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Abstract: Phase-inserted fiber gratings (PI-FGs) refer to those gratings where there exist a number of
the phase-shifts (spatial spacing) among different sections (or local periods) of the gratings themselves.
All the PI-FGs developed to date can mainly be divided into three categories: phase-shifted gratings,
phase-only sampled gratings, and phase-modulated gratings, of which the utilized gratings could be
either the Bragg ones (FBGs) or the long-period ones (LPGs). As results of the proposed the PI-FGs
where the numbers, quantities, and positions of the inserted phases along the fiber direction are
optimally selected, PI-FGs have already been designed and used as various complex filters such as
the ultra-narrow filters, the triangular (edge) filters, the high channel-count filters, and the flat-top
band-pass/band-stop filters, which, however, are extremely difficult or even impossible to be realized
by using the ordinary fiber gratings. In this paper, we have briefly but fully reviewed the past and
recent advances on PI-FGs, in which the principles and design methods, the corresponding fabrication
techniques, and applications of the different PI-FGs to the fields of optical filtering, optical signal
processing, and optical sensing, etc., have been highlighted.

Keywords: phase-shifted gratings; phase-only sampled gratings; phase-modulated gratings; fiber
Bragg gratings; long-period fiber gratings; helical long-period fiber gratings; all-optical signal pro-
cessing devices; optical fiber sensors

1. Introduction

Fiber grating refers to a piece of fiber where there exists a periodic index modulation in
either the core or the cladding region along the fiber axis direction. Since 1978, when Hill
et al., first invented the fiber grating [1], countless kinds of fiber gratings have been proposed
and demonstrated to date, which, however, can mainly be divided into two categories: fiber
Bragg gratings (FBGs) and long-period fiber gratings (LPGs) [1–184], of which the phase-
inserted fiber gratings (PI-FGs), including the phase-inserted FBGs and the phase-inserted
LPGs, refer to the gratings where there exist a single or a large number of the phase-
shifts among the local sections (or periods) of the gratings. All the PI-FGs proposed and
demonstrated to date can mainly be divided into three categories, i.e., the phase-shifted fiber
gratings [6–102,137–174], the phase-only sampled fiber gratings [104–126,175–178], and the
phase-modulated fiber gratings [127–135,180–184]. For an intuitive view, the structure dia-
grams, phase distributions, and index modulations of both the uniform grating and the
PI-FGs are schematically depicted in Figure 1, respectively, where Figure 1a corresponds to
case of a uniform fiber grating. As is shown, in this case the index modulation distribution
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is of a cosine-like one with a period of Λ0, while the local phases remain a constant through
whole length of the grating. Figure 1b corresponds to the case of a phase-shifted fiber
grating, where there exist one or several phase jumps in the phase distribution of the
grating itself. Such a phase jump is also called the phase-shift, which in general can be
equivalently realized by inserting an additional blank region Dϕ in the distribution of index
modulation, as shown in Figure 1b. Figure 1c shows the case of a phase-only sampled fiber
grating, where the local phase of the grating is modulated by a periodic function, generally
called the phase-only sampling function, and the period of such a phase function is much
larger than that of grating itself. The phases of the sampling function could be discrete or
continuous ones, and the continuous one can be discretely divided and coded into each
local period of the seed grating. The phase-only sampled fiber grating is commonly used
to generate multiple channels in the spectrum. Figure 1d corresponds to the case of a
phase-modulated fiber grating, where the local phase of the grating is not a periodic one
but an either linear or nonlinear function of the grating’s position z. The most typical
example of such kinds of gratings could be the linearly chirped FBG, where linear change of
the period in terms of the position in fact can be equivalently expressed as the FBG’s local
phase but with a quadratic relation with the position z [5]. Similarly, phase distributions of
such gratings could be either discrete or continuous ones, and in fabrication, the continuous
phase can be discretely divided and encoded into each local period of grating itself.

Figure 1. Schematic diagrams, phase distributions, and index-modulations of (a) the conventional,
(b) the phase-shifted, (c) the phase-only sampled, and (d) the phase-modulated fiber gratings.

To date, as results of the proposed PI-FGs where the numbers, quantities, and positions
of the inserted phase-shifts along the fiber direction are suitably selected with a high-degree
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of freedom, PI-FGs have already been designed and used as various complex filters such
as ultra-narrow filters, triangular (edge) filters, high channel-count filters, and flat-top
band-pass/band-stop filters, which, however, are extremely difficult or even impossible
to be realized by using the conventional fiber gratings. Moreover, it must be pointed out
that the strength, i.e., the maximum index-modulation of PI-FGs, remains a constant within
whole length of the grating, which could considerably facilitate the grating fabrication itself
owing to the elimination of the complex apodization in grating’s amplitude.

In this paper, we briefly but fully review the past and recent advances on PI-FGs,
in which the principles, the design methods, the fabrication techniques, and versatile
applications of the PI-FGs especially in the fields of optical communications, optical signal
processing, and optical sensors are highlighted. In Section 2, advances on FBG-based
PI-FGs and their applications are introduced and discussed, whereas in Section 3, advances
on the LPG-based PI-FGs and their applications are introduced and discussed. In Section 4,
the conclusions and the prospects for the works on PI-FGs-based devices are introduced
and discussed.

2. Phase-Inserted Fiber Bragg Grating

FBG refers to a fiber grating where the period of the index modulation is nearly the
same order as the light wavelength. As a result, the mode-coupling resonantly occurs only
between the forward-propagating core mode and the backward-propagating core mode,
behaving exactly like a bulk Bragg grating, which makes the FBG a good candidate as a
narrow band-pass filter (with a bandwidth ~0.1 nm) but operating in the reflection [3].
Nowadays, FBGs have been widely used as fiber sensors, wavelength division multiplexer
(WDM) demultiplexers, add/drop filters, and dispersion compensators, etc. [2–6]. On the
other hand, it is rather difficult or even impossible to flexibly and precisely control the
bandwidth and the spectral profile of the ordinary FBG, especially for the ones with
either an ultra-narrow bandwidth or a triangular envelop, or a rectangular-type envelop,
or a high channel count in spectrum, etc., which, however, is essential to the FBG-based
devices whenever they are practically used in the fields of fiber communications, optical
information processing, and fiber sensing, etc. Phase-inserted FBGs are excellent candidates
that enable overcoming all the issues mentioned above.

2.1. Phase-Shifted FBGs (PS-FBGs) and Their Applications
2.1.1. Principle and Fabrication Methods of the PS-FBG

In general, the refractive index-modulation of FBG can be expressed as

∆n(z) = Re
{

∆n1(z)
2

exp
(

i
2π

Λ0
z + iφg(z)

)}
(1)

where Re represents the real part of a complex number. z represents the position in the
grating, ∆n1(z) represents the maximum index modulation of the grating, and Λ0 and
φg(z) represent the central period and local phase of the grating, respectively. Note that for
convenience, the DC part of the index-modulation has been ignored in Equation (1).

PS-FBG is generally realized by inserting a single or several abrupt phases (called the
phase-shifts) into specific positions of the FBG. When the phase-shift θj(j = 1, 2, . . . , N)
is inserted at position zj, the index modulation of such FBG then can be mathematically
expressed as

∆np(z) = Re

{
∆n1(z)

2
exp

(
i
2π

Λ0
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N

∑
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where θj·q
(
z− zj

)
and N represent the magnitude and number of inserted phases in the

grating, respectively. q
(
z− zj

)
represents a step function, i.e., q

(
z− zj

)
= 0 when z < zj

and q
(
z− zj

)
= 1 when z ≥ zj. Once if the phase-shift θj·q

(
z− zj

)
and other parameters
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including the maximum index modulation, the grating period, local phases, and total
length of the FBG are determined, the reflection/transmission spectrum of the PS-FBG can
be calculated by using the transfer matrix method [5]. Figure 2 shows the transmission
spectrum of one typical PS-FBG, where a π phase-shift is inserted at the middle of a uniform
FBG [7]. From this figure, it can be seen that due to the insertion of the π phase-shift, the loss
band of the original FBG (i.e., the FBG without phase-shift) is split into two, and accordingly
in the transmission, an ultra-narrow band-pass spectrum can be obtained at the central
wavelength.

Figure 2. Transmission spectrum of a PS-FBG where a phase-shift of π is inserted at middle of the
FBG. Adapted with permission from ref. [7]. © [2022] IEEE.

In order to practically fabricate the PS-FBG, various methods have been proposed and
demonstrated so far. All of the methods can be divided into two types: the permanent and
the temporary phase insertion methods. For the former one, the required phase-shift is
permanently originated and inserted at a definite position of the FBG, whereas for the latter
one, the phase-shift is temporarily originated and inserted into FBG, i.e., the magnitude as
well as the position of the inserted phase-shift can be changed as one wills.

Figure 3 shows several fabrication methods particularly developed for permanent
insertion of the phase-shift into FBG, which include the phase-shift phase mask method [9],
the post-processing methods [10–15], and the femtosecond laser-based direct writing tech-
niques [16,17]. Among these methods, the phase-shift phase mask technique was firstly
proposed and demonstrated by Kashyap et al., as shown in Figure 3a, where the desired
phase-shift was pre-inscribed in a phase mask and, as a result, the phase-shift as well as the
FBG itself are produced at the same time. The phase-shift phase mask method provides
us a robust means that enables the fabrication of the PS-FBG with a higher quality and
repeatability than those of the other methods proposed so far. However, such a technique
undergoes two inevitable shortcomings, i.e., the high cost for a phase mask and less of the
flexibility in fabrication than any other kinds PS-FBGs once the phase mask is fabricated.

The post-processing technique is another effective way widely used to insert a phase-
shift permanently in FBG, which also include the ones based on the ultraviolet (UV)
irradiation [10], the CO2 laser irradiation [11], the femtosecond laser-irradiation [12], the
arc-discharge [13], and the chemical etching [14,15], respectively. Among these, Canning
et al., firstly proposed and demonstrated the post-UV-irradiation method as shown in
Figure 3b, where the inserted phase-shift was accumulated and equivalently obtained by
changing the effective index of the FBG within a central small region, which was realized
by letting such a small part of the FBG exposure directly by the UV laser but without the
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phase mask. As a result, a phase-shift FBG was successfully obtained and inserted at the
central part of the FBG [10].

Instead of the UV laser, the CO2 laser, the femtosecond laser, and the arc-discharge
have also been used to form and insert a post-processing phase-shift into a fabricated
FBG; typical examples of them are shown in Figure 3c–e, respectively, where the principles
to produce the phase-shift are almost the same as those of the post-UV irradiation, i.e.,
the phase-shifts are produced due to a change in the effective index induced in local region
of the FBG [11–13]. The magnitude of the inserted phase-shift can be changed by adjusting
the width of the irradiation region and the irradiation flux as well.

Figure 3. Fabrication methods for insertion of the permanent phase-shift into FBG. (a) Phase-shift
phase mask method [9]. (b) The approach to erase the local part of the grating by using the UV
light [10]. Post-processing techniques based on (c) the CO2 laser irradiation [11], (d) femtosecond
laser irradiation [12], and (e) electric arc discharge [13]. (f) Post-processing technique based on the
chemical etching method. Adapted with permission from ref. [15]. (g) Point-by-point femtosecond
laser writing technique [16]. (h) Shielded phase mask-based femtosecond laser writing technique.
Adapted with permission from ref. [19].

Besides those post-irradiation methods mentioned above, Cusano et al. [15] proposed
and demonstrated another post-processing method, namely the post-etching method as
shown in Figure 3f, where the accumulated phase-shift introduced in the central region
of the pre-fabricated FBG was obtained by partially and locally etching the cladding layer
along the grating direction. The principle of this method relies on the fact that the effective
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index of the core is dependent on the effective indices of the cladding and the surrounding
material once if the cladding layer is thin enough [14]. Therefore, the magnitude of the
phase-shift produced by using this method is mainly dependent on three parameters, i.e.,
the length and depth of the etched region and the surrounding refractive index.

Unlike all the post-processing methods mentioned above, the infrared femtosecond
(fs) laser writing methods have recently been proposed and demonstrated to fabricate PS-
FBGs [16–21]. Of these, Burgmeier et al., had firstly reported and demonstrated a PS-FBG
based on the point-by-point (or line-by-line) technique as shown in Figure 3g [16], where
the FBG was point-by-point inscribed in a fiber by using a femtosecond laser while the
phase-shift inserted into the FBG was realized just by setting an appropriate line gap at
the required local position of the grating, i.e., the FBG’s fabrication and the phase-shift
insertion are realized simultaneously without any post-processing operations. However,
an extremely high precision for the fabrication setups and high quality for the used laser
beam are strictly required, which would inevitably restrain this technique from the industry
application for mass production. As an alternative, Du et al., have proposed and demon-
strated a simple PS-FBG writing technique [19], shown in Figure 3h, where a uniform
phase mask and an additional beam shelter (blocker) are specially utilized. During the
fabrication, a central part of the fs laser beam is blocked by the shelter. As a result, there
exists a blank (un-exposure) region in the central region of the FBG, which is equivalent
to a phase-shift inserted in between two identical FBGs located on both sides of the blank
region. However, such a newly produced phase-shift strictly depends on the length of the
blank region formed in FBG; in order to precisely obtain the phase-shift, much more effort
in the calibrations of the practically obtained phase-shift and optimal adjustments of the
shelter, in both the length and position with a resolution of sub-micrometers, then becomes
necessity.

