with Hi-Bi fiber.
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 3 Fig. 3. Experimental set-up for investigating the group birefringence of the Hi-Bi fiber.
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 4 Fig. 4. Distribution of intensity measured at the output of the SM fiber with integrated polarizer as function of the polarizer's adjustment angle.

Fig. 5 .

 5 Fig. 5. Spectral distribution of intensity at the output of the plane polarizer for a chosen value of angle of rotation of the polarizer and length of the fiber sample 138 cm (a) and 50 cm (b).
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 6 Fig. 6. Computed group birefringence of the experimental Hi-Bi optical fiber from interference pattern measured for fiber with length 138 cm (a) and 50 cm (b).
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