L)

Check for
updates

Research Article Vol. 30, No. 13/20 Jun 2022/ Optics Express 22538 |

Optics EXPRESS i N

Diffraction characteristics of radiated tilted fiber
grating and its spectrometer application

QINGGUO SONG,! YuzE DAI,' XIANGPENG XIA0,! QIZHEN SUN,’
KAIMING ZHOU,2 LIN ZHANG,2 AND ZHIJUN YAN':

IThe School of Optical and Electronic Information and Wuhan National Laboratory for Optoelectronics,
Huazhong University of Science and Technology, Wuhan 430074, China

2 Aston Institute of Photonic Technologies, Aston University, Birmingham B4 7ET, UK
“yanzhijun @ gmail.com

Abstract: We have numerically and experimentally presented the diffraction characteristics of
radiated tilted fiber grating (RTFG) in terms of the spectrum, bandwidth, degree of polarization,
angular dispersion, and temperature crosstalk. The theoretical and experimental results have
shown that the polarization property, bandwidth, and dispersion of RTFG highly depended on
the tilt angle of RTFG, and the RTFG has ultra-low temperature crosstalk. We have simulated
the transmission spectrum of the RTFG with different tilt angles (25°, 31°, 38°, 45°, and 54°), in
which the results show that the larger tilt angle has the wider bandwidth. The RTFGs with the tilt
angle of 25°, 31°, 38°, 45°, and 54° have the 3dB bandwidth of 110 nm, 144 nm, 182 nm, 242 nm,
and 301 nm, respectively. Besides, the degree of polarization (DOP) of the radiated light from
RTFG with the different tilt angles are 0.876, 0.944, 0.967, 0.998, and 0.970, respectively, and the
RTFG has the maximum DOP at the tilt angle of 45°, which could be used as single-polarization
diffraction device. The experimental results show that with further increase or decrease of the tilt
angle, the DOP of radiated light of RTFG would decrease. Both the theoretical and experimental
results show that the smaller tilt angle could greatly improve the diffraction angular dispersion of
RTFG, in which the 25°, 31°, 38°, and 45° RTFG have the angular dispersion of 0.2288 °/nm,
0.1026 °/nm, 0.0714 °/nm, and 0.0528 °/nm, respectively. Due to the broad working bandwidth,
the diffraction angles of RTFG have ultra-low temperature crosstalk, where -0.00042, -0.00054,
-0.00064, and -0.00099 degree / °C at the tilt angle of 25°, 31°, 38°, and 45°. Finally, we have
demonstrated a miniaturized spectrometer integrated by a 25° RTFG, which has a high spectral
resolution of 0.08 nm. The proposed RTFG would be an ideal in-fiber diffraction device and
widely applied in spectral analysis, space optical communication, and Lidar areas.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In-fiber devices have compact structure and low insertion loss, which are easily integrated into
optical fiber communication [1,2], optical fiber sensing [3,4] and fiber laser systems [5,6]. There
are various in-fiber devices according to the different structures and functions, including fiber
interferometer [7], fiber coupler [8], fiber polarizer [9], fiber sensor [10], and so on. So far, most
in-fiber devices are usually used for the seamlessly integrated coupling inside the optical fiber
system, in which the light is bounded inside the fiber without any external power exchange. With
the rapid development of integrated optics, the coupling between the optical fiber system and free
space or on-chip system has attracted more and more attention. There are several types of optical
fiber devices that could couple the transmission light out of fiber in a specific direction, such as
the optical fiber micro-lens [11] and angled fiber [12], and so on, which play an important role in
the coupling between fiber systems and free-space systems such as optical space and on-chip
systems [13]. Miniaturization and integration are the trends in the development of optical systems
and devices, which is necessary to develop new types of in-fiber devices and realize the light
coupling inside and outside the optical fiber system. Tilted fiber grating (TFG) has been widely