In addition to the cases that the phase-shifts are permanently inserted into the FBG, the
phase-shifts can also be temporally formed and inserted in an ordinary FBG. Figure 4 shows
six typical examples for temporal generation a phase-shift in an FBG, which include thermal
method [22–27], mechanical tensile method [28–34], magnetostriction method [35,36], and
micro-channel methods [37,38], etc. In most of the above methods, the phase-shift is
obtained by producing a local defect on a fabricated FBG, which could be either the
thermally induced, the mechanically induced, the piezo-induced, the electric arc discharge-
induced, or the magnetostriction-induced ones. Of these, Janos et al., first proposed
and demonstrated a thermally induced a tunable phase-shift in uniform FBG as shown
in Figure 4a, where the insertion of the phase-shift was realized by using a NiCr wire
heater [23]. The mechanism to produce the phase-shift is based on the thermal expansion
and thermal-optical effect of the fiber, i.e., the length and the refractive index of the heated
fiber will change a little, and as a result, a phase-shift could be introduced within the thermal
region. The magnitude of the inserted phase-shift can easily be changed by adjusting the
voltage applied on both ends of the wire heater. The thermal method with either single or
multiple NiCr wires have also been used to produce the wide-band tunable filter and the
comb filter, etc. [24–27]. The proposed method has the advantages of a simple structure
and a consecutive tunability in the magnitude of the phase-shift. However, due to the
inherent thermal diffusion effect, it is rather difficult to obtain the phase-shift precisely at a
definite local point. In addition to the wire heater methods, Ahuja et al., have proposed
and demonstrated another thermal method to produce a phase-shift in FBG as shown in
Figure 4b [27], where instead of the NiCr wire heater, a thin metal film deposited on the
surface of the FBG was used as a local heater. The proposed thin film method has the
advantages of more compactness and less power consumptions than the bulk wire heater
method demonstrated in [23].
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Figure 4. Fabrication methods for insertion of a temporal phase-shift in FBG. (a) NiCr wire heating
method [23]. (b) Thin metal film heating method. Adapted with permission from ref. [27]. (c) Piezo-
electric transducer method [28]. (d) Mechanical pressure method. Adapted with permission from
ref. [34]. (e) Magnetostrictive transducer technique [35]. (f) Femtosecond laser-based microchannel
method [37].

Besides those thermal methods described above, the methods based on the mechanical
stretching and mechanical bending have also been exploited to insert phase-shifts in
FBGs [28–34]. Xu et al., firstly demonstrated a linearly chirped FBG but with tunable
multiple-phase-shifts, which was realized by using the piezoelectric transducer (PZT)
technique [28]. Figure 4c shows a schematic diagram of such a method, where a PZT stack
is intensively glued to the surface of an FBG. When an external voltage is applied to the
PZT, whose length will be changed a little. Within the same region as the PZT, the glued
FBG will undergo the same change in its length, which in return means that an equivalent
phase-shift will be inserted into the FBG. Such method enables to insert a temporary phase
with a high precision. Moreover, in addition to the single phase-shift, multiple phase-shifts
can easily be inserted in an FBG as long as the multiple PZTs are utilized and operated
simultaneously [31]. As an alternative to the PZT ones, Falah et al., have proposed and
demonstrated another mechanical method, shown in Figure 4d, where the phase-shift
insertion and the magnitude tuning was realized by bending the local part of the FBG
through the mechanical parts. The proposed method enables to provide a simple and
precise control of the phase-shift with either positive or negative magnitude (with a range
of −π to π).

Besides the above ones, the methods based on the magnetostrictive transducer have
also been proposed and demonstrated [35,36]. In 2005, Perez-Millan et al., reported
and demonstrated an active Q-switched distributed feedback, erbium-doped fiber laser,
in which a phase-shifted FBG was particularly used as a Q-switch (cavity-loss control)
component, as shown in Figure 4e, where the dynamic phase-shift was induced by a
small magnetostrictive actuator that could be electronically controlled by a small solenoid.
The proposed method has the advantages of the fast response time and low power con-
sumption as well. In 2013, Liao et al., proposed another permanent phase-shift insertion
method, shown in Figure 4f [37], where an inner bubble structure (microchannel) was
post-created in an FBG by using a femtosecond laser. With this method, a phase-shift can
be equivalent created at a position of bubble and magnitude of such a phase-shift can be
adjusted by injecting the liquids with different refractive indices. More details about the
technique and fabrication procedures can be found in [37].
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Last but not the least, besides the methods shown in Figures 3 and 4, respectively, Dai
et al., reported and demonstrated another smart method called the equivalent PS-FBG [39],
which was realized by using a sampled FBG where the phase-shift is equivalently generated
by changing the local sampling period instead of the FBG period. The principle of this
method is based on the fact that a phase-shift existing in the sampling function can be
equivalently regarded as a local phase-shift existing in each of the ghost gratings in terms
of the different order of the channel number (i.e., the order of the Fourier series for the
sampling function). The superiority of this method over the phase-shift mask one is that
only one ordinary phase mask with a sub-micrometer precision instead of the nanometer
precision is required in fabrication. However, at the cost of the easy fabrication, the high
in-band energy efficiency cannot be obtained by using this method, which means that one
should considerably increase the grating length in order to remain a certain reflectivity for
the FBG.

2.1.2. Applications of the Phase-Shifted FBG to Fiber Lasers

Back in 1994, Kringlebotn et al., first demonstrated an Er+3 and Yb+3 codoped fiber
distributed-feedback (DFB) laser, where a thermally induced PS-FBG was inserted in
the cavity and used to narrow the laser emission [22]. Since then, thanks to the unique
characteristic of an ultra-narrow band in transmission, the PS-FBGs have widely been
used and found applications in fiber lasers, especially in lasers with single longitudinal
mode (SLM) emission [22,32,35,36,40–55], where the PS-FBG is generally inserted into the
laser cavity and used as an ultra-narrow filter, enabling considerably narrowing the laser
emission. To date, various kinds of the PS-FBG-based fiber lasers, such as the distributed
Bragg reflector (DBR) lasers [41–43], the distributed-feedback (DFB) lasers [44–47], and
the fiber ring lasers [32,35,36,48–55], have been developed. Figure 5 shows several typical
examples for the PS-FBGs-based fiber lasers. Figure 5a shows a schematic diagram of a
fiber DBR laser reported by Zhao et al. [42], in which the resonant cavity is composed of
two identical FBGs (used as the cavity mirror), a PS-FBG, and the Er+ doped fiber. The SLM
emission was achieved under the aid of PS-FBG, which was inserted into the FBGs-based
laser cavity. Figure 5b shows a typical DFB fiber laser reported by Qi et al. [46], where
instead of the two FBGs utilized as cavity mirrors in [42], a π phase-shifted asymmetrical
FBG was written in an active fiber. Moreover, the light undergoes both the mode coupling
and the power gain within the FBG. As a result, the SLM laser emission with a linewidth
of 20 kHz and power of 60 mW was obtained, showing that such kinds of lasers have
excellent performances, such as a low threshold, high power efficiency, and high optical
signal–to–noise ratio, etc.

Compared to the compact DBR and DFB fiber lasers mentioned above, the fiber ring
lasers allow more long length and thus more gain in the ring cavity, and as a result, a higher
output in laser power can easily be obtained. However, at cost of the high output power,
the SLM emission becomes more difficult to be obtained in such kinds of fiber lasers. As an
alternative, PS-FBGs have been used and inserted into the fiber ring resonator, which
enables considerably narrowing the linewidth of the laser emission. Figure 5c shows a
schematic diagram of a PS-FBG-based Erbium-doped fiber (EDF) ring laser [31], where
in addition to the PZT-based dynamic PS-FBG, a linearly chirped FBG working in the
reflection was used. By suitably controlling the external voltage on PZT, the SLM emission
was successfully realized in such kinds of EDF fiber ring lasers.
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Figure 5. (a) Schematic diagram of a DFB fiber laser [42]. (b) Schematic diagram of an SLM DBR
fiber laser [46]. (c) Schematic diagram of PZI-induced PS-FBG-based EDF ring laser. Adapted with
permission from ref. [31]. (d) Equivalent PS-FBG-based EDF ring laser. Adapted with permission
from ref. [51]. (e) Raman DFBs laser [53]. (f) Q-switched EDF ring laser [32].

As a complement to the above fiber lasers, Chen et al. [51] demonstrated another
SLM fiber ring laser, as shown in Figure 5d, where the conventional PS-FBG was replaced
by an equivalent PS-FBG previously developed by the same authors in [39]. By using
the same FBG but with two un-equalized phase-shifts, Sun et al., further demonstrated a
dual-wavelength EDF fiber laser [52], where the mode competition between the generated
two lasing lines can be well restrained due to the few overlaps of their power spectra.

Besides the above, the PS-FBGs have also been used in other kinds of fiber ring lasers,
such as the fiber Raman DFB laser [53], the Q-switched fiber laser [32,54], and the mode-
locked fiber laser [55]. Westbrook et al., firstly proposed and demonstrated an FBG-based
Raman DFB laser, configuration of which is shown in Figure 5e, where one PS-FBG was
used as both the Raman gain medium and the mode-selection filter. Compared with the
gain generally produced in an EDF, the intrinsic Raman gain is a distributed one, which
has the advantages of wide tunability, being free from the doping constraints, and being
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free from the nonlinear-effects; thus, the proposed Raman DFBs would be applied to the
fields that cannot be addressed by using conventional DFB fiber lasers [53].

Lastly, Wu et al., have recently proposed and demonstrated a Q-switched EDF ring
laser as shown in Figure 5f, where a PZT-based PS-FBG is inserted into the ring cavity and
used as an electrical-optical switch. As a typical result, a pulse train with a repetition rate
of 1 kHz, pulse width of 15.6 µs, and pulse energy of 1.16 µJ have been obtained under the
pump power 90 mW [32].

2.1.3. Applications of the PS-FBGs to Microwave Photonics

Thanks to the unique characteristic of an ultra-narrow stop/pass band in reflec-
tion/transmission, PS-FBGs have also been found applications in microwave photon-
ics [56–64]. As key components, PS-FBGs have been used to produce either the photonic
microwave signals [57–60], the microwave photonic filter [61–63], or the microwave fre-
quency downconverter [64].

In general, a microwave or millimeter-wave signal can be generated in the optical
domain based on an optical heterodyning method, in which two optical waves with
different wavelengths beat at a photodetector [56]. To obtain a highly stable beat signal,
the laser source should be either the single laser but having dual longitudinal modes or
the two SLM lasers but operating at two different wavelengths, respectively. In 2006, Chen
et al. [57] first proposed and demonstrated a novel approach for the generation of high-
frequency microwave signals, shown in Figure 6a, where in combination with a regular
FBG, a PS-FBG but with two ultranarrow transmission bands was used to ensure the fiber
ring laser operating in SML but with dual-wavelengths. As a typical result, the microwave
signal with frequency 18.68 GHz was successfully obtained at the photodetector, as shown
in Figure 6b.

Figure 6. (a) Schematic diagram of the dual-wavelength SLM fiber ring laser and (b) electrical spectra
of the generated microwave signal. Adapted with permission from ref. [57]. © [2022] IEEE.

In 2011, Lin et al., proposed and demonstrated another method enabling to generate
tunable microwave signals [59], where in combination with a conventional linearly chirped
FBG (without the inserted phase-shifts), a linearly chirped FBG, but with two tunable
ultranarrow transmission bands, was used to ensure the fiber ring laser operating in SML
but with two tunable wavelengths. As a result, the microwave signals with frequencies
ranging from 6.88 to 36.64 GHz were successfully demonstrated.

On the other hand, the microwave signals can also be generated by using the external
phase/amplitude modulation technique [56]. In 2012, by means of the phase-modulation
technique in combination with a PS-FBG, Li et al., proposed and experimentally demon-
strated a novel approach that enables the realization of a narrow band and frequency-
tunable microwave photonic filter [61], where the PS-FBG was used to convert the phase-
modulated signal to an intensity-modulated signal by filtering (removing) one sideband of
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the phase-modulated signals. By using the same approach and taking further advantage
of two orthogonally polarized optical waves and a PS-FBG, the same group in [61] has
demonstrated a new method enabling producing a tunable dual-passband microwave
photonic filter (MPF), shown in Figure 7, where the PS-FBG shown in Figure 7a is operated
in reflection rather than the transmission. As a result, a dual passband MPF with bandwidth
140 MHz and frequency tunable range of about 6 GHz for both the two passbands was
successfully demonstrated, as shown in Figure 7b.

Figure 7. (a) Schematic diagram of the dual-passband microwave photonic filter and (b) spectral
response of the microwave photonic filter. Adapted with permission from ref. [63]. © [2022] IEEE.

2.1.4. Applications of the PS-FBGs to WDM and Comb Filters

Back in 1994, Agrawal et al. [6] started to investigate the spectral characteristics of the
PS-FBG. Based on the result that the peak wavelength of the narrow passband resulted
from the PS-FBG is strongly dependent on the amount of phase-shift, they proposed and
revealed theoretically that such a kind of FBG can be used as a wavelength de-multiplexer
as long as the magnitude of the phase-shift inserted in an FBG can be precisely controlled.

In 2011, the author Li’s group experimentally demonstrated a 51-channel comb fil-
ter [65], which was realized by using a PZT-induced, phase-shifted multichannel FBG,
as shown in Figure 8, where Figure 8a shows the experimental setup for generation of the
comb filter, whereas Figure 8b shows the measured transmission spectrum of the comb
filter. A multichannel filter with a channel-count up to 51, each with a bandwidth ~27 pm
and non-uniformity ~0.3 dB in channel amplitude was successfully obtained. By using the
same method, the same authors successfully introduced one, two, and three phase-shifts
into a 51-channel, linearly chirped FBG and as a result, three comb filters with channel
counts of 51, 102, and 153 were obtained, respectively [66].

Besides the above, the PS-FBG was also designed as a flat-top broadband filter used
in transmission, which is strongly desired in applications such as channel selection in a
WDM system. Wei et al., firstly proposed and demonstrated such a kind of filter by using
a PS-FBG, where the inserted several phase-shifts and their magnitudes were optimally
adopted [67].

