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Abstract: We propose a novel method for generating £1-order orbital angular momentum (OAM) in
long-period fiber gratings (LPFGs) by adjusting a polarization controller (PC). An LPFG, inscribed
in a four-mode fiber (4MF) using a CO; laser, was used to generate OAM 1 across a broad range
of wavelengths from 1530 nm to 1630 nm. Additionally, the OAM vortex phase remained stable
while the temperature increased from 23 °C to 50 °C. The LPFG, as a temperature sensor, and its
temperature sensitivity was measured to be 38.6 & 0.37 pm/°C at the resonant wavelength of 1625 nm.
This design offers simple fabrication and several properties which are highly beneficial for all-fiber
optical communications based on the OAM mode-division multiplexing technique.

Keywords: fiber sensor; long period fiber grating; CO, laser micromachining; temperature sensitivity;
few-mode fiber

1. Introduction

Conventional methods for encoding information in optical fiber systems utilize multiplexing
techniques via wavelength, amplitude, phase, and polarization of light. However, those techniques
were rapidly reaching intrinsic limits due to nonlinear effects. Light beams with orbital angular
momentum (OAM) exhibit increased fiber information capacity and offer an exciting new
communication modality. Light carrying OAM includes a helical phase in the electric field, proportional
to e71%, where 1 is a topological charge and ¢ is the azimuthal angle. OAM has been extensively
studied since its initial realization by Allen et al. in 1992 [1]. Subsequent classical and quantum
communication experiments have demonstrated the potential applications of OAM modes for free
space communication [2-5].

Several existing techniques for generating OAM modes require precise optical components,
such as a spiral phase plate [6], cylindrical lens mode converter [7], spatial light modulator (SLM) [8,9],
or g-plates [10]. This can be disadvantageous for optical communications due to the number of
separation components, complex system design, and large free-space-coupling loss. In contrast, all-fiber
OAM mode generators have a simpler design and offer several other advantages, such as easy system
integration. They are also robust, cost-effective, and do not require precise optical calibration. The use

Sensors 2018, 18, 1766; d0i:10.3390/s18061766 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0002-0915-751X
http://www.mdpi.com/1424-8220/18/6/1766?type=check_update&version=1
http://dx.doi.org/10.3390/s18061766
http://www.mdpi.com/journal/sensors

Sensors 2018, 18, 1766 20f9

of all-fiber based OAM components has been increasing rapidly and various mode converters have
been proposed using fiber gratings. For example, Li et al. [11] converted LPy; core modes to an OAM 14
mode in a two-mode fiber (2MF) by utilizing a parallel metal slab and long-period mechanical gratings.
Li et al. [12] generated OAM_.; modes by superposing multiple LP1; modes with a micro-phase
difference distribution, produced by twisting a few-mode fiber long period grating (FMF-LPG). Zhang
et al. [13] demonstrated a method for generating OAM_; modes via an acoustically-induced fiber
grating (AIFG) driven by a radio frequency source. However, these techniques required external
devices to generate OAM and the experimental designs were difficult to couple or control flexibly.
Recently, a novel OAM mode generator was proposed based on a Helical-LPFG inscribed in a standard
SMF [14]. This helical-LPFG was inscribed by twisting a standard SMF during hydrogen-oxygen flame
heating and was used to fabricate LPFGs in small numbers with a single twist of the fiber.

In this letter, we propose and demonstrate a method for generating +1-order orbital angular
momentum (OAM) by tuning a polarization controller (PC) to vary the input-light polarization of
long-period fiber gratings (LPFGs) in a four-mode fiber (4MF). The four-mode fiber long period grating
(4FM-LPFG) exhibit asymmetric refractive index modulation, inscribed by periodically etching grooves
on the side of the 4MF using a high-frequency CO, laser beam. These OAM..; modes were generated
within a broad wavelength range from 1530 to 1630 nm. The OAM mode was detected using space-free
interference between light propagating through the LPFG in the 4MF and a reference beam after a
distance of 50 m. The LPFG, as a temperature sensor, has a temperature sensitivity of ~38.6 pm/°C at
the resonant wavelength of 1625 nm. OAM temperature characteristics were also investigated and
the helical interference pattern exhibited only minor intensity changes with increasing temperature.
The polarization-dependent loss (PDL) of the LPFG was also measured.