#461955 https://doi.org/10.1364/OE.461955
Journal © 2022 Received 21 Apr 2022; revised 26 May 2022; accepted 27 May 2022; published 6 Jun 2022


https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.461955&amp;domain=pdf&amp;date_stamp=2022-06-06

Research Article Vol. 30, No. 13/20 Jun 2022/ Optics Express 22539 |
Optics EXPRESS A N \

used in optical fiber sensing, fiber laser and fiber communication fields, due to its unique mode
conversion property between fiber core mode, fiber cladding mode and radiation mode [14]. The
TFG with a tilt angle of less than 23.1 °, could couple the core mode into the backward cladding
mode, in which there are a series of cladding mode resonance peaks in the transmission spectrum
[15]. And for the TFG with a larger than 66.9° tilt angle, the core mode will be coupled into the
forward cladding mode [16]. Especially, when the tilt angle is between 23.1 ° and 66.9 °, the core
mode will be radiated out of fiber and diffracted into free space with the wavelength-dependent
radiation angle [17,18]. Due to the unique radiation and diffraction characteristics, the TFGs
with a tilt angle between 23.1 ° and 66.9 ° are called radiated tilted fiber grating (RTFG) [19].
At present, the researches on RTFG are focusing on the tilt angle of 45°, which has a strong
polarization dependence and the radiation direction nearly perpendicular to the fiber axis. The
45 ° RTFG has been proposed as the high extinction ratio in-fiber polarizer [20] or in-fiber
dispersive element applicating in spectral coded imaging, wireless optical communication, and
linear polarization spectrometer [21-24]. Besides, the theoretical analysis has presented that
RTFGs with smaller tilt angles have a larger angular dispersion [17], which is well suited as
an in-fiber diffraction grating with high spectral resolution. However, the researches on the
diffraction characteristics of the RTFG were only proposed in rough theoretical analysis. The
RTFG has been studied in recent years, however, there are few papers to systematically reported
the diffraction characteristics of RTFG, which is significant for understanding and optimizing the
devices dependent on the predictability and control of the diffracted light.

2. Diffraction characteristics of RTFG

Due to the asymmetric inclined structure inside of the fiber core, the RTFG can radiate out the
core mode from the fiber with a wavelength-dependent angle. In our previous works, the coupling
coefficient between core mode and radiation mode was obtained by dividing the grating into
sections [19]. However, the coupling coefficient of the single grating section is estimated roughly,
which is inaccurate in the quantitative calculation. In this paper, we theoretically analyzed the
coupling coefficient by calculating the power of incident light and radiated light.

As shown in Fig. 1, the coupling coefficient ag of a single sub-section can be expressed as:

P{)Ml
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ag = ey
where Py is the power of light radiated out from one sub-section, which is the integration of the
power-flow density vector S,,, [15] out of a single sub-section. P;, is the power of light passing
through a single sub-section, which is the integration of the power density of transmission light
Si inside the single sub-section. The S,,, and S;, can be expressed as:
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where &) and yg are the dielectric constant and permeability. ko = 27/ is the wave vector of
the incident light, n is the effective refractive index of core mode. dn is the modulated refractive
index. Ej is the intensity of the electric field. ¢ is the radial angle. 7 is the radius of the circular
surface of a single sub-section. ¢z is the axial length of a single sub-section, which is half of the
radial period A of the 45° RTFG. A = 8 — K, is the detuning between the wavenumber of the

incident light and the wavevector of the optical fiber grating. &k, = /kgn% — A? is the transverse
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component of the wave vector for the radiated light. ¢ is the degree of polarization of incident
light. F is given:
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and longitudinal wavenumbers of the optical fiber grating. a is the radius of the fiber core. Thus,
the ap will be:

where K = 2nsinfg/Ag and Ky = 2ncosf/ Ag are the transverse
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Fig. 1. The diffraction characteristics of RTFG.
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Fig. 2. The simulated transmission spectrum at the tilt angles of 25°, 31°, 38°, 45°, 54°,
and 60°.
The coupling coefficient @ of RTFG can be expressed as:
_ m
a = ag(l — ag) (6)