On the other hand, the parity-time (PT) symmetry Bragg gratings have recently at-
tracted a lot of attention, where in addition to a periodical refractive index-modulation
along the grating (i.e., the real part of the index modulation), there also exists a periodical
modulation in gain/loss of gating (i.e., the image part of the index modulation) [68]. The re-
sults are that some new functions that cannot be provided in conventional Bragg gratings
could easily be realized, such as the nonreciprocal filtering, the dispersionless filtering,
amplification, and the wavelength demultiplexing as well [68,69]. Most recently, Raja et al.,
have investigated the spectral features of a phase-shifted PT FBG and demonstrated that
such a kind of active FBG could be used as a demultiplexer and mode-selective single-mode
laser together in terms of the different working regimes [70].



Photonics 2022, 9, 271 12 of 45

Figure 8. (a) The experimental configuration for the PS-FBG-based comb filter. (b) Transmission
spectrum of the comb filter system shown in left side, where the inset shows the whole 51-channel
spectrum. Adapted with permission from ref. [65]. © [2022] IEEE.

2.1.5. Applications of the PS-FBGs to Optical Switching

The PZT-induced PS-FBG can be used as an electro-optical switch in a Q-switched
fiber laser. Compared with the switching based on a uniform FBG, the PS-FBG-based one
has a narrower detuning range in wavelength, and thus less switching-time and easier
to be implemented in practice. For example, Cheng et al., proposed and demonstrated a
Q-switched fiber ring laser, where a PS-FBG combined with an apodized FBG was utilized
as a Q-switch [54], i.e., the Q-switched pulses train was obtained by periodically changing
the resonance wavelength of the apodized FBG.

Meanwhile, PS-FBGs have also be used as all-optical switching devices [71–77], the
principle of which is based on the optical Kerr effect, i.e., the intensity-induced change in
the refractive index of the fiber, which could result in an additional phase-shift and thus
leads a shift in the peak wavelength as long as the peak power of the incident pulse is
strong enough. Back in 1994, Radic et al. [71,72] firstly revealed that an all-optical switching
at low intensity can be realized by using a phase-shifted Bragg grating. Lee et al. [73] and
Kabakova et al. [74] further analyzed the performance of the PS-FBGs. They both indicated
that the PS-FBG has better performance, enabling the higher enhancement in intensity than
that of the uniform FBG, and thus allowing the low-power switching. To verify the results
above, Melloni et al., experimentally demonstrated a low-power, all-optical switching
based on a phase-shifted grating operating at 1.5 µm, an extinction ratio of more than 6 dB
was achieved when the peak power of the incident pulse was about 1 kW, which were the
first experimental results of the FBG-based all-optical switching [75].

Besides the above works, the theoretical works about the PS-FBG-based all-optical
logic gates, e.g., NOT, AND, NAND, OR, XOR, and XNOR gates have recently been
completed by Li et al., in [76]. Meanwhile, an optical switch based on graphene-controlled
PS-FBG has been reported by Gan et al. [77], where the optical switching with an extinction
ratio of 20 dB and a response time of tens milliseconds was successfully achieved.

2.1.6. Applications of the PS-FBGs to All-Optical Computing Devices

All-optical computing devices, such as the optical differentiator, optical integrator, and
optical Hilbert transformer, etc., are essential to the potential all-optical signal processing
and all-optical computer systems [78]. Attributed to the inherent advantages, such as the
simplicity, low insertion loss, low-cost, polarization-independence, being free from the
electromagnetic interference, and the fully compatibility with the other fiber components,
the fiber-based, especially the PS-FBG-based, all-optical computing devices have always
been an important topic and attracted increasingly interest in past decades [79–87].
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In 2006, Berger et al., for the first time reported and demonstrated an optical temporal
differentiator, which was realized by using a π PS-FBG but operating in the reflection [79].
Both the simulation and the experimental results are shown in Figure 9, from which it
can be seen that the first-order temporal derivative of an arbitrary optical waveform with
a bandwidth of 12 GHz was successfully demonstrated. Almost at the same time, Ngo
proposed method to design another π PS-FBG but operating in transmission, which was
particularly used for the realization of the first-order optical temporal integrator [80]. By us-
ing the same method above, Asghari et al., firstly proposed and numerically demonstrated
high-order temporal integrators, which were realized by using multiple-phase-shifted
FBGs [81], and the operating bandwidth was estimated to be of tens of GHz.

Figure 9. Simulation and experimental results for the PS-FBG-based differentiator. (a) Intensity
profiles of (a) input pulses and (b) output pulses. Adapted with permission from ref. [79]. © The
Optical Society.

As one of the important all-optical computing elements, Hilbert transforms have also
been realized in the optics domain by using FBG-based optical devices. In 2009, Asghari
et al., firstly proposed and numerically demonstrated a fiber-based Hilbert transformer [83],
where an apodized-shifted FBG was utilized. In 2010, Li. et al. [84] proposed an all-fiber
temporal fractional Hilbert transformer (FHT), where a multiple-phase-shift FBG but with
an addition of Sinc-like apodization was utilized. As a result, an all-optical FHT with
a bandwidth of up to hundreds of gigahertz was successfully obtained, no matter how
complex the initial optical waveform would be.

Most recently, Liu et al., have proposed and demonstrated a new kind PS-FBG that
can be simultaneously used as a temporal first-order optical differentiator and a temporal
first-order optical integrator [87], i.e., the proposed FBG is served as a differentiator in its
reflection, meanwhile in the transmission, the grating is served as an integrator. Simulation
results for both of these functions are shown in Figure 10.
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Figure 10. Simulation results for both the differentiation and the integration. (a) Input and output
of the differentiator. (b) Input and output of the integrator. Adapted with permission from ref. [87].
© [2022] IEEE.

2.1.7. Applications of the PS-FBGs to Fiber Sensors

For a PS-FBG, there always exists an ultra-narrow notch in its reflection band. Charac-
teristics of such a notch including the wavelength of the loss-peak and the notch depth have
nearly a linear response to the magnitude of the induced phase-shift [49], which makes the
PS-FBG an excellent candidate of either the wavelength- or the power-interrogated sensor,
enabling providing more versatile and higher accuracy measurements than those of the
conventional FBGs. To date, various kinds of the PS-FBG-based sensors have been pro-
posed and demonstrated, which for examples include the torsion sensors [17], transverse
load sensors [88–90], strain sensors [91,92], bending sensors [93], pressure sensors [94,95],
temperature sensors [21,49,95], refractive index sensors [37,38,95], acoustic sensors [96–98],
and magnetic field sensors [99], etc. The sensing principle underpinning these sensors
relies on the fact that changes in the environmental parameters, e.g., the applied torsion,
temperature, and the ambient refractive index, etc., would result in change in the inserted
phase-shift of the FBG, which thus lead the change in depth and shift in peak wavelength
of the notch. Back in 1999, by using a π PS-FBG, LeBlanc et al., firstly proposed and demon-
strated a temperature-insensitive transverse-load sensor, shown in Figure 11a [88], where
the load applied in direction transverse to the fiber axis can be determined with a high
accuracy by measuring the birefringence-induced spectral splitting of the ultra-narrow
passband of the PS-FBG itself, as shown in Figure 11b,c, respectively. As typical result,
a distributed force with a resolution of 1.4× 10−3 N/mm was successfully measured, which
corresponds to a strain-change of 0.5 µε in fiber core. To further increase the sensitivity of
the PS-FBG-based transverse-load sensor, in 2009, Fu et al., proposed and demonstrated
an alternative approach [89], where the photonic microwave signal originated from the
PS-FBG-based dual-wavelength laser (i.e., the beat signal of the two-wavelengths laser)
was utilized to measure the load-induced change in the frequency of the microwave. Fur-
thermore, in 2015, Wang et al., proposed and demonstrated another improved method [90],
where instead of the amplitude-spectrum measurement in [89], a measurement on the
polarization-dependence-loss (PDL) spectrum of the PS-FBG was utilized; as a result,
a higher load sensitivity than the previous one in [89] was successfully obtained.
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Figure 11. (a) The proposed PS-FBG-based sensing system for measurement of the transverse load
along a fiber. (b) Transmission spectra of the adopted PS-FBG without load. (c) The relationship
between the peak wavelength separation (corresponding to the birefringence) and the applied forces
in transverse direction. Adapted with permission from ref. [88]. © The Optical Society.

In 2016, Huang et al. [17] proposed and experimentally demonstrated a temperature-
and strain-independent torsion sensor, which was realized by using a PS-FBG inscribed in
a conventional fiber with the line-by-line femtosecond-lase technique. Due to the strong
birefringence of the grating induced during the side-writing process, there exists two
peaks in the reflection band, i.e., P1 and P2 as shown in Figure 12a. The authors revealed
that the difference between the two transmission peaks (P1 − P2) has a sinusoid function-
like relationship with the torsion applied on the PS-FBG as shown in Figure 12b. As a
typical result, a PS-FBG-based torsion sensor with sensitivities of 963.53 dB/(rad/mm) and
−1032.71 dB/(rad/mm) for clockwise and count-clockwise directions, respectively, was
successfully demonstrated.

Figure 12. (a) Transmission spectra of the proposed PS-FBG under different torsion angles. (b) The
relationship between the transmission difference P1 − P2 and the applied torsion. Adapted with
permission from ref. [17]. © The Optical Society.

In combination with other sensing elements, the PS-FBG can also be used as a multi-
function sensor, enabling measuring multiple parameters simultaneously. In 2020, Yang
et al., proposed and experimentally demonstrated a novel sensor enabling the simultane-
ous measurement of the refractive index, temperature, and pressure, which is based on a
hybrid structure consisting of a Fabry–Perot interferometer (FPI) and a PS-FBG as shown in
Figure 13 [95], where the FPI was formed by creating a microcavity at middle of the FBG, as
shown in Figure 13a. By measuring the three parameters, the wavelength change in one of
the FPI peaks and the changes in both the notch depth and notch wavelength of the PS-FBG,
as shown in the inset of Figure 13b, the ambient temperature, pressure, and the refractive
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index of the liquid inside the EPI can be indirectly determined while the crosstalk effects
among these three-parameters measurements can be completely eliminated. As a typical
result, a multiple-parameter sensor with a temperature sensitivity of 307.6 pm/◦C, pressure
sensitivity of 0.81 nm/MPa, and RI sensitivity of 355.03 nm/RIU has been successfully
demonstrated.

Figure 13. (a) Schematic diagram and (b) reflectance spectrum of the FBG-FP-based sensor for
simultaneous measurement of three-parameter. Adapted with permission from ref. [95].

In addition to the sensing applications above, the PS-FBGs have also been explored
to find applications in the measurement of the ultrasonic and magnetic field, etc. In 2011,
Rosenthal et al., proposed and demonstrated a highly sensitive, yet compact, hydrophone,
shown in Figure 14a, where a PS-FBG was used for measurement of a wideband ultrasonic
field. The principle of this method lies in the fact that the measured ultrasonic filed
could be equivalently expressed as a transverse pressure applied on the FBG, whereas
the peak wavelength of the narrow notch resulted from the PS-FBG is strongly dependent
on the transverse-load pressure [88–90]; thus, a change in such a peak wavelength can
be used to measure ultrasound-induced pressure variations within the grating. Some of
the measurement results are shown in Figure 14b. In contrast to standard fiber sensors,
the high finesse of the notch, which is the reason for the sensor’s high sensitivity, is not
associated with a long propagation length. As a typical result, a PS-FBG-based ultrasonic
sensor with an effective length of 270 µm, a pressure sensitivity of 440 Pa, and an effective
bandwidth of 10 MHz was successfully demonstrated. To further improve the stability and
sensitivity of the ultrasonic sensing system, in 2015, Guo et al., proposed and demonstrated
another PS-FBG-based ultrasonic sensor [98], where the sensing system was more robust
and more stable since the wavelength (frequency) of the utilized laser was precisely locked
to the notch wavelength of the utilized PS-FBG by using the Pound–Drever–Hall (PDH)
technique. The proposed method enables considerably reducing the effect of laser intensity
noise and thus enables high-sensitivity ultrasonic detection.

The PS-FBGs have also been used to measure the magnetic field. In 2018, Bao et al.,
proposed and demonstrated a PS-FBG-based magnetic field sensor [99], where a magnetic
fluid (MF) was infiltrated into gap of the FBG as shown in Figure 15a. The principle of
this proposed method relies on the fact that the change in the external magnetic field will
result in a linear change in the refractive index (RI) of the MF, and thus bring changes in
the notch wavelength and the depth of the PS-FBG, which in return means that changes
in peak wavelength and depth of the notch can be used to measure the external magnetic
field. Some of their experimental results are shown in Figure 15b; it can be seen that the
magnetic field sensor with a sensitivity of 2.42 pm/Oe at an amplitude ranging from 0 to
120 Oe has been successfully demonstrated.
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Figure 14. (a) Schematic description of the ultrasonic field measurement. (b) Temporal and spec-
tral responses of the optical sensor obtained for an acoustic plane wave formed by an ultrasound
transducer. Adapted with permission from ref. [96]. © The Optical Society.

Figure 15. (a) Schematic diagram of the proposed magnetic field sensor. (b) Wavelength shift and
intensity variation of the transmission peak against magnetic field strength. Adapted with permission
from ref. [99]. © [2022] IEEE.

In addition to the above applications, the authors’ group proposed a method enabling
quantitatively calibrating a phase-shift formed in a linearly chirped FBG [49]. A new
approach for temperature measurement based on the proposed PS-FBG was experimentally
demonstrated accordingly. Referring to the PS-FBG-based temperature sensors, Hnatovsky
et al., have recently proposed and demonstrated another PS-FBG named the π-shifted Type
II FBG [21], which is written in a conventional SMF fiber using the infrared femtosecond
laser. The proposed π-shifted type II FBG exhibits a remarkable thermal stability at a
temperature even up to 1000 ◦C. Such a kind of PS-FBGs is expected to find applications
to high-resolution measurements of temperature, load, and vibration under extreme high-
temperature environments.