2. Fabrication and Characterization of the FM-LPFG

The 4MF (four-mode step index fiber, YOCC) has a core diameter of 19 um, a cladding diameter
of 125 um, a cladding index of 1.45601, and a core index of 1.46111. So that the 4MF can support four
groups of core modes, including: LPy; (HE}; and HE%’l), LPq; (TEg;, HE;, HES; and TM), LP»; (EHY,
and EHY;, HE3; and HES; ), and LP(, (HEY, and HES,). In this paper, LP;; core modes in the 4MF were
used to generate OAM_ by superimposing two vector modes with a phase delay of +7/2, which is
expressed as: OAMT] = HE§; +iHE{;, OAMT] = TMy; £iTE;.

A schematic diagram of the CO; laser irradiation system, used to inscribe an LPFG on a few-mode
fiber, is shown in Figure 1a [15-18]. The CO, laser beam (SYNRAD 48-1, Synrad, Mukilteo, WA, USA),
with a maximum power of 10 W and a high frequency of 5 kHz, was focused onto the 4MF surface using
an infrared lens with a focal length of 63.5 mm. As a result, the laser beam spot diameter on the 4MF
was only ~50 pm. An electric shutter was used to turn the laser beam on and off. The fabricated 4MF
was fixed by a pair of fiber holders connecting to the 2-D translation stage, which was controlled by a
computer. During LPFG inscription, one end of the few-mode fiber was fixed to a translational stage
fiber holder. The other fiber end was attached to a small weight, with a mass of ~6 g, which provided
a constant longitudinal strain along the 4MF fiber and enhanced the efficiency of LPFG inscription.
During the whole process of processing, the grating parameters, such as pitch, number of grating
periods, and number of scanning cycles, were set through the PC operating interface. Additionally,
an amplified spontaneous emission (ASE) light source and an optical spectrum analyzer (OSA) were
employed to monitor the transmission spectrum evolution of the LPFG in 4MF. The inscription process
of LPFG in 4FM was described, as follows: (1) Scan the 4FM along the vertical (Z) axis orientations
with the focused CO; laser beam to create a notch, and then move the fiber along the fiber axis (X)
with a distance of one grating pitch; (2) Repeating process (1) for M times (M is the number of grating
periods) to accomplish one scanning cycle; (3) Repeating process (2) for K times (K is number of the
scanning cycle) until a high-quality LPFG was achieved through repeated scanning.
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Figure 1. (a) Schematic diagram of the CO, laser system employed to induce long-period fiber grating
(LPFG) in 4MF; (b) Transmission spectrum evolution of a CO,-laser-induced LPFG with the scanning
cycle (K) increases from 1 to 5.

In our experiment, the 4MF-LPFG exhibited 25 grating periods and a grating pitch of 1200 um.
It has an attenuation of 30.45 dB at the resonant wavelength of 1588.1 nm and the transmission
spectrum is shown in Figure 1b. This resonant wavelength displayed a significant blue-shift (toward
shorter wavelengths) and resonant dip loss increased with an increasing number of scanning cycles.
The 4MF-LPFG transmission spectrum also included several ripples which resulted from mode
interference in the 4MF core. Because of the mode mismatch between the 4MF and SMF, a small amount
of higher order core modes was excited at the input interface between the SMF and 4MF, and therefore,
the mode interference fringes appeared around the resonant wavelength of the 4FM-LPFG [19].