where m is the number of sub-sections, which is the ratio of optical fiber grating length L to
period A.
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According to Egs. (1-6), the transmission spectrums of RTFG with different tilt angles (25°,
31°, 38°, 45°, 54°, and 60°) are simulated, in which the grating period of each RTFG with
different tilt angles is set as 593 nm, 623 nm, 680 nm, 778 nm, 930 nm, 1092 nm, corresponding
to a radiated central wavelength of 1550 nm (seen in Fig. 2), which is clearly shown that the
RTFG has the maximum polarization dependent loss (PDL) when the tilt angle is 45°.

The transmission spectrum of RTFG with the tilt angles of 25°, 31°, 38°, 45°, and 54° are
experimentally measured, as shown in Fig. 3, which is highly consistent with the simulation. In
particular, when the tilt angle is 25°, the cladding mode and radiation mode exist simultaneously
around the wavelength of 1550 nm by chance. By immerging the RTFG into the index-matching
liquid, the cladding mode can be eliminated. And for the RTFGs with other tilt angles, the
cladding mode is far from 1550 nm so that the transmission spectrum only contains radiation
mode.
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Fig. 3. The measured transmission spectrum at the tilt angles of 25°, 31°, 38°, 45°, and 54°.

The central wavelength of RTFG in which the radiation mode has the strongest coupling
efficient is governed by the phase match condition [17]:

Ae = nAy(1 + cos20) = 2nAgcoso. @)

Figures 4(a) and (b) show the relationship between the central wavelength and tilt angle,
grating period. The experimental results are consistent with the simulation results very well.

The simulated and measured transmission spectra of the RTFG with different tilt angles show
various spectral characteristics. The further analysis of the spectral bandwidth is carried out
by the transmission spectrum at S-polarization in terms of tilt angle and radiation intensity.
Figures 5(a) and (b) illustrate the 3dB-bandwidth of RTFG versus to the different tilt angle and
coupling efficient of radiation mode at the central wavelength of RTFG, in which the RTFG with
a larger tilt angle and higher coupling efficient has the broader 3dB-bandwidth.

In our previous works, the radiated light from the 45° RTFG has a degree of polarization
(DOP) higher than 0.99, which can be regarded as linearly polarized light. However, for the
RTFG with other tilt angles, the radiated light is partially polarized. To investigate the DOP of
RTFG with different tilt angles, we have designed the experimental setup, seen in Fig. 6(a), in
which an unpolarized light is from an amplified spontaneous emission (ASE) source, and radiated
by the RTFG of a certain tilt angle (25°, 31°, 38°, and 45°). The partially polarized light is from
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Fig. 4. The central wavelength to (a) tilt angle and (b) grating period by the analytical
methods of phase match condition and measurement.
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Fig. 5. The 3dB-bandwidth to (a) the tilt angle and (b) coupling efficient at the central
wavelength of RTFG.

the RTFG through a rotatable polarizer that can change the polarization angle and is received by
the power meter. By adjusting the polarization angle of the rotatable polarizer, the maximum
and minimum powers of radiated light are recorded (P,ox and Pp;,), which corresponds to the
power of the whole partially polarized light and the unpolarized light, respectively. The DOP
can be calculated by: DOP = 1 — P, /Pyuax [17]. The experimental result is shown in Fig. 7
(b), in which the DOP of 25°, 31°, 38°, 45°, and 54° are 0.876, 0.944, 0.967, 0.998, and 0.970,
respectively. The DOP of radiated light of RTFG is the maximum at the tilt angle of 45°, which
is because the 45° is the Brewster’s angle of optical fiber grating and radiated light would be
purely s-polarized [18].