Last but not least, in recent years, the fiber lasers operating at a wavelength around
2 µm have attracted extensive attention and have been found applications beyond fiber com-
munications, such as in the military, medicine, optical sensing, and optical measurement
due to the superior properties of such lasers, e.g., safe for the eyes and strong absorption
for various gas molecules [100]. Zhang et al., have recently investigated the transmission
characteristics of PS-FBG and chirped PS-FBG working at a wavelength around 2 µm both
theoretically and experimentally; of the results, particularly, three narrow peaks with a
narrow bandwidth (less than 0.09 nm) have been successfully demonstrated [101,102].

2.2. Phase-Only Sampled FBGs and Their Applications

The original idea of the sampled grating was proposed and demonstrated by Jayara-
man et al., in 1993 for producing a multi-wavelength, semi-conductor laser [103]. Ouellette
et al., firstly exploited such a sampling method to a linearly chirped FBG in order to realize
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multichannel dispersion compensation [104], where the most straightforward sampling
function, i.e., a periodic rectangular function, was utilized. In a spectral domain, the rectan-
gular sampling function corresponds to a sinc envelope, which modulates the amplitude of
the multiple channels, resulting in a high nonuniformity for the resulted multiple channels.
The sinc-type sampling [105] can overcome such nonuniformity problems; however, fabri-
cation of the sinc-sampled FBG requires a highly precise control of both the amplitude and
the phase of the grating, which is extremely difficult to be realized in fabrication, especially
when the channel count required is larger than 16.

Phase-only sampling can help us to fully overcome such issues existing in the ampli-
tude sampling [106–119]. The phase-only sampled FBG was proposed and firstly demon-
strated by Rothenberg and Li et al., in [106,107], where a linearly chirped FBG with a
channel count up nine was firstly demonstrated both theoretically and experimentally.
Compared with the sampling method in ref. [105], where extremely high index modulation
and a complex envelope (apodization) in the amplitude of the seed grating itself are desired,
the phase-only sampled FBG has no modulation in its amplitude such that the apodization
profile for a multichannel FBG is the same as that of the seed grating; meanwhile, the
maximum index modulation required for a 45- or 81-channel FBG can be reduced to a really
accepted level [114], which thus makes the phase-only sampled FBG particularly suitable
to be fabricated with the robust side-writing phase mask technique. To date, the phase-only
sampling method has become an established yet the unique technique that allows the
practically fabrication of the multichannel FBG with a channel count up to 81 [114].

2.2.1. Principle and Optimization of the Phase-Only Sampled FBG

Phase-only sampled FBG refers to an FBG whose amplitude (i.e., the maximum index
modulation of the grating) is modulated by a slowly changed phase-only function s(z).
In combination with Equation (1), the index modulation distribution for a phase-only
sampled FBG ∆nM(z) can be expressed as

∆nM(z) = Re
{

∆n1(z)
2

exp
(

i
2π

Λ0
z + iφg(z)

)
·s(z)

}
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Since s(z) is a periodic phase-only function, it can be further expanded in the Fourier
series as
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where θ(z) and P represent the phase and sampling period of the function s(z), respectively.
Sm represents the mth Fourier coefficient. By substituting Equation (4) into Equation (3),
one can obtain
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)}
(5)

where ϕm is the phase of the coefficient Sm. To take into careful account Equation (5),
one can easily find that ∆nM(z), i.e., the phase-only sampled HLPG, can be equivalently
regarded as a linear superposition of an infinite number of the gratings (channels), and
each of these gratings has its own amplitude of |Sm|∆n1(z)/2 and its own period of
Λ = 1/(1/Λ0 + m/P) in terms of different orders of the Fourier series m. The channel
spacing (in unit of the wave number) among these individual gratings remains a constant
of 1/P (corresponding to a wavelength spacing of λ0(Λ0/P), where Λ0 and λ0 are the
central period and resonant wavelength of the seed FBG, respectively). Therefore, as long
as the channel spacing adopted is larger than the bandwidth of the seed FBG itself, multiple
channels without any inter-channel interferences could be obtained by using the sampling
method. In most of the application cases, especially for the multichannel FBG used in
WDM system, high channel uniformities (including the uniformities in channel bandwidth,
channel amplitude, and channel spacing) and high channel count are strictly required,
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which in turn means that, for a phase-only sampled FBG with a required channel of 2M
+ 1, the sampling function s(z) needs to be optimized such that all the in-band Fourier
coefficients |Sm| remain a constant and should be close to 1/

√
2M + 1 as possible [107].

In general, the cost function enabling satisfying the above design criterions for the function
s(z) shown in Equation (4) can be expressed by [114]

E(z) =
M

∑
m=−M

[
|Sm|2 −

η

2M + 1

]2
(6)

where η is the target diffraction efficiency for all the in-band channels of (2M + 1). Sm are

the Fourier series of the sampling function s(z). The summation
M
∑

m=−M
|Sm|2 is generally

called the diffraction efficiency, which actually represents the in-band energy efficiency of
the phase-only sampling function.

In 2003, the author Li et al., firstly proposed and systematically demonstrated the
phase-only sampling method to produce a multichannel FBG [107], where a discrete phase-
only function including either the binary-level one (also called the Dammann phase-only
sampling function) or the multi-level one was particularly selected and optimized by using
the simulated annealing algorithm. Figure 16 shows the design results for a 39-channel FBG,
where the Fourier spectrum of the optimized phase-only function and the calculated reflec-
tion spectrum of the corresponding 39-channel FBG are shown in Figure 16a,b, respectively.
From these two figures, it can be seen that the channel uniformities are strongly related to
the Fourier transform of the phase-only sampling function. The channel nonuniformity is
less than 2%, and in-band energy efficiency is about 80%, which in turn means that nearly
20% of the out-of-band channels are inevitably generated; thus, such a kind of multichannel
FBG can be used only to those applications where the out-of-band channels can be allowed
to exist.

Figure 16. Design results for a binary phase-only sampled FBG. (a) Fourier spectrum of the binary
phase-only sampling function (one sampling period). (b) Reflection spectrum of the 39-channel FBG.
Adapted with permission from ref. [107]. © [2022] IEEE.

To decrease those unnecessary out-of-band channels resulting from the discrete phase-
only sampling, the author Li et al., further proposed and demonstrated a continuous
phase-only sampling method [107], where the phase-distribution θ(z) of the sampling
function in Equation (4) was assumed to have the form including a certain number of
harmonic terms expressed by [107]:

θ(z) = ∑J
n=1 αn cos(2πnz/P) (7)
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where αn are the free parameters that need to be optimally selected such that the cost
function in Equation (6) becomes the minimum, i.e., each of the Fourier coefficients Sm in
Equation (5) are identical within the considered in-band channels. Based on the symmetric
characteristics of the Fourier series Sm in Equation (4), it can be mathematically proven
that the in-band identical channels up to the 2J − 1 can be expected to achieve once if
the J harmonic terms are adopted in Equation (7). Based on the continuous phase-only
sampling method, a 45-channel FBG with an excellent channel uniformity (99.2%) and
high in-band energy efficiency (92%) was numerically demonstrated [111]; the results are
shown in Figure 17, where the phase distribution and Fourier spectrum of the phase-only
sampling function are shown in Figure 17a,b, respectively.

Figure 17. Design results for a continuous phase-only sampling function. (a) Phase distribution of
the optimized 45-channel phase-only sampling function. (b) Fourier spectrum of the corresponding
phase-only function. Adapted with permission from ref. [111]. © The Optical Society.

To further increase the channel numbers enabling covering the whole S, C, and L
bands subsequently, Li et al., proposed and demonstrated a nonconsecutive 135-channel
FBG [116], which was realized by simultaneously utilizing two phase-only sampling
functions, namely the double phase-only sampling method; the principle schematic is
shown in Figure 18, where S1 and S2 represent the first and the second phase-only sampling
function, respectively, which have channel counts of M and N, respectively. The total
channel count of the double-sampling function then becomes M×N as long as the condition
that the sampling period P1 (i.e., period of the function S1) is M-fold of P2 (i.e., period of
S2) is satisfied. Figure 19 shows the calculated results for a doubly sampled 135-channel
FBG, where Figure 19a shows the reflection spectrum for all 135 channels, and Figure 19b
shows the reflection and group delay spectra of the central three channels within the
central C band. It can be seen that a multichannel FBG with a channel count of 135 and
channel spacing of 0.8 nm has been numerically demonstrated. Each of the channels has an
identical strength of 10 dB (90% reflection) and an identical bandwidth of 0.4 nm @ 0.5 dB
through all the 135 channels, which enables covering the whole S, C, and L bands of fiber
communication.
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Figure 18. Principle of the double phase-only sampling method based on the Fourier analysis.
Adapted with permission from ref. [116]. © The Optical Society.

Figure 19. Design and the calculated results for the sampled 135-channel FBG. (a) Reflection spectrum
for all 135 channels and (b) reflection and group delay spectra within the central three channels of the
central band in Figure (a). Adapted with permission from ref. [116]. © The Optical Society.

2.2.2. Fabrication and Experimental Results for the Designed Multi-Channel FBG

Unlike the PS-FBG, where few number of the phase-shifts are needed to insert into the
FBG, in the phased-only sampled FBG, a huge number of the phase-shifts are required to
insert into the seed FBG; therefore, the phase mask-based proximity side-writing technique
is generally utilized in the fabrication process [107], where the phase of the sampling
function s(z) is especially encoded into a conventional phase mask, namely the phase-
shifted phase mask. Concretely, once the phase of the sampling function is optimally
determined, it can be discretely encoded into each local period ΛM(z) of the phase-shifted
phase mask (phase grating) by using the following equation [107,114]:

ΛM(z) ≈ 2
Λ−1

0 + (1/2π)(dΦ(z)/dz)
(8)

where Λ0 is period of the seed FBG, and Φ(z) = θ(z) + φg(z) represents summation of the
two phases, i.e., phase of the sampling function θ(z) and the local phase of the seed grating
φg(z). Basically, there are two approaches enabling implementing the ΛM(z). Ideally, one
can change every period of the grating according to Equation (8). In this case, each period
of the phase grating must be continuously written in the phase mask without stitching
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error, and thus high-accuracy etching techniques such as the e-beam or laser-beam etching
ones are essential to fabricating such a complex phase mask. As an alternative, one can
also divide the entire grating into a large number of steps. Each step is considered a
uniform grating with the local average period ΛM(z). The latter approach is an extension
of the conventional step-chirped grating to the sampled and chirped grating, which is
easier to be realized; however, the stitching errors between each of the two neighbor steps
cannot be avoided, which would cause large ripples in both the reflection and group-delay
spectra. More importantly, some studies have shown that when the phase-shifted phase
mask is used to write multichannel FBG, the phase-shift in mask is not directly replicated
into the FBG [120]. Based on a rigorous finite difference in time domain, Sheng et al.,
analyzed the near-field diffraction of a phase-shifted phase mask [121] and proposed a pre-
compensated method for binary phase-only sampling. Soon after, Li et al., proposed and
demonstrated a pre-compensated phase-shifted phase mask for the successful fabrication
of a high-channel-count FBG with channels up to 81 [112].

By using the former approach where the phase mask was designed and fabricated with
a special “stitch-error-free” lithography tool [107,112], the author Li’s group successfully
fabricated and demonstrated 45- and 81-channel FBGs; the measurement results are shown
in Figure 20, and have been the unique yet best results among those from all the other
multichannel FBGs reported to date.

Figure 20. Measurement results for 45- and 81-channel FBGs. (a) Reflection spectrum for the 45-
channel FBG and (b) reflection and group delay spectra in central channel of the 45-channel FBG.
(c) Reflection spectrum for the 81-channel FBG and (d) reflection and group delay spectra in the
central channel of the 81-channel FBG. Adapted with permission from ref. [112]. © The Optical
Society.

2.2.3. Applications of the Phase-Only Sampled FBG in the Fields of Optical
Communications and Optical Signal Processing

Attributed to characteristics of the high channel count and the high uniformities in
both intra- and the inter-channels, the phase-only sampled FBGs have found various ap-
plications in the fields of optical communication and optical signal processing. To date,
the phase-only sampled FBGs have been used as comb filters [65,122], broadband chro-
matic dispersion compensators [107,108,111,113,114,123], WDM interleavers [124], and
multichannel differentiators [125], etc.
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In 2009, the Li et al., first proposed and demonstrated a comb filter with a channel count
of up to 153 [65,66], which was realized by using a phase-only sampled FBG (operating in
reflection) and a π phase-shift phase-only sampled FBG but operating in its transmission.
By inserting such a kind of comb filter into the fiber ring amplifier, the Li et al., further
proposed and demonstrated a fiber laser, enabling the multiwavelength emission; output
spectra of the proposed laser are shown in Figure 21 [122]. From this, it can be been that a
fiber laser with more than 30 wavelengths lasing was successfully demonstrated, whereas
the 3 dB linewidth for each of the lasing lines is about 13 pm and the signal–to–noise ratio
is larger than 50 dB.

Figure 21. Output spectra of the comb filter-based multiwavelength fiber laser. (a) Laser emissions
with 51 channels and (b) emission in one of the channels. Adapted with permission from ref. [122].
© The Optical Society.

With the increasing demands of the wider band and the higher date-rate signals in
long-haul fiber link system, the synchronous compensations for fiber dispersion have
become the inevitable issue to be overcome. In the early times of 1990, the chirped FBGs
were original proposed and used to compensate the fiber dispersions, which mainly can be
classified into two categories, i.e., the linearly chirped and the nonlinearly chirped FBGs.
Of these, the former one can only be used as a dispersion compensator, whereas the latter
one can be synchronously used as the dispersion and the dispersion-slope compensator,
but both with a narrow band [123]. In 2003, by applying the phase-only sampling method
to a one-channel linearly chirped FBG [107], Li et al., firstly proposed and experimentally
demonstrated a five-channel dispersion and dispersion-slope compensator, some of the
results are shown in Figure 22, from which it can be seen that in each of the fiber channels,
the dispersion of 1020 ps/nm and dispersion slope 5000 ps/nm2 were successfully obtained,
which can exactly be used to compensate the dispersion of 60 km SMF fiber.

To further increase bandwidth of the FBG-based dispersion and dispersion-slope
compensator, several years later, the Li’s group proposed and demonstrated a new kind of
phase-only sampled FBG with channels up to 51, where both the grating period and the
sampling period were changed (chirped) linearly along the length of grating, as a result
enabling the simultaneous dispersion and dispersion-slope compensator to cover the whole
C-band as much as it could be expected to obtain. Moreover, the optimized sampling
function was a continuous one with an analytical form; thus, the split effect of phase-
shifts in the phase mask caused by the diffraction [120,121] can easily be compensated. The
design results are shown in Figure 23 [115], where the dispersion and the dispersion slope at
wavelength 1545 nm are about the 1815 ps/nm and 6.6 ps/nm2, respectively, which in turn
means that the proposed device enables the dispersion compensation of the 110 km SMF
fiber coving the full C-band. Lee et al., also revealed and numerically demonstrated that
in addition to the broadband dispersion compensation function, the phase-only sampled
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FBG could also be used to design multichannel add-and-drop and channel interleavers in a
WDM system [124].

Figure 22. Measurement results of five-channel nonlinearly chirped FBG. (a) Reflection and group-
delay spectrum. (b) Dispersion spectrum. Adapted with permission from ref. [107]. © [2022] IEEE.

Figure 23. Design results for a 51-channel FBG-based dispersion and dispersion compensator. (a) Re-
flection spectrum of the 51-channel. (b) Dispersion spectrum of the 51-channel. Adapted with
permission from ref. [115]. © The Optical Society.

Besides the above applications, the phase-only sampled FBG have also been proposed
and used in the field of optical computing. Li et al., proposed a multichannel FBG-based
arbitrary-order photonic differentiator [125], in which the seed grating was designed by
using the discrete layer peeling algorithm (DLP) and meanwhile a multichannel was
produced by using phase-only sampling method. Figure 24 shows their design results for a
45-channel first-order temporal differentiator, where the channel spacing is about 100 GHz
and energy efficiency of the proposed differentiator with a bandwidth of 75 GHz is about
5.4%. By using the same design approach, the authors demonstrated the second-order
photonic temporal differentiator also in [125].
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Figure 24. The designed results of the 45-channel first-order temporal differentiator based on a
phase-only sampled FBG. (a) The full-view of the 45 channels, and (b) the zoom-in view of the central
three channels. Adapted with permission from ref. [125]. © [2022] IEEE.

2.3. Phase-Modulated FBGs and Their Applications

The phase-modulated FBGs refer to the FBGs where there exists a continuous modu-
lation (either linear or nonlinear ones) on the local phase of the grating itself. In general,
the index modulation for the phase-modulated FBG can also be expressed by Equation (3),
but there the phase-only function s(z) is not a periodic one. The most typical example of
such a kind of grating could be the linearly chirped FBG, where in fact the linear change in
local period can be equivalently expressed as the phase of the function s(z) [5]. Similar to
the case of the phase-only sampled FBG, the phase distributions could be either discrete
or continuous ones, and in fabrication the continuous phase distribution can be discretely
encoded into each local period of grating itself.

Such a kind of FBG has two unique advantages over the amplitude-modulated FBGs:
the high degree of freedom to design and obtain any customer-demanded spectrum and
the fabrication feasibility due to elimination of the complex apodization in grating’s ampli-
tude. To date, the phase-modulated FBGs have found many applications and been used
as, e.g., the high-repetition rate optical pulse generator [126–129], broadband dispersion
compensators [123,130], arbitrary-order photonic differentiators [131], arbitrary-order pho-
tonic Hilbert [132], RZ-OOK to NRZ-OOK format converter [133], phonic millimeter wave
generator [134], and linearly chirped FBG-based various sensors [135], etc.

In 2000, Longhi et al. [127] firstly proposed and demonstrated an all-optical pulse-train
multiplication system, which is shown in Figure 25a, where a linearly and intensively
chirped FBG with spectra (including the reflection and the group delay spectra) such as the
ones shown in Figure 25b was used as a temporal multiplication component (like the time
lens), the principle of which is based on the temporal Talbot effect. The experimental results
are shown in Figure 25c, from which it can be seen that a 40-GHz pulse train with a pulse-
width of 10 ps was successfully generated from a 2.5 GHz initial pulse train, indicating that
16-fold multiplication to the incident pulse-train can be obtained by using the proposed
setup. However, as a critical disadvantage, the proposed technique generally requires
ultralong linearly chirped FBGs (with length of the order of 100 cm) and, moreover, are
only available to a sequence of the input optical pulses, i.e., it cannot be applied to a single
pulse. To solve these two critical issues, Azana et al., proposed and demonstrated another
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efficient and robust method for all-optical pulse multiplication [128], where instead of the
commonly used amplitude filter, a superimposed linearly chirped FBG was especially used
as a periodical phase-only filter. As a result, optical pulse burst with repetition rates as high
as 170 GHz was successfully obtained from even single pulse.

Figure 25. (a) Schematic of experimental layout for pulse–train multiplication. (b) Reflectivity and
group delay spectra of the utilized linearly chirped FBG. (c) Autocorrelation trace of the multiplied
pulse train (solid curves) and the incident pulse (dashed curve), in which there is (a) the measured
result and (b) the simulation one. Adapted with permission from ref. [127]. © The Optical Society.

All-optical computing could be another important field for the phase-modulated
FBGs [131,132]. In 2017, Liu et al., proposed and numerically demonstrated arbitrary-
order temporal differentiator, which was realized by using a special phase-modulated
FBG but operated in its transmission [131]. As simulation results, 0.5th-order, first-order,
and second-order differentiators have been successfully demonstrated. The proposed
FBG-based differentiators exhibit an excellent accuracy within a band up to 500 GHz.

Most recently, an arbitrary order photonic Hilbert converter has been proposed and
demonstrated by Li et al. [132], which was realized by using an optimized phase-modulated
FBG. The period and amplitude distribution of the phase-modulated FBG required for
realizing the 1.5th order Hilbert transform are given in Figure 26a. The target and the
simulated transmission spectrum are shown in Figure 26b. Ideally, such a kind of Hilbert
converter can be expected to be obtained as long as the local period of the FBG can be
precisely controlled according to those ones shown in Figure 26a.

Figure 26. Optimization results of the 1.5th order Hilbert transformer. (a) The local change in
grating period and coupling coefficient. (b) Ideal spectrum (dotted red line) and calculated spectrum.
Adapted with permission from ref. [132].

In addition to the above applications, the phase-modulated FBGs have also found
applications in the field of photonic microwaves. In 2008, Wang et al., proposed and
demonstrated a chirped millimeter-wave pulse generator, which was realized in the optical
domain with the aid of a nonlinearly chirped FBG as shown in Figure 27 [134]. The principle
of the proposed approach is based on the spectral shaping (realized through a two-tap
Sagnac loop filter as shown in Figure 27b,c) and nonlinear frequency–to–time mapping real-
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ized by using the nonlinearly chirped FBG), i.e., the nonlinearly chirped FBG is particularly
served as a strongly dispersive device enabling performing the frequency-to-time mapping.
As a typical result, the photonic generation of millimeter-wave pulses with a central fre-
quency of 35 GHz and instantaneous frequency chirp rates of 0.053 and 0.074 GHz/ps were
successfully demonstrated.

Figure 27. Experimental setup of the proposed chirped millimeter-wave pulse generation system.
(a) System configuration. (b) Two-tap SLF. (c) Normalized transmission response of the SLF. Adapted
with permission from ref. [134]. © [2022] IEEE.

Last but not least, to date, the phase-modulated FBGs, especially the chirped FBGs,
have been profoundly studied and have found widespread applications to the fiber sensors.
In this paper, we would not like to talk about this topic further. Instead, the more details
and more comprehensive reviews about the versatile applications of the chirped FBGs
could be found in many other review papers, such as in [135].

3. Phase-Inserted Long-Period Fiber Grating
3.1. Phase-Shifted LPGs and Their Applications

LPG refers to the fiber gratings whose periods are in the ones ranging from hundreds
of micrometers to several millimeters. As a result, the resonant couplings occur only
between co-propagating modes. In general, LPG can be used as an optical band-rejection
filter with a bandwidth of several tens of nanometers, which is almost two orders broader
than that of FBGs [136].

The phase-shifted LPG (PS-LPG) is one typical kind of LPGs and was first demon-
strated by Bakhti et al., in 1997 [137], where several π phase-shifts were purposely inserted
into an LPG. As a result, a broad band-pass filter was experimentally demonstrated in the
first time. Since then, the phase-shifted LPGs have been profoundly studied and have found
countless applications in the fields of fiber sensors, fiber communications, and all-optical
signal processing [137–184], etc.

3.1.1. Spectral Characteristics and Fabrication Techniques for the Phase-Shifted LPG

In 1998, Ke et al., systematically analyzed the spectral characteristics of the phase-
shifted LPG (PS-LPG) [138]. They numerically validated the previous results reported
in [137] and revealed, for the first time, that some unusual spectral-responses, such as the
double notches or a flat-top notch, can easily be obtained by using the PS-LPG where the
number and quantities of the inserted phase-shifts are suitably selected [138]. In 1999, when
Liu et al., performed analyses on PS-LPGs and the cascaded LPGs together, they further re-
vealed that the transmission spectrum of the PS-LPG could be flexibly tailored by adjusting
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the numbers, the inserted positions, and quantities of the inserted phase-shifts [139]. Since
then, PS-LPGs have frequently been used to design and realize some complex filters such as
the flat-top bandpass filter [140], the flat-top band-rejection filter [141], the gain-flattening
filter [142,145,166,167], the twin broadband rejection filter [143,144], etc., which in general
cannot be realized by using the conventional LPGs.

On the other hand, referring to fabrication techniques of the PS-LPGs, various methods
have been developed to date. Similar to those PS-FBGs which have permanent phase-shifts,
the PS-LPGs can mainly be classified by two categories, i.e., the post-processed ones and the
directly generated ones. For the former category, the phase-shifts are generated and inserted
into LPG after the LPG is fabricated, which includes, for example, the UV post-processing
ones [145,146]; the post-etching ones [147,148]; the post-tapering ones based on either the
electric arc discharge [149], the filament heating [150], or the CO2 laser exposure ones [151];
and the mechanical pressure one [152], etc. These post-processing methods enable inserting
the phase-shifts into the LPG with great flexibility. However, all these methods need either
the cost-ineffective UV writing system or very complicated and time-consuming etching
and coating procedures. Moreover, by using the above methods, it is extremely difficult to
precisely control the magnitudes and insertion position of the phase-shifts.

For the latter category, the required phase-shifts are created and formed in LPG by
directly inserting additional non-grating (bare fiber) regions at the specified positions of the
grating during its fabrication, which mainly include the point-by-point directing writing
methods based on electric arc discharge [153,154] and the CO2 laser [155–159], etc. Such
methods enable the robust yet precise fabrication of the PS-LPGs and thus have attracted
increasingly a great interest in recent years. Of these, the CO2 laser-based point-by-point
grating writing techniques have attracted especial attention [155–159] due to their simplicity
and cost efficiency in the fabrication system where there are no limitations for fiber selection,
i.e., even the conventional SMF fiber can be used to fabricate LPGs.

Back in 2005, Zhu et al., first reported and demonstrated the point-by-point CO2
laser technique for the fabrication of the PS-LPG [155], where the LPG was generated
by periodically deforming the fiber surface through the focused CO2 laser beam, and
meanwhile the phase-shift was introduced by inserting an additional blank region at center
of the grating, which are shown in the insets of Figure 28. Two symmetrical notches
with rejection depths of ~11 dB were experimentally obtained, as shown in Figure 28,
which are exactly the same as those previously expected and experimentally demonstrated
in [137,138].

Figure 28. Transmission spectra of the LPG with (solid curve) and without (gray curve) the p-phase-
shift at the grating center. Insets, (left) microphotography of the PS-LPG surface and (right) schematic
diagram for formation of the PS-LPG. Adapted with permission from ref. [155]. © The Optical Society.
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Since then, such point-by-point CO2 laser techniques have widely been used to fab-
ricate different kinds of the PS-LPGs in either SMFs [156–160] or photonic crystal fibers
(PCFs) [161]. Of these, the multiple phase-shifted helical long-period fiber grating (HLPG)
was firstly proposed and experimentally demonstrated by Gao et al. [160], where two
particular phase-shifts, i.e., π/2 and 3π/2, were inserted into an HLPG by just changing
two local periods.

HLPG refers to a piece of fiber where there exists spiral-type index modulation distri-
bution along the fiber axis. As a new kind of LPG, HLPGs have recently attracted a great
research interest and have been found numerous applications, such as orbital angular mo-
mentum (OAM) beam convertors, torsion sensors, polarization-insensitive band-rejection
filters, and circular polarization convertors, etc. [162,163]. In 2014, the author Li’s group
developed a novel fiber-twisting technique for the fabrication of the HLPG [164] and the
phase-shifted HLPG (PS-HLPG) [165], the schematic diagram of the fabrication setup is
shown in Figure 29a, where a sapphire tube is particularly utilized in place of the focal
lens. The period of the HLPG is precisely controlled by adjusting the speeds of both the
fiber-moving stage and the rotator. Since the sapphire tube rather than the fiber is directly
heated by the CO2 laser, the passed fiber within the tube region is homogeneously heated,
and thus no deforms can be found in the fiber surface. The principal schemes for fabricating
the HLPG and the PS-HLPG are shown in Figure 29b, where the inset (I) shows a PS-HLPG
with a phase-shift of θ, whereas the inset (II) shows the HLPG without any phase-shifts
insertion. Here it must be noted that the phase-shift θ is an accumulated phase, which can
be regarded as the phase inserted right at end of the part L2. Therefore, an arbitrary phase-
shift can be obtained just by changing the length of (L2 − L1). Unlike those post-processing
methods in which the phase-shift is formed after the fabrication of LPG is completed, here
both the HLPG and the inserted phase-shift are formed simultaneously.