The polarization characteristics of the 4MF-LPFG were investigated using a tunable laser (Agilent
Model 81940A, Agilent Technologies, Santa Clara, CA, USA) and an optical power meter (Agilent
Model N7744A, Agilent Technologies, Santa Clara, CA, USA). Polarization-dependent loss (PDL) for
LPFG samples was measured at the resonant wavelength of 1591.4 nm. A maximum attenuation
of —28 dB was observed as shown in Figure 2. Additionally, the maximum PDL was measured at
8.2 dB near this resonant wavelength. These results are indicative of the asymmetric azimuthal profile
for refractive index modulation in the 4FM, inscribed using a focused CO; laser on one side of the
optical fiber.
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Figure 2. Measured transmission spectrum of the polarization-dependent loss (PDL) for the LPFG.

In order to generate core mode coupling from LPy; to LPy;, the LPFG grating period was first
calculated by a finite element analysis software. The results of this numerical simulation (i.e., the core
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modes neg of LPg1, LP11, and LP,;) were shown in Figure 3a. Additionally, the LPFG phase-matching
condition could be calculated using the following formula:

Ares = (N — n2)A 1)

where Ars is the resonant wavelength, ny and n; are the effective indices (ne¢) of two coupled modes,
and A is the designed grating pitch. The relationship between the calculated grating pitches and
resonant wavelength, for mode-coupling between the LPy; and LP1; core modes, can then be calculated
from the LPFG phase-matching conditions and the calculated n values in the 4MF. This process
is demonstrated in Figure 3a. LPFGs were produced with pitches of 1190, 1200, 1210, and 1220 pm.
The corresponding transmission spectra, listed in Figure 3b, for resonant wavelengths of different
pitches were 1538.8, 1559.7, 1588.0, and 1625.8 nm, respectively. These results demonstrate that the
resonance wavelength shifts toward shorter wavelengths as the grating pitch increases. The LPFG

converted a fundamental core mode (LPy;) to a higher core mode (LPy;) with a coupling efficiency
higher than 98%.
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Figure 3. (a) Calculated effective refractive indices plotted as a function of wavelength for the LPy,,
LPy;, LPy;, and LPy, modes; (b) The transmission spectra of four CO;-laser-induced LPFGs with
grating pitches of 1190, 1200, 1210, and 1220 um.

3. Experiment Results

As shown in Figure 4a, an experimental apparatus was developed for measuring OAM modes
generated by the 4AMF-LPFG. This device was used to confirm the presence of excited OAM 1 modes in
the LPFG with a grating pitch of 1200 um and a grating resonant wavelength of 1588.1 nm. The LPFG
was placed in a tube furnace with a resolution of 0.01 °C. A tunable laser (Model 81940A, Agilent
Technologies, Santa Clara, CA, USA) was utilized with wavelengths ranging from 1520 to 1620 nm.
The light beam from this laser was divided into two branches by a fiber coupler (90:10). One part
of the light (90%) was propagated into a polarization controller (PC) and an achieved 4MF-LPFG to
generate OAM modes, and then collimated into a beam splitter (BS) through a lens (Lens1). Another
part of the light (10%) was propagated into an attenuator and then collimated into the BS through
another lens (Lens2) as a reference beam. The intensity of the reference beam was controlled to
achieve clear interference patterns by the tunable attenuator. The generated OAM modes from the
4MF-LPFG interfered with the reference beam on the BS. The beam profile and interference pattern of
the generated OAM can be observed by use of an infrared CCD (Model 7290A, Electrophysics Corp,
Fairfield, NJ, USA).