The 45° RTFG has the ability of both polarizing and diffraction to disperse the in-fiber
transmission light into free space. However, the dispersion of 45° RTFG is proposed of ~0.053
°/nm, which is not suited for the field with a demand for high spectral resolution. According to
previous theoretical analysis, the RTFGs with small tilt angles have high angular dispersion. The
diffraction angle of the radiation mode can be expressed as:

A AB-2mcosd
k()n() B Akono

cosy = ®)

According to Eq. (8), we have numerically analyzed the angular dispersion characteristic of
RTFG with different tilt angles. As shown in Fig. 7(a), the RTFG with a smaller tilt angle has
the larger angular dispersion, and the RTFG with a larger tilt angle has the better dispersion
linearity. Figure 7(b) shows the relationship between the angular dispersion and tilt angle at
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Fig. 7. (a) Simulation of the dispersion characteristic at different tilt angles. (b) Simulation
of angular dispersion to tilt angle of RTFG at different radiated central wavelengths.

the different radiated central wavelengths, in which the angular dispersion is decreasing as the
central wavelength increases.

To verify the simulation results, we measured the angular dispersion of RTFG at different
tilt angles. The central wavelength of the radiated mode is set to cover 1500 nm to 1600 nm,
which well matches the wavelength range of the light source and detector. Therefore, four groups
of RTFGs are fabricated using the phase mask with different periods, which all have a central
wavelength between 1500 nm and 1600 nm. The tilt angle and period parameters of RTFGs are
given in Table 1.

The angular dispersion measurement system is illustrated in Fig. 8(a), in which an array
detector is used to record the position of the radiation light. By moving the array detector and
recording the position change of the radiation light, the diffraction angle y of RTFG can be get,
which is expressed as:

v = arctan(l/d) 9)

where d is the displacement of the array detector and [ is the position change of the radiation
light. Figure 9(b) shows the light image before and after moving the array detector, where the
position change of the beam is measured.

As shown in Fig. 9, the dispersion curves at the tilt angle of 24°, 25°, and 26° are not linear.
To compare the angular dispersion of RTFG, the points near the central wavelength of 1550 nm
are selected for linear fitting, in which the angular dispersions are 0.2446 °/nm, 0.2288 °/nm,
and 0.215 °/nm. And for the other curves at the higher tilt angles (31°, 38°, 45°), the angular
dispersion is measured of 0.1026 °/nm, 0.0714 °/nm, 0.0528 °/nm, respectively. The angular
dispersion of RTFG is decreasing as increasing of the tilt angle.
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Table 1. The tilt angle and period parameters of RTFG

Group | Tiltangle (°)  Period (nm)  Central wavelength (nm)
24 596 1575
1 25 593 1555
26 591 1536
30 625 1569
2 31 623 1545
32 620 1520
37 684 1577
3 38 680 1547
39 676 1515
45 778 1582
4 46 772 1545
47 767 1505
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| Position1

Array detector

|
|
Moving |
[
|
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Position2

Y =arctan(l/d)

RTFG

Fig. 8. (a) Dispersion measurement system; (b) the image before and after moving the array
detector.

For most optical fiber devices, temperature crosstalk is a very important parameter. In the
experiment, we have measured the temperature response of the diffraction angle at different tilt
angles (25°, 31°, 38°, 45°). As shown in Fig. 10, the temperature is stepwise increased from 10°C
to 110°C with an increment of 10°C by the temperature controlling system, and the wavelength
of diffracted light is set as 1550 nm, which is the central wavelength. The increased temperature
led to the increase of the effective refractive index of core mode ngy, which would cause the
decrease of diffraction angle according to Eq. (10). The temperature crosstalk of the diffraction
angle is -0.00042, -0.00054, -0.00064, and -0.00099 at the tilt angle of 25°, 31°, 38°, and 45°,
respectively. The experimental results show that the RTFG has low-temperature crosstalk, which
can work as a temperature-insensitive diffractive fiber device.
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3. Spectrometer application of RTFG