Figure 29. (a) Sapphire tube and CO2 laser-based processing platform for HLPG fabrication. (b) Prin-
cipal scheme for formation of a phase-shifted HLPG. Adapted with permission from ref. [165]. © The
Optical Society.

3.1.2. Applications of the PS-LPGs to All-Fiber Optical Filters and All-Optical
Computing Devices

With progress on theoretical works of the PS-LPGs [140–144], many efforts to explore
the practical applications of the PS-LPGs to the fields of fiber optics and all-optical computing
have also been accomplished. To date, the PS-LPGs have been used as dual-band rejection
filters [143,161], gain-flattening filters [145,166,167], optical differentiators [168–170], spectral
filters in fiber lasers [171,172], and multiple orbital angular momentum (OAM) mode
converters [173], etc.
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Of these, gain-flattening filter used for EDFA could be one of the most important
applications of the PS-LPGs to the fiber optics. In 2002, Harumoto et al., proposed and
demonstrated experimentally a gain-flattening filter for EDFA, which was realized based
on a utilization of a PS-LPG in combination with a conventional LPG [167]. In the results,
a gain-flattening filter with a bandwidth of 37 nm (covering the full C-band) and gain
non-uniformity of less than 0.45 dB was successfully obtained.

The optical differentiator is another typical application example of the PS-LPGs. At-
tributed to the intrinsic broadband characteristics of the LPGs, the LPG-based optical
differentiator is available to a temporal waveform with a bandwidth up to several THz,
which is almost two orders broader than that of the FBG-based ones. In 2005, by using
a π PS-LPG combined with a uniform LPG, Azana et al., demonstrated numerically a
first-order optical differentiator [168]. Later, Kulishov et al. [169] and Ashrafi et al. [170]
further proposed and numerically validated that the Nth order differentiator could also be
obtained by using an N−1 π PS-LPG.

Besides the above application examples, the PS-LPGs, acted as intra-cavity filters, have
also been used in fiber lasers [171,172]. Jiao et al., proposed and demonstrated a method to
narrow the spectral linewidth of a fiber laser [172], where a π PS-LPG was inserted into the
laser cavity and especially used to suppress the spectral broaden effects resulting from the
nonlinear optical effects (including the self-phase modulation and the four-waves mixing
effects).

Most recently, the PS-LPGs have also been proposed and used for 2 × 2 switching in a
multi-wavelength multiple OAM mode system [173], where two cascaded PS-LPGs were
utilized as an optical switch, which enables mechanically exchanging the zero-order OAM
mode and the second-order OAM mode with each other at two different wavelengths,
as shown in Figure 30a, whereas the intensity and phase distributions of the output OAM
mode are shown in Figure 30b. It can be seen that 2 × 2 wavelength switchings with power
efficiencies of ∼98.4% and ∼98.7%, respectively, for the two OAM modes are successfully
demonstrated at wavelengths of 1537 and 1558 nm, respectively.

Figure 30. (a) Changes of the resonant mode at different wavelength under two different torsions.
(b) Intensity and phase distributions of output modes. Adapted with permission from ref. [173].
© The Optical Society.

3.1.3. Applications of the PS-LPGs to Fiber Sensors

Compared with their applications in other fields, applications of the PS-LPGs in fiber
sensors have attracted more attention and acquired more developments. To date, various
kinds of the PS-LPG-based sensors have been proposed and demonstrated, which include,
e.g., the bending sensors [146], transverse load (force) sensors [149], strain sensors [150,159],
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refractometric sensors [151,154], temperature sensors [174], and torsion sensors [160,174],
etc.

In 2013, the author Li’s group proposed and demonstrated a sensing structure enabling
the simultaneous measurements of temperature and the ambient refractive index [151],
which was realized by using an equivalent PS-LPG, i.e., the PS-LPG was formed by tapering
an LPG on its central region. Figure 31a shows the schematic diagram of the PS-LPG.
Figure 31b shows the measurement results for the dependence of the wavelength on
refractive index of the ambient solvent within the tapered region.

Figure 31. (a) Schematic diagram of the tapered fiber-based phase-shifted LPG. (b) Dependent of
the peak wavelength on the refractive index of the ambient solvent. Adapted with permission from
ref. [151]. © The Optical Society.

The LPG-based torsion sensor, especially the HLPG-based torsion sensor, is another
important topic of research that has recently attracted a great interest [164]. It has been
validated that, compared with the LPG-based torsion sensors, the HLPG-based torsion
sensors have 5–10 times higher torsion responsivity. More importantly, the torsion direction
could be discerned by using only one HLPG itself, which makes the HLPGs especially
suitable to the fiber-based torsion sensors [163]. In 2013, Gao et al., proposed and demon-
strated a temperature-insensitive torsion sensor [160], which was realized by using a
PS-HLPG but with dual phase-shifts (π/2 and a 3π/2) insertion, as shown in Figure 32,
where Figure 32a,b show the schematic diagram and transmission spectra of the proposed
PS-HLPG, respectively. From Figure 32a, it can be seen that a π/2 and a 3π/2 phase-shift
were introduced in the HLPG. Attributed to the insertion of these two phase-shifts, two
new peaks in transmission spectrum appear on both sides of the original peak, as shown in
Figure 32b. With changes in temperature and the applied torsions, wavelengths of all three
peaks will be shifted to either the short wavelength or the long wavelength direction, but
the wavelength difference among these three peaks remain constant whenever the temper-
ature is changed. As a result, a temperature-insensitive torsion with a torsion sensitivity up
to 1.959 nm/(rad/m) was successfully demonstrated.
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Figure 32. (a) Schematic diagram and (b) transmission spectra of the proposed PS-HLPG. Adapted
with permission from ref. [160]. © The Optical Society.

3.2. Phase-Only Sampled LPGs/HLPGs and Their Applications

Before the year of 2018, most of the research works on LPGs/HLPGs were mainly
limited to the single-channel one, i.e., there exists only one spectral notch for each of the
coupled cladding mode; multi-channel LPGs/HLPGs were rarely studied and demon-
strated, which, however, are essential to wavelength-division multiplexing (WDM) devices
in both the fiber sensing and fiber communication systems. Most recently, the author’s
group has proposed and demonstrated a phase-only sampled nine-channel HLPG [175],
which was the first time for the practical demonstration of multichannel HLPGs in the
world. To facilitate the fabrication such kinds of LPGs/HLPGs by using the CO2 laser
technique, the author’s group has further proposed and demonstrated a three-channel LPG
and a five-channel HLPG, where instead of the conventional sampling method (i.e., the
sampling function is generally added to modulate the AC part of the seed grating), either a
helical [176] or a rectangular [177] sampling function was utilized to modulate the direct
current (DC) part of the seed LPG/HLPG. In 2021, the author’s group further proposed
and demonstrated an equivalent phase-only sampling method to realize multichannel
HLPG [178], where instead of inscribing the discrete phases into each local period of the
seed HLPG, the phase-only sampling function is realized by superposing the sampling
HLPGs with the seed HLPG in a same region of the fiber. The proposed approach would
greatly facilitate the fabrication processes of the multichannel HLPG by using the direct CO2
laser writing technique; meanwhile, the proposed method enables providing many more
flexibilities in the design and fabrication of high-channel-count HLPG than the previous
methods.

3.2.1. Design Principle and Fabrication Results for the Phase-Only Sampled HLPG

In general, the refractive index modulation in a phase-only sampled HLPG ∆nM(r, z, ϕ)
can be expressed as [175,178]

∆nM(r, z, ϕ) = Re{∆ns(r, z, ϕ) · S(z)} = Re
{

∆n1(r, z, ϕ)

2
· exp

(
iσ

2π

Λ0
z
)
·s(z)

}
(9)
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where r, φ, and z are the radial position, the azimuthal angle, and the axial position along
the HLPG, respectively. ∆ns(r, z, ϕ) represents the index modulation of the seed HLPG (i.e.,
the uniform HLPG). The sign Re denotes the real part of the complex number in bracket.
∆n1(r, z, ϕ) and Λ0 represent the maximum index modulation and central pitch of the
seed HLPG, respectively. The variable φ is a function of the position z, which satisfies the
equation φ (z) = φ (z + N · Λ0) (N is an arbitrary integer). σ represents the handedness and
helix of the utilized HLPG, σ = +1 and σ = −1 represent the left-handed and right-handed,
respectively, and the helix is one. s(z) denotes a continuous phase-only sampling function,
which is exactly identical to the one what we defined and used in Equations (4) and (7). The
procedures to optically design the phase-only sampling function are exactly the same as
what we have performed for phase-only sampled FBG. Figure 33 shows the optimization
result for phase distributions of the three- and nine-channel phase-only sampling function.

Figure 33. Optimized results for phase distribution of the phase-only sampling function: (a) 3-channel
and (b) 9-channel. Adapted with permission from ref. [175]. © The Optical Society.

The simulation results for spectra of the three-channel HLPG and nine-channel HLPG
are shown in Figure 34a,b, respectively. In addition, these two designed HLPGs have
been fabricated by using the sapphire tube- and CO2 laser-based processing platforms,
as shown in Figure 29a. Figure 34c,d show the measurement results for the transmission
spectra of the two fabricated HLPGs, respectively. All the results indicate that, as expected,
three-channel and nine-channel HLPGs have been successfully obtained [175].

Instead of the aforementioned phase-sampling method where the continuous phases
of the phase-only sampling function are discretely encoded into each local period of the
seed HLPG, the author’s group has further proposed and demonstrated an equivalent
phase-sampling approach [176–178]. The proposed method relies on the fact that in most
of the cases, the sampling period P must be much larger than that of seed grating; therefore,
the phase distribution of the sampling function can be equivalently obtained by using a
new sampling function, namely the DC sampling one, to modulate the DC part of the
HLPG’s index modulation. Equation (9) then can be equivalently rewritten as [178] the
following:

∆nM ≈ ∆ns + ∆nDC (10)

where ∆nDC represents the newly resulted DC part of the index modulation endured by
the seed HLPG, which can easily be obtained by using the Equation (7) and mathematically
expressed as

∆nDC = − λ

2π

dθ(z)
dz

=
λ

P

J

∑
m=1

mam sin
(

2πmz
P

)
=

J

∑
m=1

∆n2(m) sin
(

2πmz
P

)
(11)
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where λ is the central wavelength. The DC-part index modulation can be equivalently
regarded as the linear summation of the J gratings, and each of these gratings has its period
of P/m and its amplitude of ∆n2(m) = mαmλ/P in terms of the different numbers of m.
By using the DC sampling method, the author Li’s group demonstrated three-channel
HLPG both theoretically and experimentally [176,177]. Figure 35 shows the schematic
structure of the equivalent phase-only sampled HLPG, where the seed HLPG and a binary
sampling grating (called the DC sampling function) are superimposed each other within
the same fiber region [177].

Figure 34. Design and experimental results for 3- and 9-channel phase-only sampled HLPG. Design
results for (a) 3-channel and (b) 9-channel HLPGs. Experimental results for (c) 3-channel and (d)
9-channel HLPGs. Adapted with permission from ref. [175]. © The Optical Society.

Figure 35. Schematic structure for the proposed DC-sampled HLPG. Adapted with permission from
ref. [177]. © [2022] IEEE.

To further increase channel count of the DC-sampled HLPG, most recently, the author
Li’s group has proposed and demonstrated a novel method (called the superimposed
HLPGs) to produce the multi-channel HLPG [178]. Figure 36 shows the schematic diagram
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of the conceptual principle, where the HLPG represents the seed grating, whereas the
HLPG #1-HLPG#J represents the HLPGs with periods of P, P/2, . . . , and P/J, respectively.
In principle, the equivalent phase sampling function with harmonic terms as shown in
Equation (11) can be realized by superimposing each of the sampling HLPGs in turn on the
seed HLPG. For example, a three-channel HLPG can be obtained by linearly superimposing
the seed HLPG with the HLPG#1, whereas a five-channel HLPG can be obtained by linearly
superimposing the seed HLPG with two DC sampling HLPGs, i.e., the HLPG#1 and the
HLPG#2 but with different weight coefficients [178].

Figure 36. Schematic diagram of the superimposed HLPG. Adapted with permission from ref. [178].
© [2022] IEEE.

3.2.2. Applications of the Phase-Only Sampled HLPG/LPG

Owing to the unique performance of the high uniformity in both the inter- and the
intra-channels, the phase-only sampled HLPGs/LPGs can be used as a multi-channel
band-pass/rejection filter, which may find applications in the fields of fiber communication,
all-optical computing, and fiber sensors.

On the other hand, it has recently been demonstrated both theoretically and experi-
mentally that the higher azimuthal modes existing in the HLPGs are of the inherent OAM
modes [179], which implicitly means that the phase-only sampled HLPGs can be used as
multichannel OAM mode converters. In 2019, by using three-channel DC-sampled HLPG,
the author’s group proposed and experimentally demonstrated a three-channel OAM
mode converter, which was the first report of a real demonstration of the HLPG-based
multichannel OAM mode converter in an experiment [177]. Based on the utilization of the
superimposed HLPGs, five-channel OAM mode generators have recently been obtained by
us too [178]. Some of the typical results about the spectrum and the corresponding intensity
and phase distributions of the OAM modes are shown in Figure 37, from which it can be
obviously seen that three first-order OAM modes with a conversion efficiency larger than
11.8 dB (~93%) have been generated at three different wavelengths (channels), respectively.
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Figure 37. The spectrum, the corresponding intensity, and phase distributions of the OAM modes
generated at three channels of the HLPG simultaneously. Adapted with permission from ref. [178].
© [2022] IEEE.