We investigated this pattern for polarization orientations of —90°, 0°, and 90°. As shown in
Figure 4(b11-by3), orientations of —90° and 90° produced a near-infrared mode profile with an annular
shape. This occurred in the center at a resonant wavelength of 1588.1 nm when the reference light beam
was excluded. Additionally, a polarization orientation of —90° resulted in OAM,; modes, achieved by
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interference with the reference beam. The corresponding counter-clockwise spiral interference patterns
for the OAM_; mode were clearly observed at a resonant wavelength of 1588.1 nm, as shown in
Figure 4(by1). However, with a polarization orientation of 90° the observed OAM_; mode interference
pattern was a clockwise spiral, as shown in Figure 4(b,3). Near-field output patterns near the resonance
wavelength are shown for a polarization orientation of 0° in Figure 4(bj2). The structure includes a
clear two-lobe mode profile, which indicates the LPFG has efficiently converted the LP(; core mode to
an LPj; core mode. The experimental results shown in Figure 4 illustrate that | = =1 OAM modes were
successfully generated at the output end of the LPFG. The fiber can transfer these modes over distances
of ~50 m, which could be beneficial for OAM mode division multiplexing in optical communications.
The transmission capability of OAM modes for longer distances has been reported. For example,
Wang et al. [20] achieved OAM multiplexing transmission with less digital signal processing (DSP) for
8.8 km in a conventional graded-index multi-mode fiber (MMF). Ung et al. [21] demonstrated that the
transmission distances of OAM modes was up to 1.1 km by using a large effective index separations
few-mode fiber.
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Figure 4. (a) Experimental configuration used to detect orbital angular momentum (OAM) modes
generated by the CO;-laser-induced LPFG; (b) (b11—b13) An experimentally generated vector mode
with phase delays of +7/2, 0, and —7t/2 and test results are using the same sample with a grating pitch
of 1200 um at 1588.1 nm. (by1-by3) OAM interference patterns with topological charges of 1=+1,1=0,
and 1 = —1, respectively.

This study represents the first time (to our knowledge) that £1-order OAM modes have been
experimentally generated by tuning a polarization controller (PC), placed at the front of 4MF-LPFG
an LPFG on a 4FM. The fundamental principle of this OAM conversion can be explained as
follows [13,22,23]. The linearly-polarized input light (LPy;) can be considered the superposition of two
vector modes: LPy; and LPgl. A phase delay of £71/2 can be produced between the two components by
tuning the PC, converting the linearly-polarized beam to a circularly-polarized CP* mode. The HE)l(l/ Y
mode can be selectively converted to HE3; and HES; modes using the LPFG. Therefore, when left- or
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right-handed circular polarization modes were input into the 4MF-LPFG, CP® modes were converted
to OAME = HE$; £iHEY,. When the phase delay of two polarization components was 0, the input
light was still linearly polarized. As such, there was no spiral phase generation after the light passed
through the grating. No spiral phase generation of the output light was observed after coupling of the
input light into the LPFG.

Experiment setup for testing the temperature response of the LPFG was shown in Figure 5.
An LPFG with a pitch of 1200 um was placed in a tube furnace with a temperature range from room
temperature to 100 °C. An ASE light source and an OSA were employed to monitor transmission
spectrum evolution of the LPFG during heating. The LPFG sample was heated from 30 °C to 100 °C
with a step of 10 °C. After a desired temperature was achieved each time, the temperature was
maintained for 20 min, and then the resonant wavelength was recorded.

Ed| temperature

‘ control
tube furnace

ASE | Lixed fA‘XGd OSA

LPFG

Figure 5. Experiment setup for testing the temperature response of the LPFG.

As shown in Figure 6a, the resonant wavelength of the LPFG shifted toward the longer wavelength
side with the increased temperature from 30 °C to 100 °C. The measured resonant wavelength shift as
a function of temperature is shown in Figure 6b, the corresponding temperature sensitivity is about
~38.6 £ 0.37 pm/°C at the resonant wavelength of 1625 nm, and the similar experimental results were
also reported by Wang et al. [24]. In this experiment, the measurement error was mainly dependent
on the accuracy of the experimental instrument, such as OSA’s resolution of data sampling and the
stability of temperature controlled by the tube furnace. In the whole process of the temperature
experiment, the OSA with a resolution of 20 pm and the tube furnace with an accuracy of 0.01 °C,
were employed, respectively. The corresponding measurement error was calculated to be about
£0.37 pm/°C, where the results of the higher-order nonlinear fitting were considered, as shown in
Figure 6b.
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Figure 6. (a) Transmission spectra evolution of the 4FM-LPFG with the temperature increased
from 30 °C to 100 °C in steps of 10 °C; (b) Relationship between the resonant wavelength and
the temperature.
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The temperature characteristics of these OAM modes were also investigated, and the experimental
set up was shown in Figure 7a. The 4MF-LPFG was placed in a tube furnace to raise its temperature
from 23 °C to 50 °C with a step size of 10 °C. The near-infrared LPFG mode profiles are illustrated
without a reference light beam in Figure 7(a;—d;). The corresponding temperatures were 23 °C, 30 °C,
40 °C, and 50 °C, respectively. Counter-clockwise spiral interference patterns for the OAM,; mode
(with a reference beam) are illustrated in Figure 7(ay—d;), corresponding to the temperatures listed
above. It can be seen from Figure 7(ay—d;) that the helical phase of the OAM remained stable while
increasing the temperature from 23 °C to 50 °C. Only minor intensity changes were observed as shown
in Figure 7b.
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Figure 7. (a) Beam profiles and interference patterns of OAM modes generated by the LPFG as the
temperature increased from 23 °C to 50 °C; (b) The intensity (a. u.), calculated by MATLAB, changed
with the temperature increasing from 23 °C to 50 °C.