The RTFG shows a good performance in light diffraction, which could be potentially applied
in spectral analysis. In previous research, the in-fiber spectrometers based on TFG with a very
small tilt angle have been reported [25]. However, for TFG with a small tilt angle, the fiber core
mode would be coupled into cladding mode and has a very weak leak mode. For the application
of the spectrometer, to eliminate the effect of the cladding mode, the grating must be immersed
in the index-matching liquid or attached with a prism to couple the cladding mode into radiation
mode, which limits the miniaturization of the spectrometer. Based on the above analysis of
RTFG, the 25° RTFG has a better dispersion capability which can couple the light directly out
of the fiber without index-matching and with a higher angular dispersion. In this section, we
demonstrated a miniaturized spectrometer with a high resolution by using the 25° RTFG as an
in-fiber dispersion device. The schematic diagram of the miniaturized spectrometer based on 25°
RTFG is given in Fig. 11(a), in which a cylindrical lens with a 150 mm focal distance is used
to focus the diffraction light with the same wavelength from different positions of the grating
into several pixels of the array detector. A mirror is used to fold the optical path to reduce the
footprint of the spectrometer system. The associated experimental setup is given in Fig. 11(b), in
which a tunable laser is used to measure the spectral response. Figure 11(c) shows the spectral
response by sweeping the tunable laser from 1538 nm to 1559 nm with a wavelength increment
of 1 nm where 22 clear spectral peaks can be identified, and the difference in light intensity at
each wavelength is caused by the spectral response of array detector and the slight inaccuracy
of collimated optical path. The line dispersion is shown in Fig. 11(d), in which the dispersion
curves provide great linearity of 569.918 um/nm, corresponding to a high spectral resolution of
0.08 nm. In the previous report, the in-fiber spectrometer employed a 45° RTFG has a spectral
resolution of 0.3 nm [24]. In contrast, the resolution is increased by four times by replacing
the 45° RTFG with the 25° RTFG. Furthermore, according to the temperature crosstalk of the
diffraction angle which is -0.00042 degree /°C (seen in Fig. 10), when the extern temperature
changes by 1°C, the wavelength will have a drift of 0.001 nm.

To evaluate the performance of the miniaturized spectrometer based on 25° RTFG, we fabricate
a fiber Bragg grating (FBG) array demodulation system, as shown in Fig. 12(a), where a
broadband ASE source and a circular are applied, the reflected light from the circulator port 3 is
divided into two beams of equal energy by a coupler, and detected by the proposed miniaturized
spectrometer and a commercial optical spectrum analyzer (YOKOGAWA) with a resolution of
0.05 nm, respectively. As shown in Fig. 12(b), the spectral shape measured by the proposed
miniaturized spectrometer nicely overlaps the one captured by the commercial OSA, confirming
its decent spectral analysis performance, and the power discrepancies at some wavelength range
are mainly caused by the wavelength-dependent responsivity of the detector array which can be
mitigated after calibration.
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4. Conclusion

In conclusion, we have theoretically and experimentally investigated the diffraction characteristics
of RTFG, in which the spectral bandwidth, DOP and angular dispersion of RTFG with different
tilt angles and periods have been discussed in both theory and experiment, By using the UV-phase
mask inscription method, a series of RTFGs with a tilt angle of 25°, 31°, 38°, 45°, and 54°
are fabricated to verify the theoretical analysis. The results have shown that the RTFG with
a larger tilt angle has a wider working bandwidth. The radiated light of RTFG with a 45° tilt
angle has a maximum DOP of 0.998. And the RTFG with the tilt angle of 25°, 31°, 38°, and
45° show the angular dispersion of 0.2288 °/nm, 0.1026 °/nm, 0.0714 °/nm, and 0.0528 °/nm,
respectively. Furthermore, The temperature crosstalk testing results show the RTFG shows very
low-temperature crosstalk, which is -0.00042, -0.00054, -0.00064, and -0.00099 for the RTFG
with the tilt angle of 25°, 31°, 38°, and 45°, respectively. Finally, we have demonstrated a 25°
RTFG-based miniaturized spectrometer, which has a spectral resolution of 0.08 nm.
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