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ABSTRACT

In this paper, we have theoretically analyzed and experimentally demonstrated the spatial distribution of the radiation
mode of 45° tilted fiber grating (TFG). The simulation results have shown the intensity distribution of the radiation
mode along the fiber axis exhibited an exponential reduction. In experiment, we have observed the radiation mode
pattern of a 5-mm long 45°TFG. The captured profiles along the radial direction and axial direction were in good
agreement with the simulated results of the model.
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1. INTRODUCTION

Tilted fiber grating (TFG), which had a special grating structure that was slanted to the fiber axis, was first proposed
by Meltz in 1990 [1]. Different from the traditional fiber Bragg grating (FBG) and long period fiber grating (LPFQG),
the mode coupling inside the TFG was complicated because of the asymmetry structure and exhibited different
behaviors. According to the type of mode coupling, TFG could be sorted into three different type: the grating that
could couple the forward-propagating core mode into forward-propagating cladding mode and the one that could
couple the forward-propagating core mode into backward-propagating cladding mode, and the third kind of TFG was
45° TFG, which could couple the core mode into the radiation mode [2]. For that the cladding mode was sensitive to
the external environment change, the core-cladding mode coupling TFGs had been widely applied in fiber sensing
area as some refractive index (RI), liquid level, tension and temperature sensors [3-6]. But for 45° TFG, it was
mostly acted as a polarization element in the fiber optical system because of its unique polarization characteristics.
Since that 45° TFG could couple the s-polarized light of the core mode into radiation mode while remained the p-
polarized light travel through the core, it was an ideal in-fiber polarizer that had been applied in all-fiber polarization
interference filters and optical fiber lasers [7-8]. Besides, the radiated mode was also attracted researchers’ attention
and had been applied in spectrally encoded imaging system [9] and optical wireless communication system [10].
However, this applications were only the simple use of the original radiated pattern of 45° TFG, which had an
inherent defect that the energy of the mode was not a uniform distribution and needed to be modified. Unfortunately,
although some researches of the radiation mode of 45° TFG had been carried out, A whole theoretical model for the
3D distribution of the radiation mode of 45° TFG was still in blank and the actual radiated pattern of 45° TFG was
still unknown, which had limited the further development of 45° TFG.

In this paper, we had theoretically analyzed and improved the existing theoretical model and proposed a 3D
theoretical model for analyzing the spatial distribution of the radiation mode of 45° TFG. In addition, the radiated
profile of a 5-mm-long 45° TFG had been captured, which had experimentally verified our theoretical model.

2. THEORETICAL MODEL

A simple and intuitive analysis method for the radiation mode of 45° TFG is the volume current method (VCM),
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which has been proposed by Li in 2001 [11]. The VCM regarded the fiber structure as some perturbation of the
refractive index, which would induce some perturbed fields with the incidence of the light. And the radiation mode
was the result of the induced field. The model based on VCM could properly explain the azimuthal distribution of the
radiation mode, which could be written as:
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Here njyand Jon were the refractive index of the fiber core and the modulated index, respectively. a was the radius of
the fiber core, k) was wave vector of the incident light, £, was the intensity of the electric field of the incident light, §
was the propagation constant, K,=2ncos6// was the longitudinal wavenumbers of the grating where 4 was the period

of grating and 6 was the tilted angle, k, = /kon; —(B—K p )* was the projection of the wave vector of emergent

light in transverse direction, o and ¢ was the emergent angle and the azimuth angle of the of the radiated light,

respectively, § was the polarization angle, K, = \/ k,2 +Kt2 —2k K, sing was the mismatch among the wave vectors of

incident and emergent and grating and K,=2zsin6/A, u was waveguide parameter of fiber and J was the Bessel
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Figure 1. Schematic diagram for analyzing the distribution along the fiber axis.

However, the VCM was not suitable for analyzing the distribution along the fiber because that it was based on the
phase-matching condition which only had one radiated direction. In our model, we had divided the grating into many
pieces along the fiber, as illustrated in Fig.1, and the whole radiation mode of 45° TFG was the sum of the radiated
pattern of each piece. Hence, with the consideration of the attenuation, the distribution of the radiation mode of 45°
TFG could be expressed as:

L
[=a(l-a)* 1, 5
Where / was the radiated intensity and /, was the intensity of the incident light. L and 4 were the length and the
period of the grating, respectively. a was the coupling efficiency between the core mode and the radiation mode. Eq.2
described the relationship of the radiated intensity and the grating length, which indicated the distribution of the
mode along the fiber axis. And the combination of Eq.1 and Eq.2 was the model that we proposed to describe the
distribution of the radiation mode of 45°TFG.

3. SIMULATED AND EXPERIMENTAL RESULTS

For a 45°TFG with the certain structure parameters, the distribution of the radiation mode could be easily figure out
by applying the model. The simulated results of the radiation mode of a 5-mm long 45°TFG was showed in Fig.2. It
was clearly showed in the figure that the intensity of the mode reached maximum at the beginning of the grating and
gradually decreased with the increase of the grating length. The azimuthal distribution of the mode had a Gaussian-
like profile with the energy mainly distributed in about 20° azimuthal angle range from 80° to 100° and the
divergence angle of the mode was 12° , where the maximum intensity was appeared at 90° .
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Figure 2. Simulated 3D results of the spatial distribution of the radiation mode.
In addition, to verify our model, we had fabricated a 5-mm long 45°TFG and set up a measuring system to capture
the radiated pattern, which was illustrated in Fig.3a. In the setup, the tunable laser was used to generate a 1550nm
linear polarized light, the polarization controller (PC) and the powermeter were used to adjust the polarization state of
the light that was incident to the grating. The beam profile was used to capture the intensity pattern of the radiation

mode of the grating.
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Figure 3. (a) the experimental setup for capturing the radiation mode; (b) the captured radiation pattern

The detailed image of the actual radiation mode pattern was shown in Fig.3b, and the azimuthal distribution and the
distribution along the fiber axis were shown in Fig.4a and Fig.4b, respectively. Compared with the simulated results,
the radiated pattern had a similar profile where the highest intensity occurred at the beginning of the grating and
reduced in the form of an exponential function. The divergence angle of the mode was about 12.18° and the length
of the pattern along the axial direction was about 5068um, which was in accord with the actual grating length. As
shown in Fig.4a and Fig.4b, the simulated results were in a good agreement with the experimental results,
demonstrating the reliability of the 3D model we proposed. The unsmooth profile of the pattern was caused by the
noise of the sensor.
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Figure 4. The actual distribution of the radiation mode and the simulated results in (a) radial direction; (b) axial direction
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4. CONCLUSION

In conclusion, we had proposed a three-dimension theoretical model for the distribution of the radiation mode of
45°TFG. The intensity distribution of the radiation mode along the fiber axis had been analyzed and figured out, which
showed an exponential reduction in the axial direction. A 5-mm long 45°TFG had been fabricated and the radiated
pattern had been captured with a designed experimental setup. For a uniform 45°TFG, the whole distribution of the
radiation mode was unbalanced, where the energy was mainly distributed at the beginning of the grating, while this
unbalanced distribution of energy had some inherent defects. The proposed model could be used to modified the mode
and obtain a desire radiated pattern, which would benefit the applications of 45°TFG in imaging, spectrum analysis and
optical wireless communication system.
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