4. Conclusions

In conclusion, we have demonstrated an LPFG, based on a 4FM fabricated using a high-frequency
CO; laser, with a high conversion efficiency of 98%. OAM4; modes were successfully generated
by superimposing two linear polarization modes (HE3; and HE3;) with a phase delay of £7/2,
achieved by tuning the PC for controlling the input-light polarization of a LPFG. The FM-LPFG,
as a temperature sensor, has a temperature sensitivity of ~38.6 pm/°C at the resonant wavelength
of 1625 nm. We subsequently tested the effect of temperature characteristics on the LPFG and its
effect on propagation of the OAM modes with the temperature increasing. An OAM_; generator
of this type has significant potential for enhancing data transmission capacity in all-fiber optical
communication systems.



Sensors 2018, 18, 1766 80f9

Author Contributions: S.L. and Y.Z. conceived and designed and performed the experiments and wrote the
paper; C.F. and Z.L. contributed to analyze data; Z.B. contributed to write the paper; Y.W. and J.H. contributed to
analyze data; C.L., Y.L. and Y.W. contributed to experimental equipment and polish the paper. All of the authors
participated in the project, and they read and approved the final manuscript.

Funding: This work was supported by National Natural Science Foundation of China (grant nos. 61425007,
61635007 and 61675137), Guangdong Natural Science Foundation (grant nos. 2015010105007, 2014A030308007
and 2017A010102015), Education Department of Guangdong Province (grant nos. 2015KTSCX119), Science and
Technology Innovation Commission of Shenzhen (grant nos. JCYJ20160427104925452, JCY]J20160307143716576
and JCYJ20170412105604705), and Development and Reform Commission of Shenzhen Municipality foundation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Allen, L.; Beijersbergen, M.W.; Spreeuw, R.J.C.; Woerdman, J.P. Orbital angular momentum of light and the
transformation of Laguerre-Gaussian laser modes. Phys. Rev. 1992, 45, 8185-8189. [CrossRef]

2. Leach, ].; Jack, B.; Romero, J.; Jha, A K,; Yao, A.M.; Frankearnold, S.; Ireland, D.G.; Boyd, R.W,; Barnett, S.M.;
Padgett, M.]. Quantum correlations in optical angle-orbital angular momentum variables. Science 2010,
329, 662. [CrossRef] [PubMed]

3. Wang, J.; Yang, J.-Y.; Fazal, LM.; Ahmed, N.; Yan, Y.; Huang, H.; Ren, Y.; Yue, Y.; Dolinar, S.; Tur, M.; et al.
Terabit free-space data transmission employing orbital angular momentum multiplexing. Nat. Photon. 2012,
6, 488-496. [CrossRef]

4. Bozinovic, N.; Yue, Y.; Ren, Y.; Tur, M.; Kristensen, P.; Huang, H.; Willner, A.E.; Ramachandran, S. Terabit-scale
orbital angular momentum mode division multiplexing in fibers. Science 2013, 340, 1545. [CrossRef]
[PubMed]

5. Franke-Arnold, S.; Allen, L.; Padgett, M. Advances in optical angular momentum. Laser Photon. Rev. 2008, 2,
299-313. [CrossRef]

6.  Beijersbergen, M.W.; Coerwinkel, R.P.C.; Kristensen, M.; Woerdman, J.P. Helical-wavefront laser beams
produced with a spiral phaseplate. Opt. Commun. 1994, 112, 321-327. [CrossRef]

7. Courtial, J.; Padgett, M.]. Performance of a cylindrical lens mode converter for producing Laguerre-Gaussian
laser modes. Opt. Commun. 1999, 159, 13-18. [CrossRef]

8.  Berkhout, G.C.; Lavery, M.P,; Courtial, J.; Beijersbergen, M.W.; Padgett, M.]. Efficient sorting of orbital
angular momentum states of light. Phys. Rev. Lett. 2010, 105, 153601. [CrossRef] [PubMed]

9. Ngcobo, S.; Litvin, I.; Burger, L.; Forbes, A. A digital laser for on-demand laser modes. Nat. Commun. 2013,
4,2289. [CrossRef] [PubMed]

10. Naidoo, D.; Roux, ES.; Dudley, A.; Litvin, I; Piccirillo, B.; Marrucci, L.; Forbes, A. Controlled generation of
higher-order Poincaré sphere beams from a laser. Nat. Photon. 2016, 10, 327-332. [CrossRef]

11. Li, S.;; Mo, Q.; Hu, X,; Du, C.; Wang, J. Controllable all-fiber orbital angular momentum mode converter.
Opt. Lett. 2015, 40, 4376-4379. [CrossRef] [PubMed]

12.  Li, Y;Jin, L; Wu, H.; Gao, S.; Feng, Y.-H.; Li, Z. Superposing Multiple LP Modes with Microphase Difference
Distributed along Fiber to Generate OAM Mode. IEEE Photon. ]. 2017, 9, 1-9. [CrossRef]

13.  Zhang, W.; Wei, K.; Huang, L.; Mao, D.; Jiang, B.; Gao, F; Zhang, G.; Mei, T.; Zhao, J. Optical vortex
generation with wavelength tunability based on an acoustically-induced fiber grating. Opt. Express 2016, 24,
19278-19285. [CrossRef] [PubMed]

14. Fu, C,; Liu, S; Bai, Z.; He, J.; Liao, C.; Wang, Y.; Li, Z.; Zhang, Y.; Yang, K.; Yu, B. Orbital angular momentum
mode converter based on helical long period fiber grating inscribed by hydrogen-oxygen flame. J. Lightwave
Technol. 2018. [CrossRef]

15. Wu, Z,; Wang, Z; Liu, Y.G.; Han, T,; Li, S.; Wei, H. Mechanism and characteristics of long period fiber
gratings in simplified hollow-core photonic crystal fibers. Opt. Express 2011, 19, 17344-17349. [CrossRef]
[PubMed]

16. Rao, YJ.; Wang, Y.P; Ran, Z.L.; Zhu, T. Novel fiber-optic sensors based on long-period fiber gratings written
by high-frequency CO, laser pulses. . Lightwave Technol. 2003, 21, 1320-1327. [CrossRef]

17. Rao, Y.J.; Zhu, T; Ran, Z.L.; Wang, Y.P; Jiang, J.; Hu, A.Z. Novel long-period fiber gratings written by
high-frequency CO; laser pulses and applications in optical fiber communication. Opt. Commun. 2004, 229,
209-221. [CrossRef]


http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1126/science.1190523
http://www.ncbi.nlm.nih.gov/pubmed/20689014
http://dx.doi.org/10.1038/nphoton.2012.138
http://dx.doi.org/10.1126/science.1237861
http://www.ncbi.nlm.nih.gov/pubmed/23812709
http://dx.doi.org/10.1002/lpor.200810007
http://dx.doi.org/10.1016/0030-4018(94)90638-6
http://dx.doi.org/10.1016/S0030-4018(98)00599-9
http://dx.doi.org/10.1103/PhysRevLett.105.153601
http://www.ncbi.nlm.nih.gov/pubmed/21230900
http://dx.doi.org/10.1038/ncomms3289
http://www.ncbi.nlm.nih.gov/pubmed/23907358
http://dx.doi.org/10.1038/nphoton.2016.37
http://dx.doi.org/10.1364/OL.40.004376
http://www.ncbi.nlm.nih.gov/pubmed/26371940
http://dx.doi.org/10.1109/JPHOT.2017.2674022
http://dx.doi.org/10.1364/OE.24.019278
http://www.ncbi.nlm.nih.gov/pubmed/27557207
http://dx.doi.org/10.1109/JLT.2017.2787120
http://dx.doi.org/10.1364/OE.19.017344
http://www.ncbi.nlm.nih.gov/pubmed/21935098
http://dx.doi.org/10.1117/12.635388
http://dx.doi.org/10.1016/j.optcom.2003.10.048

Sensors 2018, 18, 1766 90f9

18.

19.

20.

21.

22.

23.

24.

Wang, Y.P; Wang, D.N; Jin, W,; Rao, Y.J.; Peng, G.D. Asymmetric long period fiber gratings fabricated by
use of CO; laser to carve periodic grooves on the optical fiber. Appl. Phys. Lett. 2006, 89, 151105. [CrossRef]
Sun, Z.L.; Liu, Y.G.;; Wang, Z; Tai, B.Y.; Han, T.T.; Liu, B.; Cui, W.T.; Wei, H.F.,; Tong, W.J. Long period
grating assistant photonic crystal fiber modal interferometer. Opt. Express 2011, 19, 12913-12918. [CrossRef]
[PubMed]

Ung, B.; Vaity, P; Wang, L.; Messaddeq, Y.; Rusch, L.A.; Larochelle, S. Few-mode fiber with inverse-parabolic
graded-index profile for transmission of OAM-carrying modes. Opt. Express 2014, 22, 18044-18055.
[CrossRef] [PubMed]

Wang, A.; Zhu, L.; Wang, L.; Ai, J.; Chen, S.; Wang, J. Directly using 8.8-km conventional multi-mode fiber
for 6-mode orbital angular momentum multiplexing transmission. Opt. Express 2018, 26, 10038-10047.
[CrossRef] [PubMed]

Mao, D.; Gao, F.; Zhao, J.; Wei, K.; Huang, L.; Mei, T.; Zhang, W. Generation of cylindrical vector beams and
optical vortex by two acoustically induced fiber gratings with orthogonal vibration directions. Opt. Express
2017, 25, 2733-2741. [CrossRef]

Jiang, Y,; Ren, G.; Li, H,; Tang, M.; Liu, Y,; Wu, Y,; Jian, W,; Jian, S. Linearly polarized orbital angular
momentum mode purity measurement in optical fibers. Appl. Opt. 2017, 56, 1990-1995. [CrossRef] [PubMed]
Wang, Y.P.; Wang, D.N.; Jin, W. CO, laser-grooved long period fiber grating temperature sensor system
based on intensity modulation. Appl. Opt. 2006, 45, 7966-7970. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1063/1.2360253
http://dx.doi.org/10.1364/OE.19.012913
http://www.ncbi.nlm.nih.gov/pubmed/21747443
http://dx.doi.org/10.1364/OE.22.018044
http://www.ncbi.nlm.nih.gov/pubmed/25089424
http://dx.doi.org/10.1364/OE.26.010038
http://www.ncbi.nlm.nih.gov/pubmed/29715946
http://dx.doi.org/10.1364/OE.25.002733
http://dx.doi.org/10.1364/AO.56.001990
http://www.ncbi.nlm.nih.gov/pubmed/28248400
http://dx.doi.org/10.1364/AO.45.007966
http://www.ncbi.nlm.nih.gov/pubmed/17068534
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Fabrication and Characterization of the FM-LPFG 
	Experiment Results 
	Conclusions 
	References