In addition to the above application, the phase-only sampled HLPG can also be used
as an efficient sensing head in a multiple-parameter fiber-sensing system. Most recently,
the author’s group has proposed and demonstrated a new sensor for the simultaneous
measurement of the directional torsion and the ambient temperature, which was realized
by using a DC-sampled HLPG [180]. Figure 38a,b shows the transmission spectra of
the three-channel HLPG-based torsion sensor under different torsions and temperatures,
respectively. Due to the large different of mode dispersion at the central wavelengths of
the three channels, i.e., wavelengths of the three dips as shown in Figure 38a,b, these three
dips all have linear responses to the changes in torsions and temperatures, but the response
slopes are largely different, which thus enables one to eliminate the crosstalk effect of the
torsions with the temperatures by simply using the 2 × 2 matrix method [180].

Figure 38. Transmission spectra of the 3-channel HLPG-based fiber sensor under different (a) torsion
angles and (b) temperatures. Adapted with permission from ref. [180].
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3.3. Phase-Modulated HLPGs and Their Applications

The phase-modulated LPG, especially the phase-modulated HLPG, can be exploited
for the design and generation of the edge filter [181], broadband flat-top filter [182], and
broad-band OAM mode converter [183,184], etc.

By means of a phase-modulated HLPG, the author’s group has experimentally demon-
strated a polarization-independent flat-top filter [182]. The proposed HLPG does not need
a complex apodization in its amplitude, which considerably facilitates the fabrication pro-
cesses and makes the designed HLPG particularly suitable for fabrication by using the CO2
laser-writing platform. Figure 39 shows the transmission and PDL spectra of fabricated
phase-modulated HLPG. From this, it can be seen that a polarization-independent band-
rejection filter with a bandwidth of ~10 nm at −20 dB and a rejection depth of ~28 dB has
been successfully achieved.

Figure 39. Transmission and PDL spectra of the fabricated phase-modulated HLPG. Adapted with
permission from ref. [182]. © [2022] IEEE.

Based on utilization of the phase-modulated HLPG, most recently, the author’s group
has further proposed and numerically demonstrated a broadband flat-top second-order
OAM converter, the schematic and the simulation results of which are shown in Figure 40,
where the utilized HLPG is a phase-modulated one that is especially inscribed in a thinned,
four-mode fiber and operated at wavelengths near the dispersion turning point (DTP).
In contrast to most of the other HLPG-based OAM mode generators where the high-order
OAM mode and flat-top broadband have rarely been achieved simultaneously, a second-
order OAM mode converter with a flat-top bandwidth of 113 nm at −20 dB and a depth
fluctuation of less than 3 dB at −26 dB has been successfully demonstrated. The obtained
flat-top bandwidth covers the entire C + L bands.
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Figure 40. (a) The schematic diagram for the proposed phase-modulated HLPG inscribed in a thinned
four-mode fiber. (b) Transmission spectrum of the proposed phase-modulated HLPG. Adapted with
permission from ref. [184]. © The Optical Society.

4. Conclusions and Prospects

In this paper, the past and recent advances on the phase-inserted fiber gratings and
their applications have been reviewed. It is shown that the PI-FGs can be divided into
three categories, i.e., PS-FGs, phase-sampled FGs, and phase-modulated FGs. Principles
and fabrication techniques of these three kinds of fiber gratings and their applications
in the fields of optical communication, optical computing and optical signal processing,
microwave photonics, and optical fiber sensors have been introduced and summarized in
details.

In the past decades, the FBG-based PI-FGs, especially the PS-FBGs, have been com-
prehensively studied and widely used in the fields covering nearly all the optical inter-
disciplinary fields. Meanwhile, fabrications of the PS-FGs have also been widely studied
and become established techniques to date.

In accordance with the great developments and advances obtained on FBG-based
PI-FGs, the research on LPG-based PI-FGs and their applications have also gained large
progresses but obviously lack comparability in both the width and the depth compared
with those on PF-FGs. On the other hand, attributed to the intrinsic helicity characteristics
that are especially suitable to control the loss, polarization, and OAM states of the light
in optical fiber, HLPG and HLPG-based devices have recently attracted great research
interest. To date, HLPGs have been comprehensively studied and have found many
applications, such as in torsion sensors, OAM mode converters, broadband flat-top filters,
circular polarizers, etc., and in the fields of fiber sensors, fiber communications, quantum
optics, ultrahigh precision measurement, etc. The research on phase-inserted HLPGs (PI-
HLPGs) is still in its infancy. Applications of the PI-HLPGs in fields such as photonics
information processing, chiral photonics, quantum optics, etc., have rarely been explored
and demonstrated. It is believed that PI-HLPGs including the phase-shift, phase-sampled,
and phase-modulated HLPGs will be further explored and find many practical applications
in the near future.

Another research trend for PI-FGs could be the PT symmetry grating. Recently,
the parity-time (PT) symmetry FBG has attracted much attention, especially in the fields of
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optics and photonics [185]. However, the research and applications of the phase-inserted PT
symmetry gratings including the PT-HLPG/HFBG and PT-LPG have rarely been reported
so far; therefore, it is believed that such kinds devices would attract more attention and
find potential applications in the near future.

Author Contributions: Writing and Editing, C.Z., L.W. and H.L. All authors have read and agreed to
the published version of the manuscript.

Funding: Funding has been provided by the KDDI Foundation for Research Grant Program; Yazaki
Memorial Foundation for Science & Technology; JSPS KAKENHI Grant Number JP 22H01546; and
National Natural Science Foundation of China (62003081).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Hill, K.O.; Fujii, Y.; Johnson, D.C.; Kawasaki, B.S. Photosensitivity in optical fiber waveguides: Applications to reflection filter

fabrication. Appl. Phys. Lett. 1978, 32, 647–649. [CrossRef]
2. Meltz, G.; Morey, W.W.; Glenn, W.H. Formation of Bragg gratings in optical fibers by a transverse holographic method. Opt. Lett.

1989, 14, 823–825. [CrossRef] [PubMed]
3. Hill, K.O.; Meltz, G. Fiber Bragg grating technology fundamentals and overview. J. Lightw. Technol. 1997, 15, 1263–1276. [CrossRef]
4. Giles, C.R. Lightwave applications of fiber Bragg gratings. J. Lightw. Technol. 1997, 15, 1391–1404. [CrossRef]
5. Erdogan, T. Fiber Grating Spectra. J. Lightw. Technol. 1997, 15, 1277–1294. [CrossRef]
6. Agrawal, G.P.; Radic, S. Phase-shifted fiber Bragg gratings and their application for wavelength demultiplexing. IEEE Photon.

Technol. Lett. 1994, 6, 995–997. [CrossRef]
7. Zengerle, R.; Leminger, O. Phase-Shifted Bragg-grating filters with improved transmission characteristics. J. Lightw. Technol. 1995,

13, 2354–2358. [CrossRef]
8. Legoubin, S.; Fertein, E.; Douay, M.; Bernage, P.; Niay, P.; Bayon, F.; Georges, T. Formation of moire grating in core of Germanosili-

cate fibre by transverse holographic double exposure method. Electron. Lett. 1991, 27, 1945–1946. [CrossRef]
9. Kashyap, R.; Mckee, P.F.; Armes, D. UV written reflection grating structures in photosensitive optical fibres using phase-shifted

phase masks. Electron. Lett. 1994, 30, 1977–1978. [CrossRef]
10. Canning, J.; Sceats, M.G. π-phase-shifted periodic distributed structures in optical fibres by UV post-processing. Electron. Lett.

1994, 30, 1344–1345. [CrossRef]
11. Li, X.; Ping, S.; Chao, L. Phase-shifted bandpass filter fabrication through CO2 laser irradiation. Opt. Exp. 2005, 13, 5878–5882.
12. Zhou, X.; Dai, Y.; Karanja, J.M.; Liu, F.; Yang, M. Fabricating phase-shifted fiber Bragg grating by simple postprocessing using

femtosecond laser. Opt. Eng. 2017, 56, 027108. [CrossRef]
13. Cusano, A.; Iadicicco, A.; Paladino, D.; Campopiano, S.; Cutolo, A. Photonic band-gap engineering in UV fiber gratings by the arc

discharge technique. Opt. Exp. 2008, 16, 15332–15342. [CrossRef]
14. Iadicicco, A.; Campopiano, S.; Cutolo, A.; Giordano, M.; Cusano, A. Microstructured fibre Bragg gratings: Analysis and fabrication.

Electron. Lett. 2005, 41, 466–468. [CrossRef]
15. Cusano, A.; Iadicicco, A.; Paladino, D.; Campopiano, S.; Cutolo, A.; Giordano, M. Micro-structured fiber Bragg gratings. Part I:

Spectral characteristics. Opt. Fiber Technol. 2007, 13, 281–290. [CrossRef]
16. Burgmeier, J.; Waltermann, C.; Flachenecker, G.; Schade, W. Point-by-point inscription of phase-shifted fiber Bragg gratings with

electro-optic amplitude modulated femtosecond laser pulses. Opt. Lett. 2014, 39, 540–543. [CrossRef]
17. Huang, B.; Shu, X. Ultra-compact strain- and temperature-insensitive torsion sensor based on a line-by-line inscribed phase-shifted

FBG. Opt. Exp. 2016, 24, 17670–17679. [CrossRef]
18. Shamir, A.; Ishaaya, A.A. Femtosecond inscription of phase-shifted gratings by overlaid fiber Bragg gratings. Opt. Lett. 2016, 41,

2017–2020. [CrossRef]
19. Du, Y.; Chen, T.; Zhang, Y.; Wang, R.; Cao, H.; Li, K. Fabrication of phase-shifted fiber Bragg grating by femtosecond laser shield

method. IEEE Photon. Technol. Lett. 2017, 29, 2143–2146. [CrossRef]
20. Zhou, J.; Guo, K.; He, J.; Hou, M.; Zhang, Z.; Liao, C.; Wang, Y.; Xu, G.; Wang, Y. Novel fabrication technique for phase-shifted

fiber Bragg gratings using a variable-velocity scanning beam and a shielded phase mask. Opt. Exp. 2018, 26, 13311–13321.
[CrossRef]

21. Hnatovsky, C.; Grobnic, D.; Mihailov, S.J. High-temperature stable π-phase-shifted fiber Bragg gratings inscribed using infrared
femtosecond pulses and a phase mask. Opt. Exp. 2018, 26, 23550–235641. [CrossRef]

http://doi.org/10.1063/1.89881
http://doi.org/10.1364/OL.14.000823
http://www.ncbi.nlm.nih.gov/pubmed/19752980
http://doi.org/10.1109/50.618320
http://doi.org/10.1109/50.618357
http://doi.org/10.1109/50.618322
http://doi.org/10.1109/68.313074
http://doi.org/10.1109/50.475575
http://doi.org/10.1049/el:19911206
http://doi.org/10.1049/el:19941357
http://doi.org/10.1049/el:19940920
http://doi.org/10.1117/1.OE.56.2.027108
http://doi.org/10.1364/OE.16.015332
http://doi.org/10.1049/el:20058367
http://doi.org/10.1016/j.yofte.2006.10.009
http://doi.org/10.1364/OL.39.000540
http://doi.org/10.1364/OE.24.017670
http://doi.org/10.1364/OL.41.002017
http://doi.org/10.1109/LPT.2017.2757046
http://doi.org/10.1364/OE.26.013311
http://doi.org/10.1364/OE.26.023550


Photonics 2022, 9, 271 40 of 45

22. Kringlebotn, J.T.; Archambault, J.L.; Reekie, L.; Payne, D.N. Er3+:Yb3+-codoped fiber distributed-feedback laser. Opt. Lett. 1994,
19, 2101–2103. [CrossRef]

23. Janos, M.; Canning, J. Permanent and transient resonances thermally induced in optical-fiber Bragg gratings. Electron. Lett. 1995,
31, 1007–1009. [CrossRef]

24. Mokhtar, M.R.; Ibsen, M.; Teh, P.C.; Richardson, D.J. Reconfigurable multilevel phase-shift keying encoder-decoder for all-optical
networks. IEEE Photon. Technol. Lett. 2003, 15, 431–433. [CrossRef]

25. Li, S.Y.; Ngo, N.Q.; Tjin, S.C.; Shum, P.; Zhang, J. Thermally tunable narrow-bandpass filter based on a linearly chirped fiber
Bragg grating. Opt. Lett. 2004, 29, 29–31. [CrossRef]

26. Li, M.; Li, H.; Painchaud, Y. Multi-channel notch filter based on a phase-shift phase-only-sampled fiber Bragg grating. Opt. Exp.
2008, 16, 19388–19394. [CrossRef] [PubMed]

27. Ahuja, A.K.; Steinvurzel, P.E.; Eggleton, B.J.; Rogers, J.A. Tunable single phase-shifted and superstructure gratings using
microfabricated on-fiber thin film heaters. Opt. Commun. 2000, 184, 119–125. [CrossRef]

28. Xu, M.G.; Alavie, A.T.; Maaskant, R.; Ohn, M.M. Tunable fibre bandpass filter based on a linearly chirped fibre Bragg grating for
wavelength demultiplexing. Electron. Lett. 1996, 32, 1918–1919. [CrossRef]

29. Ohn, M.M.; Alavie, A.T.; Maaskant, R.; Xu, M.G. Dispersion variable fibre Bragg grating using a piezoelectric stack. Electron. Lett.
1996, 32, 2000–2001. [CrossRef]

30. Pacheco, M.; Mendez, A.; Santoyo, F.M.; Zenteno, L.A. Analysis of the spectral characteristics of piezoelectrically driven dual and
triple-period optical fibre Bragg gratings. Opt. Commun. 1999, 167, 89–94. [CrossRef]

31. Chen, X.; Painchaud, Y.; Ogusu, K.; Li, H. Phase shifts induced by the piezoelectric transducers attached to a linearly chirped
fiber Bragg grating. J. Lightw. Technol. 2010, 28, 2017–2022. [CrossRef]

32. Wu, L.; Pei, L.; Wang, J.; Li, J.; Ning, T.; Liu, S. Q-switched erbium-doped fiber ring laser with piezoelectric transducer-based
PS-CFBG. Laser Phys. Lett. 2016, 13, 95101. [CrossRef]

33. Hamarsheh, M.M.N.; Falah, A.A.S.; Mokhtar, M.R. Tunable fiber Bragg grating phase shift by simple pressure packaging. Opt.
Eng. 2015, 54, 016105. [CrossRef]

34. Falah, A.A.S.; Mokhtar, M.R.; Yusoff, Z.; Ibsen, M. Reconfigurable phase shifted fiber Bragg grating using localized micro-strain.
IEEE Photon. Technol. Lett. 2016, 28, 951–954. [CrossRef]

35. Perez-Millan, P.; Cruz, J.L.; Andres, M.V. Active Q-switched distributed feedback erbium-doped fiber lasers. Appl. Phys. Lett.
2005, 87, 011104. [CrossRef]

36. Gonzalez-Segura, A.; Perez-Millan, P.; Cruz, J.L.; Andres, M.V. Fiber ring laser operated by dynamic local phase shifting of a
chirped grating. IEEE Photon. Technol. Lett. 2009, 21, 417–419. [CrossRef]

37. Liao, C.; Xu, L.; Wang, C.; Wang, D.N.; Wang, Y.; Wang, Q.; Yang, K.; Li, Z.; Zhong, X.; Zhou, J.; et al. Tunable phase-shifted fiber
Bragg grating based on femtosecond laser fabricated in-grating bubble. Opt. Lett. 2013, 38, 4473–4476. [CrossRef]

38. Zeng, L.; Sun, X.; Chang, Z.; Hu, Y.; Duan, J. Tunable phase-shifted fiber Bragg grating based on a microchannel fabricated by a
femtosecond laser. Chin. Opt. Lett. 2021, 19, 030602. [CrossRef]

39. Dai, Y.; Chen, X.; Jiang, D.; Xie, S.; Fan, C. Equivalent phase shift in a fiber Bragg grating achieved by changing the sampling
period. IEEE Photon. Technol. Lett. 2004, 16, 2284–2286. [CrossRef]

40. Othonos, A. Fiber Bragg gratings. Rev. Sci. Instrum. 1997, 68, 4309–4341. [CrossRef]
41. Liu, X. A novel ultra-narrow transmission-band fiber Bragg grating and its application in a single-longitudinal-mode fiber laser

with improved efficiency. Opt. Commun. 2007, 280, 147–152. [CrossRef]
42. Zhao, Y.; Chang, J.; Wang, Q.; Ni, J.; Song, Z.; Qi, H.; Wang, C.; Wang, P.; Gao, L.; Sun, Z.; et al. Research on a novel composite

structure Er3+-doped DBR fiber laser with a pi-phase shifted FBG. Opt. Exp. 2013, 21, 22515–22522. [CrossRef]
43. Zha, Y.; Xu, Z.; Xiao, P.; Feng, F.; Ran, Y.; Guan, B. Phase-shifted type-IIa fiber Bragg gratings for high-temperature laser

applications. Opt. Exp. 2019, 27, 4346–4353. [CrossRef]
44. Asseh, A.; Storoy, H.; Kringlebotn, J.T.; Margulis, W.; Sahlgren, B.; Sandgren, S.; Stubbe, R.; Edwall, G. 10 cm Yb3+ DFB fibre laser

with permanent phase shifted grating. Electron. Lett. 1995, 31, 969–970. [CrossRef]
45. Loh, W.H.; Laming, R.I. 1.55 µm phase-shifted distributed-feedback fiber laser. Electron. Lett. 1995, 31, 1440–1442. [CrossRef]
46. Qi, H.; Song, Z.; Li, S.; Guo, J.; Wang, C.; Peng, G. Apodized distributed feedback fiber laser with asymmetrical outputs for

multiplexed sensing applications. Opt. Exp. 2013, 21, 11309–11314. [CrossRef]
47. Jiang, M.; Zhou, P.; Gu, X. Ultralong π-phase shift fiber Bragg grating empowered single-longitudinal mode DFB phosphate fiber

laser with low-threshold and high-efficiency. Sci. Rep. 2018, 8, 13131. [CrossRef]
48. Li, S.Y.; Ngo, N.Q.; Zhang, Z.R. Tunable fiber laser with ultra-narrow linewidth using a tunable phase-shifted chirped fiber

grating. IEEE Photon. Technol. Lett. 2008, 20, 1482–1484. [CrossRef]
49. Xian, L.; Li, H. Calibration of a phase-shift formed in a linearly chirped fiber Bragg grating and its thermal effect. J. Lightw. Technol.

2013, 31, 1185–1190. [CrossRef]
50. Rota-Rodrigo, S.; Rodriguez-Cobo, L.; Quintela, M.A.; Lopez-Higuera, J.M.; Lopez-Amo, M. Dual-wavelength single-longitudinal

mode fiber laser using phase-shift Bragg gratings. IEEE J. Sel. Top. Quantum Electron. 2014, 20, 0900305. [CrossRef]
51. Chen, X.; Yao, J.; Zeng, F.; Deng, Z. Single-longitudinal-mode fiber ring laser employing an equivalent phase-shifted fiber Bragg

grating. IEEE Photon. Technol. Lett. 2005, 17, 1390–1392. [CrossRef]

http://doi.org/10.1364/OL.19.002101
http://doi.org/10.1049/el:19950653
http://doi.org/10.1109/LPT.2003.807902
http://doi.org/10.1364/OL.29.000029
http://doi.org/10.1364/OE.16.019388
http://www.ncbi.nlm.nih.gov/pubmed/19582032
http://doi.org/10.1016/S0030-4018(00)00923-8
http://doi.org/10.1049/el:19961242
http://doi.org/10.1049/el:19961323
http://doi.org/10.1016/S0030-4018(99)00315-6
http://doi.org/10.1109/JLT.2010.2051215
http://doi.org/10.1088/1612-2011/13/9/095101
http://doi.org/10.1117/1.OE.54.1.016105
http://doi.org/10.1109/LPT.2016.2519249
http://doi.org/10.1063/1.1990252
http://doi.org/10.1109/LPT.2009.2013129
http://doi.org/10.1364/OL.38.004473
http://doi.org/10.3788/COL202119.030602
http://doi.org/10.1109/LPT.2004.834530
http://doi.org/10.1063/1.1148392
http://doi.org/10.1016/j.optcom.2007.07.057
http://doi.org/10.1364/OE.21.022515
http://doi.org/10.1364/OE.27.004346
http://doi.org/10.1049/el:19950672
http://doi.org/10.1049/el:19951041
http://doi.org/10.1364/OE.21.011309
http://doi.org/10.1038/s41598-018-31528-w
http://doi.org/10.1109/LPT.2008.927912
http://doi.org/10.1109/JLT.2013.2245100
http://doi.org/10.1109/JSTQE.2013.2286084
http://doi.org/10.1109/LPT.2005.848408


Photonics 2022, 9, 271 41 of 45

52. Sun, J.; Dai, Y.; Zhang, Y.; Chen, X.; Xie, S. Dual-wavelength DFB fiber laser based on unequalized phase shifts. IEEE Photon.
Technol. Lett. 2006, 18, 2493–2495. [CrossRef]

53. Westbrook, P.S.; Abedin, K.S.; Nicholson, J.W.; Kremp, T.; Porque, J. Raman fiber distributed feedback lasers. Opt. Lett. 2011, 36,
2895–2897. [CrossRef] [PubMed]

54. Cheng, X.P.; Tse, C.H.; Shurn, P.; Wu, R.F.; Tang, M.; Tan, W.C.; Zhang, J. All-fiber Q-switched erbium-doped fiber ring laser using
phase-shifted fiber Bragg grating. J. Lightw. Technol. 2008, 26, 945–951. [CrossRef]

55. Kai, L.; Cheng, M.; Sun, J. Minute Wavelength shift detection of actively mode-locked fiber laser based on stimulated Brillouin
scattering Effect. J. Lightw. Technol. 2021, 39, 4447–4452. [CrossRef]

56. Yao, J. Microwave Photonics. J. Lightw. Technol. 2009, 27, 314–335. [CrossRef]
57. Chen, X.; Deng, Z.; Yao, J. Photonic generation of microwave signal using a dual-wavelength single-longitudinal-mode fiber ring

laser. IEEE Trans. Microw. Theory Techn. 2006, 54, 804–809. [CrossRef]
58. Jiang, M.; Lin, B.; Shum, P.P.; Tjin, S.C.; Dong, X.; Sun, Q. Tunable microwave generation based on a dual-wavelength single-

longitudinal-mode fiber laser using a phase-shifted grating on a triangular cantilever. Appl. Opt. 2011, 50, 1900–1904. [CrossRef]
59. Lin, B.; Jiang, M.; Tjin, S.C.; Shum, P. Tunable microwave generation using a phase-shifted chirped fiber Bragg grating. IEEE

Photon. Technol. Lett. 2011, 23, 1292–1294. [CrossRef]
60. Li, W.; Kong, F.; Yao, J. Stable and frequency-hopping-free microwave generation based on a mutually injection-locked optoelec-

tronic oscillator and a dual-wavelengthsingle-longitudinal-mode fiber laser. J. Lightw. Technol. 2014, 32, 4174–4179.
61. Li, W.; Li, M.; Yao, J. A narrow-pass band and frequency-tunable microwave photonic filter based on phase-modulation to

intensity-modulation conversion using a phase-shifted fiber Bragg grating. IEEE Trans. Microw. Theory Tech. 2012, 60, 1287–1296.
[CrossRef]

62. Gao, L.; Zhang, J.; Chen, X.; Yao, J. Microwave photonic filter with two independently tunable passbands using a phase modulator
and an equivalent phase-shifted fiber Bragg grating. IEEE Trans. Microw. Theory Tech. 2014, 62, 380–387. [CrossRef]

63. Han, X.; Xu, E.; Liu, W.; Yao, J. Tunable dual-passband microwave photonic filter using orthogonal polarization modulation. IEEE
Photon. Technol. Lett. 2015, 27, 2209–2212. [CrossRef]

64. Ma, Y.; Zhang, Z.; Yuan, J.; Zeng, Z.; Zhang, S.; Zhang, Y.; Zhang, Z.; Fu, D.; Wang, J.; Liu, Y. Optically tunable microwave
frequency downconversion based on an optoelectronic oscillator employing a phase-shifted fiber Bragg grating. IEEE Photon. J.
2018, 10, 5501611. [CrossRef]

65. Chen, X.; Xian, L.; Ogusu, K.; Li, H. Phase-shift induced in a high-channel-count fiber Bragg grating and its application to
multiwavelength fiber ring laser. IEEE Photon. Technol. Lett. 2011, 23, 498–500. [CrossRef]

66. Li, M.; Fujii, T.; Li, H. Multiplication of a multichannel notch filter based on a phase-shifted phase-only sampled fiber Bragg
grating. IEEE Photon. Technol. Lett. 2009, 21, 926–928.

67. Wei, L.; Lit, J.W.Y. Phase-shifted Bragg grating filters with symmetrical structures. J. Lightw. Technol. 1997, 15, 1405–1410.
[CrossRef]

68. Kulishov, M.; Laniel, J.M.; Bélanger, N.; Azaña, J.; Plant, D.V. Nonreciprocal waveguide Bragg gratings. Opt. Exp. 2005, 13,
3068–3078. [CrossRef]

69. Lin, Z.; Ramezani, H.; Eichelkraut, T.; Kottos, T.; Cao, H.; Christodoulides, D.N. Unidirectional invisibility induced by PT-
Symmetric periodic structures. Phys. Rev. Lett. 2011, 106, 213901. [CrossRef]

70. Raja, S.V.; Govindarajan, A.; Mahalingam, A.; Lakshmanan, M. Phase-shifted PT-symmetric periodic structures. Phys. Rev. A
2020, 102, 013515. [CrossRef]

71. Radic, S.; George, N.; Agrawal, G.P. Optical switching in λ/4-shifted nonlinear periodic structures. Opt. Lett. 1994, 19, 1789–1791.
[CrossRef]

72. Radic, S.; George, N.; Agrawal, G.P. Theory of low-threshold optical switching in nonlinear phase-shifted periodic structures.
J. Opt. Soc. Am. B 1995, 12, 671–680. [CrossRef]

73. Lee, H.; Agrawal, G.P. Nonlinear switching of optical pulses in fiber Bragg gratings. IEEE J. Quantum. Electron 2003, 39, 508–515.
74. Kabakova, I.V.; Walsh, T.; de Sterke, C.M.; Eggleton, B.J. Performance of field-enhanced optical switching in fiber Bragg gratings.

J. Opt. Soc. Am. B 2010, 27, 1343–1351. [CrossRef]
75. Melloni, A.; Chinello, M.; Martinelli, M. All-optical switching in phase-shifted fiber Bragg grating. IEEE Photon. Technol. Lett.

2000, 12, 42–44. [CrossRef]
76. Li, Q.; Song, J.; Chen, X.; Bi, M.; Hu, M.; Li, S. All-optical logic gates based on cross phase modulation effect in a phase-shifted

grating. Appl. Opt. 2016, 55, 6880–6886. [CrossRef]
77. Gan, X.; Wang, Y.; Zhang, F.; Zhao, C.; Jiang, B.; Fang, L.; Li, D.; Wu, H.; Ren, Z.; Zhao, J. Graphene-controlled fiber Bragg grating

and enabled optical bistability. Opt. Lett. 2016, 41, 603–606. [CrossRef]
78. Azaña, J.; Madsen, C.; Takiguchi, K.; Cincontti, G. Guest editorial-optical signal processing. J. Lightw. Technol. 2006, 24, 2484–2767.

[CrossRef]
79. Berger, N.K.; