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Abstract: Long-period fiber gratings (LPFGs) are efficient ways to achieve high-order core mode conversion and vortex mode conversion in
few-mode fibers (FMFs), which have the benefits of flexible structure, high integration, low insertion loss, and strong wavelength selectivity.
With the rapid development of mode division multiplexing (MDM) optical communications, the FMF-LPFGs could have promising applications
in the field of MDM optical communications and optical sensors. In this paper, we briefly introduce the principle of optical coupling, theoretical
analysis, fabrication techniques, and applications of the FMF-LPFGs in optical communications and optical sensors. The CO,-laser writing
technique and arc discharge technique are widely used for the fabrication of FMF-LPFGs and FMF helical long-period gratings (HLPGs).
The hydrogen-oxygen flame technique has the advantage on the fabrication of FMF-HLPGs. The mechanical micro-bending and acoustic
induction techniques are flexible and effective methods in fundamental researches. The femtosecond laser technique has the advantages for
the fabrication of parallel FMF-LPFGs and micro-structure FMF-LPFGs. The mode converters based on the FMF-LPFGs have been
demonstrated using different inscription techniques. The FMF-LPFG converters have the advantages such as temperature insensitivity and
wavelength tunability. The broadband converters have been demonstrated based on the phase-shift FMF-LPFG, cascaded FMF-LPFGs, and
FMF-LPFG operating at dispersion turning point. The FMF-LPFGs and FMF-HLPGs are an excellent option to generate all-fiber orbital
angular momentum (OAM) modes in different specialty FMFs, especially the FMF-HLPGs can excite different-order OAM modes directly.
As the novel fiber component, the sensing application of FMF-LPFGs and FMF-HLPGs is also briefly introduced.
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1. Introduction

With the quick advancement of optical communication
technologies over the last forty years, a series of technical
breakthroughs have been achieved in signal multiplexing across
dimensions such as wavelength, phase, amplitude, space, and
polarization. The capacity per single-mode fiber (SMF) is rapidly
approaching its nonlinear Shannon limit (Richardson et al., 2013).
The space-division multiplexing (SDM) technique, which explores
the degrees of freedom in the transverse spatial domain through
multicore fibers (MCFs) and few-mode fibers (FMFs), has been
extensively investigated. Based on the orthogonal spatial modes in
FMF as the transmission channel (Ryf et al., 2012; Sillard et al.,
2014), or using orbital angular momentum (OAM) modes with
different topological charges for mode multiplexing (Bozinovic
et al., 2012; Huang et al., 2015), the capacity of optical
communication can be greatly improved. The SDM increases the
transmission capacity of optical fiber communication networks
while having the benefits of cheap cost, low space usage, and low
energy consumption.

Mode division multiplexing (MDM) technology is a way of
SDM technology, which uses spatial mode or OAM mode with
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different topological charge numbers to carry independent data
channels in FMFs to achieve effective multiplexing, which has the
potential to improve the transmission capacity of optical
communication systems (Ho & Kahn, 2014; Nejad et al., 2016;
Ren et al., 2016; Sabitu et al., 2019). In the FMF-based MDM
system, the essential tool for converting the fundamental core mode
transmitted in the fiber core into a high-order core mode is the
mode converter (Puttnam et al., 2021). The commonly used mode
converters are mainly divided into three categories: spatial optical
element mode converter (Salsi et al., 2012), waveguide structure
mode converter (Chen et al., 2015; Saitoh et al., 2014), and all-
fiber mode converter (Chang et al., 2017; Fontaine et al., 2012;
Ismaeel et al., 2014; Park et al., 2016; Pidishety et al., 2017).
Long-period fiber grating (LPFG), as a passive mode coupling
device, has the following benefits such as easy integration, flexible
structure, low cost, low insertion loss, high mode coupling
efficiency, and good stability. The LPFGs inscribed in the FMF can
realize all-fiber mode conversion and vortex mode control
(Bozinovic et al., 2013; Giles et al., 2012; Ramachandran et al., 2002).

In addition to the application of FMF in the MDM system, its
spatial channels and modes are also gradually developed and
applied to other fields. Among them, the application of spatial
mode and vortex mode in the field of optical fiber sensing is the
most important. Except for the inherent safety, passivity and anti-
electromagnetic interference characteristics of optical fiber sensors,
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FMF-based optical fiber sensors can fully realize the advantages of
multi-parameter measurement, accuracy improvement, and
detection rate improvement by using spatial mode (Li et al., 2015a).
Compared with traditional SMF-based optical fiber sensors, the
FMF-based optical fiber sensors have larger capacity, higher
sensitivity, and more flexibility by using spatial dimensions other
than frequency, polarization state, amplitude, and phase. Therefore,
it has become an emerging research direction for the next
generation of optical fiber sensors (Murshid et al., 2008).

In this paper, we present a comprehensive report regarding the
research progress of FMF-LPFGs in mode conversion and optical
fiber sensors. Lots of contributions have been reported by
different research groups from Nankai University, Shanghai
University, Shenzhen University, Shizuoka University, et al. Only
some of the main results are presented in the paper. The following
of the work is organized in this fashion: Section 2 introduces the
mode coupling principle of FMF-LPFGs. Section 3 summarizes
the fabrication technologies. Sections 4 and 5 mainly introduce
the mode converters and optical sensors based on FMF-LPFGs
including the FMF helical long-period gratings (HLPGs).
Section 6 provides a conclusion.

2. The Principle of FMF-LPFGs

FMF is capable of supporting a limited number of spatial modes
for transmission, which can increase the spatial channel of the optical
fiber communication system and improve the communication
capacity. The amount of modes transmitted by the FMF can be
regulated by customizing the fiber’s characteristics. Here, taking ten-
mode fiber as an example, the mode parameters of the ten-mode
fiber are numerically simulated by the finite element method. The
mode field distribution supported by the fiber is shown in Figure 1.

OAM is a vortex beam with spiral phase (Padgett, 2017; Yao &
Padgett, 2011), whose amplitude has a spiral phase factor exp (ilp),
where / is the topological charge number, ¢ is the azimuth angle, each
photon in the vortex light carries an OAM mode of /4 (4 is the Planck
constant), and the OAM modes carrying different topological charge
numbers are orthogonal in the transmission process.

The problem of insufficient channel capacity in the
communication system is alleviated based on the MDM optical
communication system (Huang et al., 2015). The OAM-based
MDM has promising applications in the field of optical
communication, because the topological charge number can be
infinitely increased and used as an independent channel.

The fiber’s eigenmode can be used to evaluate the OAM mode.
The vector solution of the fiber mode can be derived from Maxwell’s
equations (Snyder, 1972). By solving_tl)le eigen@)de equatig, scalar
mode (LP mode) and vector mode (HE mode, EH mode, TM mode,

and TE mode) can be obtained. In weakly guided fiber, the LP mode
is a linear combination of the same order vector mode, written as:
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Figure 1
The field distribution of LP mode and corresponding vector mode in ten-mode fiber
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Here, the superscripts x and y represent x and y polarizations,
respectively, and the subscripts @ and b represent different spatial
states. The OAM E(})de i) a linear superposition of the odd and
even modes of the HE or EH modes, separated by a n/2 phase differ-
ence. The relationship between the circularly polarized OAM mode
and the vector mode can be expressed as:

: dd

OAM",,, = HES'S + iHE3%

—_— —

OAMR,, = TM,, + iTEy,

: dd

OAMR,,, = HES' — iHE3%

L dd

— even SITT0

OAMY,,, = HEGY)) ,, + HEY)

L even : odd

OAMY,, = EHg®  — iHE4 W

R even : odd
OAMR, = EHG® '+ iHEG,

R even : odd
OAMZ,, = HE(I+1),m + 1HE(Z+1)‘m

The left-handed circular polarization and the right-handed circular
polarization are denoted by the superscripts L and R, respectively.
And + i represents the phase difference of + n/2 when the two vector
modes are superimposed. The subscript / represents the number of
topological charges carried by the OAM mode. The positive and neg-
ative signs of / represent the different rotation directions of the spiral
phase, respectively.

Combining the relationship between LP mode and vector mode,
OAM mode and vector mode, the relationship between high-order
LP mode and circularly polarized OAM mode can be deduced as
follows:

OAMS, = LP,  +iLP;}

X Im.,a Im,b
OAM*,, = LP;  —ilP;
OAM], =LP,,  —ilP,,, ®)
OAM’,, =LP, , +ilP, ,

Therefore, by using the FMF-LPFG to convert the fundamental
core mode in the FMF to the high-order LP mode, we can then use the
polarization controller to introduce a phase difference of /2 to obtain
the OAM mode. By using the HLPGs inscribed in the FMF, the all-
fiber OAM mode can be generated directly.

In an ideal FMF, the various modes are orthogonal to one
another. During the transmission process, there is no energy
coupling between the fundamental core mode and high-order core
modes or cladding mode. The dielectric constant perturbation
introduced by the LPFG will break the orthogonality between
modes; therefore, the modes are coupled.

It is assumed that the refractive index modulation only happens in
the core during the production of the FMF-LPFG, and the refractive
index of uniform sinusoidal fiber grating can be expressed as:

neo(2) = nm{l +0o(2) {1 + vcos {ZKNZ + (b(z)” } (6)

where A is the grating period, o(z) is the slowly varying envelope of
the refractive index modulation, n,(z) is the amplitude of the
refractive index change at the coordinate z, v is the amplitude of
the refractive index modulation, ¢(z) is the phase introduced by the
modulation, and is set to 0 for the convenience of calculation. Accord-
ing to the wave equation (Erdogan, 1997), the coupled mode equation
is simplified as follows:
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where A;, Bj,
ponents of the mode j and k along the z direction, respectively.
Because the longitudinal component of the light field in the weakly
guided fiber is much smaller than the transverse component, the longi-
tudinal coupling coefficient is ignored, and the transverse coupling
coefficient is decomposed into DC coupling coefficient «; and
AC coupling coefficient «,.. The phase matching vector between
mode j and mode k is defined as AB = B — §; — ZX” The coupling
between mode j and mode k needs to be satisfied AB = 0. The grating
period can be expressed as:

Ay, and B, are the positive and negative amplitude com-

2
A= (®)
B — B
The corresponding resonance wavelength is
A= (”eﬁ‘,k - neﬁ,j)A (9)

The FMF-LPFGs are able to realize mode coupling between distinct
core modes or couple light from fundamental core mode to high-order
core modes, while the conventional LPFGs couple the fundamental
core mode to high-order cladding modes.

3. Fabrication Method of LPFGs

The fabrication techniques of the LPFGs can be divided into the
heating and cooling technique (including CO,-laser writing
technique, hydrogen-oxygen flame technique, and arc discharge
technique), femtosecond laser inscription technique, mechanical
micro-bending technique, and acoustic optical modulation
technique. The main characteristics of various fabrication
techniques are as follows.

3.1. Heating and cooling technique

Heating and cooling technique is mostly widely used for the
fabrication of the FMF-LPFGs. According to the different heating
sources, it can be divided into the following three types.

(1) The COs-laser inscription technique is widely used for the
fabrication of the LPFGs. The fiber has high absorption at the
output wavelength of the CO, laser (i.e., 10.6 pm). Therefore,
the laser heating-induced residual stress relaxation and glass
structure changes (including glass densification and glass
volume increase) are the main mechanism account for the
fabrication of the LPFGs. The advantage of CO, laser
inscription technology is that the fiber does not need
photosensitivity and the grating period control is flexible. Davis
et al. (1998) successfully inscribed LPFG using a CO, laser.
Rao et al. (2003) proposed an efficient CO, laser engraving
technique, the LPFG fabricated by the improved CO, laser
writing technology has less insertion loss and high repeatability.
Except for the CO,-laser heating, different heating source can
be adopted, for example hydrogen-oxygen flame and arc
discharge.

(2) The fabrication of the LPFG using hydrogen-oxygen flame is
based on periodic tapering process of the fiber. The fiber core
may have a slight expansion, therefore, the periodic structure
deformation is one of main mechanisms account for the
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formation of refractive index modulation. Yoon et al. (2012)
demonstrated the fabrication of the LPFG using the hydrogen-
oxygen flame method. The hydrogen-oxygen flame has
become the common heating source for the fabrication of the
HLPGs.

(3) Hwangetal. (1999) proposed the use of arc discharge method for
the fabrication of the LPFGs. When the arc locally heats the
fiber, the axial stress is generated on the fiber through
the axial displacement of the fiber clamp. By shifting the
discharge position on the fiber and repeating the discharge
process, the LPFG can be fabricated. The heating of the arc
discharge on the fiber has the similar effect like the CO,-laser
heating. Glass structural changes and residual stress relaxation
are responsible for the majority of the refractive index
modification process.

Compared with the conventional LPFG, the HLPG has been widely
used in optical fiber sensing and optical communications. Kopp et al.
(2004) first reported the fabrication of chiral long-period gratings
(CLPGs) using high-speed twisted non-circular symmetric fibers
under melt conditions using CO, laser. The CLPG has both
wavelength selectivity and circular polarization selectivity. Oh
et al. (2004) proposed a method of rotating and moving the fiber
to inscribe the HLPG with helical refractive index modulation on
the fiber using CO, laser. Xian et al. (2014) melted the fiber in
the sapphire tube using a CO, laser as a heating source and then
twisted the fiber to create the HLPG. This method can heat the
fiber more fully and solve the limitation of the small heating area
caused by the small spot of the focused carbon dioxide laser.
Fujikura and AFL laboratory developed a CO, laser welding
machine (LZM-100, AFL Fujikura), which has dual-beam CO,
laser, combined with a high-precision translation stage and fiber
rotation system to realize programmed fiber processing. With the
development of MDM technology and all-fiber OAM generation,
the HLPGs have attracted much attention, different heating
methods have been developed for the fabrication of the HLPGs,
such as hydrogen-oxygen flame (Liu et al., 2017) and commercial
fiber fusion machine based on arc discharge. Figure 2 shows the
schematic diagram of the CO, laser inscription technique. By
using the high-precision 3D stage and fiber rotator controlled by
step motor, the LPFG and HLPG can be written with the focused
CO, laser.

Figure 2
Schematic diagram of the CO, laser inscription technique

LPFG

3D-Translation Stage

3.2. Femtosecond laser inscription technique

Femtosecond laser is an ultra-short pulse laser, which has a high
pulse peak power, a small focus spot, and a small influence of the hot
zone. The use of femtosecond laser direct writing technology has made
material processing more efficient than ever. The nonlinear effect of
avalanche ionization and multiphoton absorption forms the basis of
the interaction between femtosecond laser and transparent materials.
Kondo et al. (1999) first reported the fabrication of the LPFGs
using a femtosecond laser. Regan et al. (2012) used a 264 nm
ultraviolet femtosecond laser pulse combined with amplitude mask
technology to write the LPFG on photosensitive fiber. Jiang et al.
(2022) proposed and realized the fabrication of LPFGs with
different periods in the core of the FMF by femtosecond laser axial
line scanning, and realized the mode conversion from the
fundamental LPy; mode to the high-order polarized core modes
including LP;; mode, LP,; mode, LPy, mode, LP;; mode, and
LP;, mode. The parallel LPFG can be written in the core area by
offset femtosecond laser inscription. The simultaneous conversion
of multi-channel core modes can be realized.

Chen et al. (2022) demonstrated a method employing
femtosecond laser to inscribe HLPG in a SMF for exciting +1
OAM mode. Jiang et al. (2023) proposed and demonstrated the
inscription of the HLPG in a FMF using femtosecond lasers. The
OAM mode of 14 orders can be excited directly. Figure 3 shows
the schematic diagram of the femtosecond laser scanning
inscription technique. Thanks to the advantage of the high
flexibility of the femtosecond laser in micro-processing, the
parallel LPFGs and HLPGs can be inscripted in the FMFs.

3.3. Mechanical micro-bending technique

The mechanical micro-bending method uses periodic grooved
plates to squeeze optical fiber. The main mechanism of the
mechanical micro-bending method is the refractive index modulation
caused by the elastic-optic effect of the optical fiber. Blake et al.
(1986) successfully converted the LPy; mode to the LP;; mode by
squeezing two-mode fibers using periodic mechanical micro-bending,
and the conversion efficiency reached 99%, which is an early
experimental demonstration of fiber mode conversion using
mechanical gratings. As shown in Figure 4, the periodically arranged
serrated  structure squeezes the side of the fiber to form a
micro-bending with the same periodicity in the fiber, which will
cause periodic refractive index changes in the axial direction of the
fiber. The advantage of mechanical micro-bending LPFG is that the
period of the LPFG can be flexibly controlled by replacing the
pressure plate with different periods, and the coupling efficiency and
bandwidth of the LPFG can be flexibly controlled by adjusting the
applied pressure and the length of the LPFG. Therefore, it is widely
used in many research experiments. The mechanically micro-bending
LPFG is greatly affected by external disturbances, especially by the
magnitude of pressure, so the stability is poor. The grating also has
the disadvantage of grating degeneration.

3.4. Acoustic induction technique

Kim et al. (1986) proposed an all-fiber frequency shifter based on
acoustic-optic modulation technique, which realizes the coupling of
LPy; mode and LP;; mode by a traveling acoustic flexural wave
guided along the fiber. The acousto-optic modulator can excite the
sound wave, which propagates along the axial direction of the fiber.
As shown in Figure 5, the cylindrical horn made of quartz glass is
connected to the piezoelectric ceramic at one end of the fiber,
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Figure 3
Schematic diagram of the femtosecond laser axial line scanning inscription of (a) parallel LPFGs (b) HLPG
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Figure 4
Side view of a mechanically induced LPFG
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Figure 5
Schematic diagram of the acoustic-induced LPFG
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which concentrates the sound intensity generated by the piezoelectric
ceramic to the tip and then obtains a large tip offset under low sound
power. When the diameter of the tip is roughly the same as that of the
fiber, good sound energy transmission can be achieved. In recent
years, acoustic-modulated LPFGs have been used to induce core
mode conversion in FMFs. Li et al. (2019b) fabricated acoustic-
induced LPFG and applied it to a few-mode laser system for
intracavity mode conversion. The disadvantage of this method is
that the whole grating mode coupling system is not compact, which
is detrimental to the system’s integration.

Table 1 summarizes the main characteristics of several LPFG
fabrication techniques. Based on their respective characteristics,
these fabrication methods have different applications.

4. Mode Converters

The MDM system based on FMFs has become one of the
important methods to improve optical fiber communication
capacity. The mode converter is the key component for generating
the high-order LP modes and OAM modes, which are channels of
MDM optical communications. In recent years, due to the
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advantages of small size, easy fabrication and strong anti-
interference ability of LPFG devices, all-fiber mode converters
based on different types of FMF-LPFG have been proposed.

4.1. Mode converter based on FMF-LPFGs

The FMF-LPFG can realize the mode conversion between
fundamental mode and high-order LP modes. By introducing the
/2 phase difference, the all-fiber OAM mode can be generated.
Various methods have been proposed to fabricate the LPFGs to
achieve the conversion of higher-order modes such as LP;;, LP,;,
LPs;, and LP4; modes, as well as the generation of the 1, +2, £3,
and ¥4 OAM modes. Giles et al. (2012) fabricated a micro-bend
LPFG to achieve successfully a high-efficiency conversion from
LPy; mode to LP;; mode in a two-mode fiber. The orthogonally
polarized LP;;, mode and LP,;, mode can be realized due to the
birefringence produced by the mechanical stress in the fiber. Wang
et al. (2015) inscribed LPFGs in a FMF using CO, laser, attaining
the transformation of LPy; mode into LP;; mode. The temperature,
tension, and polarization characteristics of the FMF-LPFGs are also
measured. Li et al. (2015b) proposed an all-fiber OAM mode
converter based on a mechanical micro-bend LPFG. The
mechanical micro-bend LPFG is used to convert the LPy; mode to
the LP;; mode. By using a flat plate to introduce a m/2 phase
difference between LPy,, and LP;;, modes, the first-order OAM
mode is successfully excited. Zhao et al. (2016) fabricated the
LPFGs and tilted LPFGs on two-mode fibers using a CO, laser,
and achieved mode conversion from LPy; to LP;; mode with a
conversion efficiency of up to 90% and generation of + 1 order
OAM mode. He et al. (2020) proposed an asymmetric LPFG to
realize the mode conversion from LPy; to LP3; mode by multicycle
scanning ablation and used a polarization controller to generate the
third-order OAM mode. Chang et al. (2022) realized the mode
coupling between LP;; mode and LP,; mode by employing a
preset twisted LPFG and generated the fourth-order OAM mode.
Table 2 summarizes the mode converters based on FMF-LPFGs
inscribing by different techniques. By changing the grating period
and writing parameters, the different high-order core modes can be
generated in the FMFs.

4.2. Mode converters based on FMF-HLPGs

The HLPG has a spiral refractive index modulation distribution
in the fiber, resulting in a /2 phase difference in the vector mode.
Therefore, the HLPG can convert the fundamental core mode into
different-order OAM modes directly. Zhang et al. (2016a)
inscribed the HLPG in two-mode fiber, and the maximum mode
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Table 1

Comparison of the LPFG fabrication methods

Fabrication method

Mechanism

Advantage and disadvantage

Reference

CO, laser
technique

Hydrogen-oxygen
flame technique

Are discharge
technique

Femtosecond laser
technique

Mechanical
Micro-bending

Residual stress relaxation, glass
structure changes, physical

deformation

Physical deformation, residual

stress relaxation

Residual stress relaxation, glass
structure changes, physical

deformation

Multiple photon absorption,

glass structure changes

Photoelastic effect

High writing efficiency, good repeatability and flexibility,
no need for photosensitive fiber, high-temperature
stability, and low cost

High sensitivity, fragile fiber, and low cost

Good flexibility, no need for photosensitive fiber, high-
temperature stability, and low cost

Good flexibility and repeatability, no need for
photosensitive fiber, high-temperature stability, and high
cost

Good flexibility, grating degeneration, and low cost

Davis et al. (1998)
Rao et al. (2003)

Yoon et al. (2012)

Hwang et al. (1999)

Kondo et al. (1999)
Regan et al. (2012)

Blake et al. (1986)
Savin et al. (2000)

technique
Acoustic induction Photoelastic effect Good flexibility, and asymmetric index distribution Kim et al. (1986)
technique
Table 2
Mode converter based on FMF-LPFGs
Fiber type Fabrication method High-order core mode References

Two-mode fiber
Two-mode fiber
Two-mode fiber
Two-mode fiber
Two-mode fiber
Two-mode fiber
Two-mode fiber
Four-mode fiber
Two-mode fiber
Two-mode fiber
Two-mode fiber
Two-mode fiber
Six mode fiber

Two-mode fiber
Four-mode fiber
Four-mode fiber
Two-mode fiber
Two-mode fiber
Four-mode fiber
Six mode fiber

Two-mode fiber
Four-mode fiber
Two-mode fiber
Two-mode fiber
Two-mode fiber
Two-mode fiber
Four-mode fiber
Six mode fiber

Six mode fiber

Two-mode fiber
Ring core fiber

Two-mode fiber

UV laser

Mechanical micro-bend
UV laser

Pulsed laser-induced
Mechanical Micro-bend
Mechanical

CO, laser

CO, laser

Mechanical micro-bend
CO, laser

Acoustically induced
CO, laser

Mechanical micro-bend
Mechanical micro-bend
CO, laser

Arc discharge

CO, laser

CO, laser

UV laser

CO, laser

Mechanical micro-bend
CO, laser

CO, laser

CO, laser

CO, laser
Femtosecond laser
Femtosecond laser
CO, laser
Femtosecond laser
Mechanical micro-bend
CO, laser

Mechanical micro-bend

LP;; mode

LP;; mode

LPy, mode

LP;; mode
LPy, LP,; modes
LP;; mode

LP;; mode

LP;; mode

LP;; mode

LP;; mode

LP;; mode

LP;; mode

LP;; mode

LP;; mode
LPy;, LP,; mode
LP;; mode

LP;; mode

LP;; mode
LPyy, LP,;, LPy, modes
LP3; mode

LP;; mode

LP;; mode

LP;; mode

LP;; mode

LP;; mode

LP;; mode

LP;; mode

LP4; mode

LPH, LPZI: LP31, LP02, LP12 modes

LP;; mode
OAM=+2, OAM+3
LP;; mode

Ramachandran et al. (2002)
Skorobogatiy et al. (2003)

Ramachandran (2005)

Andermahr and Fallnich (2010)

Giles et al. (2012)
Sakata et al. (2014)
Dong and Chiang (2015)
Wang et al. (2015)
Li et al. (2015a)
Zhao et al. (2016)
Zhang et al. (2016b)
Li et al. (2017)
Huang et al. (2017)
Wu et al. (2017b)
Wu et al. (2017a)

Li et al. (2019a)
Ling and Gu (2019)
Guo et al. (2019)
Garcia et al. (2019)
He et al. (2020)

Lee et al. (2020)

Fu et al. (2020)
Zhao et al. (2020)
Ling et al. (2020)
Wang et al. (2021)
Yang et al. (2021)
Liu et al. (2022)
Chang et al. (2022)
Jiang et al. (2022)
Huang et al. (2022a)
Chang et al. (2023)
Lin and Kuan (2023)

07



Journal of Optics and Photonics Research Vol. 1 Iss.1 2024
Table 3
OAM mode converters based on FMF-HLPGs
Fiber type Fabrication method OAM mode References
Two-mode fiber CO, laser OAM=t1 Zhang et al. (2016a)
Two-mode fiber Hydrogen-oxygen flame OAM=1 Zhang et al. (2019)
Four-mode fiber CO, laser OAM+2 Zhao et al. (2019)
Two-mode fiber CO, laser OAM=1 Zhao et al. (2020)
Four-mode fiber CO, laser OAM+2 Zhao et al. (2021a)
Four-mode fiber CO, laser OAM=2, OAM3 Detani et al. (2021)
Six mode fiber Hydrogen-oxygen flame OAM+3 Shao et al. (2021)
Ring core fiber CO, laser OAM=2, OAM+3 Huang et al. (2022b)
Six mode fiber CO, laser OAM+4 Chang et al. (2022)
Graded index two-mode fiber CO, laser OAM=1 Zhu et al. (2023)
Graded index four-mode fiber CO, laser OAM=1 Zhu et al. (2023)

Six mode fiber Femtosecond laser

OAM=1, OAM+2, OAM+3, OAM+4 Jiang et al. (2023)

coupling efficiency at the resonance wavelength is 28 dB. Zhang
et al. (2019) fabricated the CLPG in two-mode fibers using a
hydrogen-oxygen flame method and proposed a polarization-
independent first-order OAM mode converter. The OAM,; and
OAM_; modes can be controlled by the left-hand and right-hand
CLPGs. The experimental results demonstrate that the OAM
mode converter based on CLPG has polarization-independent
characteristics. Detani et al. (2021) proposed a high-order HLPG
to simultaneously generate the second and third-order OAM
modes in a thinned four-mode fiber. The single HLPG can realize
the mode conversion from LPy; to LP,; core mode and from LP,;
core mode to LP;; cladding mode. Jiang et al. (2023) realized the
fourth-order OAM mode conversion using an HLPG inscribed by
a femtosecond laser. Because of the benefits of small spot size,
high precision, and high writing efficiency, the HLPG fabricated
by femtosecond laser has better performance to excite high-order
core modes. Table 3 shows the research on the OAM mode
converters based on the FMF-HLPGs. The FMF-HLPGs are good
candidates for the generation of all-fiber OAM modes.

4.3. Broadband mode converters

MDM technology can be combined with wavelength division
multiplexing (WDM) technology to increase communication
capacity. The bandwidth of the LPFGs is usually only tens of
nanometers. To fully combine WDM technology, it is very
important to improve the bandwidth of the LPFG-based mode
converter. Guo et al. (2019) fabricated a LPFG based on the dual-
resonance coupling mechanism and realized the broadband mode
conversion from LPy; to LP,; mode with 15-dB bandwidth of
118.2 nm and 10-dB bandwidth of 156.4 nm. Zhao et al. (2020)
inscribed LPFGs and HLPGs operating at the dispersion turning

point (DTP) by using a CO, laser, respectively. The 10-dB
bandwidths of 300 nm and 297 nm are achieved, respectively,
which cover the O + E + S + C band. The first-order OAM mode
is directly excited in the ultra-wide wavelength range through the
DTP-HLPG. When the converter is twisted, the 10-dB bandwidth
can be changed by 52 nm and 91 nm, respectively. Table 4
summarizes the recent research on broadband mode conversion
based on LPFGs and HLPGs. The DTP mechanism phase-shifted
LPFG, chirped LPFG and cascaded LPFGs are the main methods
to achieve broadband mode conversion. A more broadband mode
converter could be fabrication by combining these methods.

4.4. Application of FMF-LPFG mode convertors in
optical fiber lasers

The optical laser in conjunction with FMF-LPFG offers a
promising avenue for various applications in the field of
telecommunications (Han et al., 2018), optical sensors, and optical
signal processing. Firstly, optical lasers can enable improved
signal modulation and demodulation processes by taking
advantage of the mode conversion and spectral shaping
characteristics of FMF-LPFGs. Secondly, the optical lasers
combined with FMF-LPFGs can facilitate advanced signal
processing techniques such as mode conversion, wavelength
filtering (Bai et al., 2023), and multiplexing/demultiplexing (Zhu
et al., 2021). Wei et al. (2017) used acoustic-optic modulation to
realize the high-order core mode conversion in the conventional
SMF at 633 nm waveband and demonstrated a fiber laser with
high-order modes output. This technique provides a useful way of
generating cylindrical vector beams and optical vortex beams in
optical fiber. Based on FMF-LPFGs, Wang et al. (2022) proposed
a high-order mode fiber laser. The three FMF-LPFGs were used

Table 4
Broadband mode converter based on LPFGs and HLPGs

Grating type Fiber type

Mode converter

10-dB bandwidth References

DTP-LPFG Two-mode fiber LP;; OAM=1 156.4 nm Guo et al. (2019)

DTP-LPFG, DTP-HLPG Two-mode fiber LP;; mode, OAM=1 300 nm, 297 nm Zhao et al. (2020)

T-superimposed LPFG Photonic crystal fiber LP,; mode 121 nm (3-dB) Tian et al. (2022)

Phase-modulated HLPG Four-mode fiber OAM=2 113 nm Zhao et al. (2021a)

Multi-pitch chirped LPFG Ring core fiber OAM=2 57 nm Chang et al. (2023)
OAM+3 51 nm
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as mode converters, and LPy; mode, LP;; mode, and LP,; mode can
all be lased simultaneously at the same wavelength. The integration
of optical lasers with FMF-LPFGs presents a wide array of
opportunities for advancing telecommunications, sensing, and
optical signal processing applications.

5. The Optical Sensors Based on FMF-LPFGs

The mode coupling between the fundamental mode and the co-
propagating high-order core or high-order cladding modes can be
realized using the FMF-LPFG. The FMF-LPFG sensor is an optical
fiber sensor with the benefits of small size, resilience to corrosion,
and immunity to electromagnetic interference. Compared with the
conventional LPFG sensors, the FMF-LPFG not only has higher
sensitivity, but also can realize sensing measurement through the
change of spatial mode, and thus has better flexibility. Therefore,
the LPFGs based on FMFs have become a new research area of
optical fiber sensors (Murshid et al., 2008).

5.1. The temperature characteristics of
FMF-LPFGs

The temperature characteristics of FMF-LPFGs mainly depend on
the thermo-optic effect and thermal expansion effect of fiber materials.
When the temperature changes, the thermo-optic effect causes the
refractive index changes of the material, and the thermal expansion
effect causes the structural change of the grating, which in turn
causes the shift of the resonance dip. These two coefficients of silica
materials are very small, less than ~ 1073; therefore, the FMF-LPFG
is usually not sensitive to temperature. Ling et al. (2020) fabricated

the FMF-LPFG with a period of 460 pm in a two-mode step-index
fiber by CO, laser, and the temperature sensitivity is 0.058 nm/°C.
The temperature insensitivity is one of the advantages of the FMF-
LPFGs as mode converter, especially for the application of optical
communications.

The researchers have also proposed different methods to
improve the temperature sensitivity of FMF-LPFGs, which mainly
includes temperature sensing near the DTP, reducing the cladding
diameter, and coating the thermal-sensitive material on the grating
surface. Zhao et al. (2021b) analyzed the temperature sensitivity
of the double loss peaks of FMF-LPFG in the transmission
spectrum. By optimizing parameters, the FMF-LPFG with a
period of 825 pm is obtained, and the temperature sensitivity of
the left and right peaks can reach —230 pm/°C and 210 pm/°C,
respectively. Deng et al. (2023) combined the last two methods by
writing the LPFG on a tapered two-mode fiber using CO, laser
and then coated the LPFG with a polydimethylsiloxane (PDMS)
material. The temperature sensitivity can reach —0.484 nm/°C
between 30 °C and 60 °C. The temperature sensitization
technology based on thermosensitive material coating mainly
depends on the thermo-optic coefficient of the coated material,
which can greatly improve the temperature sensitivity of FMF-
LPFG. In addition, the FMF-LPFGs fabricated by different
techniques or in different fiber materials have different
temperature characteristics, which is of certain significance for
expanding the field of optical fiber temperature sensing.

Table 5 summarizes the temperature characteristics of the
FMF-LPFGs and FMF-HLPGs. It can be seen that most FMF-LPFGs
have much lower temperature sensitivity than the conventional
LPFGs, which is helpful for the temperature-insensitive optical

Table 5
Temperature characteristics of FMF-LPFGs and FMF-HLPGs

The fabrication

Temperature sensitivity

Grating type  Fiber type technology (pm/°C) The sensing range (°C) Reference
LPFG Few mode fiber HF etched 2100 48-70 Yin et al. (2001)
LPFG Two-mode fiber CO,-laser 28.36 30-90 Wang et al.
(—0.108/°C) (2015)
HLPG Two-mode fiber CO, laser 23.9 20-100 Zhang et al.
(2016a)
LPFG Two-mode fiber Heating wire 58.9 25-80 Lv et al. (2018)
LPFG Two-mode fiber DTP-FMF-LPFG -270 20-100 Ling and Gu
(0.072 dB/°C) (2019)
LPFG Four-mode fiber Micro-tapered method Dipl 38.7 20-70 Li et al. (2019a)
Dip2 —12.6
LPFG Two-mode fiber CO, laser Dipl —17.56 30-100 Guo et al.
Dip2 100.71 (2019)
LPFG and Two-mode fiber CO, laser Dipl 233.5, 188.2 20-120 Zhao et al.
HLPG Dip2 —-71.6, —12.2 (2020)
LPFG Six mode fiber Embedded Dipl —59.58 50-130 Zhang et al.
Dip2 139.5 (2020)
LPFG Two-mode fiber CO, laser 58 25-70 Ling et al.
(2020)
LPFG Two-mode graded index CO, laser -39.3 30-90 Fu et al. (2020)
fiber
LPFG Four-mode fiber CO, laser Dipl -230 40-110 Zhao et al.
Dip2 261 (2021b)
LPFG Four-mode fiber Femtosecond laser Dipl 144.7 20-70 Liu et al. (2022)
Dip2 88.7
HLPG Few mode fiber Hydrogen-oxygen flame  53.09 36-86 Sun et al.
heating (2022)
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sensing. Therefore, it is easy to compensate for the optical sensor’s
temperature cross-sensitivity.

5.2. The strain characteristics of FMF-LPFGs

The operation of FMF-LPFG strain sensors is based on the
principle of strain-induced refractive index modulation in the fiber
core. When the fiber is subjected to strain, the period of the
grating changes, and the photoelastic effect also causes the
effective refractive index of the fiber to change, resulting in a shift
in the resonance wavelength of the FMF-LPFG.

For the FMF-LPFGs written by CO, laser, the axial strain
sensitivity of the core mode is low. For the FMF-LPFGs with
special structures, higher strain sensitivity can be achieved.
Table 6 summarizes the strain characteristics of the FMF-LPFGs
and FMF-HLPGs.

5.3. The twist characteristics of FMF-LPFGs

When the LPFG is subjected to axial torsion, the photoelastic effect
and waveguide dispersion of the fiber material will cause changes in the
grating period and the effective refractive index, which can cause the
resonance wavelength shift of the grating. The FMF-LPFG fabricated
by femtosecond laser has a twist sensitivity of 0.115 nm/(rad/m),
which is twice that of conventional LPFGs (Liu et al., 2022).

Compared with the LPFG, the HLPG has a higher torsion
sensitivity. One of the reasons is that the period of HLPG can be

easily changed by the torsion and the other is that the refractive
index becomes smaller due to the loose spiral structure when the
HLPG period becomes larger. Furthermore, the change of the
grating period can cause the resonance wavelength of HLPG to
shift to the longer or shorter wavelength when the twist is applied
in the co-direction or contra-direction with the direction of the
helical refractive index. Therefore, the twist rate and twist
direction can be measured by the HLPG simultaneously. Zhang
et al. (2016a) inscribed the HLPG in the two-mode fiber and
achieved a high twist sensitivity of 0.47 nm(rad/m). Table 7
summarizes the twist characteristics of different types of FMF-
LPFGs and FMF-HLPGs.

5.4. The bending characteristics of FMF-LPFGs

The bending characteristics of FMF-LPFGs mainly include
three aspects. Firstly, the bent fiber produces deformation,
resulting in a change in the period of the grating, and the angle of
curvature will also change the arrangement of the refractive
fringes; secondly, Curvature induces a change in the average
refractive index of the grating, which decreases with increasing
curvature (Erdogan, 1997); thirdly, the fiber bending affects the
mode field distribution of the modal in the fiber, which in turn
changes the effective refractive index of the optical fiber mode
and the overlap integral of the modal coupling. These could cause
a change in the grating resonance dip.

Table 6
Strain characteristics of FMF-LPFGs and FMF-HLPGs

Grating type Fiber type

The fabrication technology Strain sensitivity (pm/ue) The sensing range (ue) Reference

LPFG Two-mode fiber CO, laser —4.5 0-1100 Wang et al. (2015)

LPFG Two-mode fiber Heating wire -54 0-840 Lv et al. (2018)

LPFG Four-mode fiber Micro-tapered method Dipl -0.9 0-2264 Li et al. (2019a)
Dip2 -2.0

LPFG and HLPG Two-mode fiber CO, laser Dipl 0.3 0.08 0-1339 Zhao et al. (2020)
Dip2 -2.3 —1.1

LPFG Four-mode fiber CO, laser Dipl -8.9 0-1150 Zhao et al. (2021b)
Dip2 14

LPFG Four-mode fiber Femtosecond laser Dipl -2.4 0-1053 Liu et al. (2022)
Dip2 —-0.25

Table 7

Twist characteristics of FMF-LPFGs and FMF-HLPGs

Twist sensitivity Twist direction

Grating type Fiber type The fabrication technology nm/(rad/m) measurement  Reference

LPFG Two-mode fiber CO, laser LPFG 0.37 Yes Zhao et al. (2016)
Tilted LPFG 0.50

HLPG Two-mode fiber CO, laser 0.47 Yes Zhang et al. (2016a)

LPFG and HLPG Two-mode fiber CO; laser Dipl 0.267 0.841 Yes Zhao et al. (2020)
Dip2 —0.18 —0.525

LPFG Four-mode fiber Femtosecond laser writing technique Dipl 0.115 Yes Liu et al. (2022)
Dip2 0.009

HLPG Few mode fiber Hydrogen-oxygen flame heating 1.65 Yes Sun et al. (2022)
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Table 8
SRI characteristics of FMF-LPFGs and FMF-HLPGs

Refractive index sensitivity The sensing

Grating type Fiber type The fabrication technology (nm/RIU) range Reference
HLPG Two-mode fiber CO, laser Very small 1.340-1.454  Zhang et al.
(2016a)
CLPG Two-mode fiber Cascaded by an n-segment —23.56 1.33-1.40 Wu et al.
FMF-LPFG with equal —2410 1.4445-1.4475  (2019)
length
LPFG Two-mode fiber DTP-FMF-LPFG 1114.28 1.330-1.340  Ling and Gu
(—685.42 dB/RIU) (2019)
LPFG Two-mode fiber DTP-LPFG based on mode 18930 1.33-1.34 Wu et al.
barrier region (2020)
LPFG Six mode fiber ~ Embedded Dip1 487.99 1.333-1.406  Zhang et al.
Dip2 —85.95 (2020)
LPFG Two-mode fiber CO, laser —263.257 1.4227-1.4430 Ling et al.
(2020)
Cladding reduced Two-mode fiber CO, laser —850.8 1.4227-1.4370 Ling et al.
FMF-LPFG (2021)

5.5. The SRI characteristics of FMF-LPFGs

The surrounding refractive index (SRI) sensitivity of the
LPFG is related to three factors: the cladding mode, the
waveguide structure, and the range of SRI. The SRI sensors
based on conventional LPFGs usually have higher sensitivity,
and the sensitivity of FMF-LPFG is often low because most of
the light remains in the fiber core due to core mode coupling.
Ling et al. (2020) fabricated a FMF-LPFG by CO, laser, and the
dip nearby 1556 nm corresponded to the coupling between high-
order core mode and cladding mode. The measured SRI
sensitivity is —263.257 nm/RIU. In order to improve the SRI
sensitivity of LPFG, there are three main methods: reducing the
diameter of the optical fiber cladding, using the DTP
characteristics of the LPFG, and coating the high refractive
index nano-films. Ling et al. (2021) etched the FMF-LPFG using
Hydrofluoric Acid (HF) solution. The sensitivity increases about
1.64 times in the process of etching. Wu et al. (2020) combined
two other methods to obtain an ultra-high SRI sensitivity of
18930 nm/RIU. The results reveal that the FMF-LPFG sensor
has the best SRI sensitivity when the surface thickness is near
the mode barrier region and the dual dips are close to DTP. The
SRI sensitivity is effectively increased by an order of magnitude.
Table 8 summarizes the SRI characteristics of different types of
FMEF-LPFGs and FMF-HLPGs.

In summary, the FMF-LPFGs have much lower temperature
and SRI sensitivity, a relatively low strain sensitivity, and higher
twist and bending sensitivity, especially the FMF-HLPGs have
much higher twist sensitivity and can realize the simultaneous
measurements of the magnitude and direction of the applied twist.

6. Conclusion

The paper reviews the recent development of the FMF-LPFGs.
The mode coupling principle and inscription method of FMF-LPFGs
are mainly introduced. The characteristics of mode conversion and
vortex mode generation based on FMF-LPFGs and FMF-HLPGs
are summarized in detail. The temperature, strain, torsion,
bending, and SRI characteristics have been compared. The
CO,-laser writing technique and arc discharge technique

(Rego et al., 2021a; Rego et al., 2021b) are widely used for the
fabrication of LPFGs and HLPGs (Ma et al., 2021) due to their
unique writing methods that can fabricate gratings with tendency of
repeatability, high quality, and low cost. In recent years, the research
of HLPG has attracted the attention of many research groups. The
HLPG can directly realize all-fiber OAM mode conversion and does
not need additional fiber devices to change the phase difference
between different vector modes. Therefore, it has advantages over
conventional LPFG in all-fiber OAM mode conversion. The research
of MDM optical fiber communication technology based on FMF has
developed rapidly in recent years. The FMF-LPFGs could have
important application prospects in mode coupling and conversion in
SDM communication systems, which is considered to be the core
technology of the new generation of optical fiber communication
technology. The research of FMF-LPFG mode convertors and other
new devices based on FMF-LPFGs has important application
prospects in the new generation of optical fiber communication and
optical fiber sensing technology.
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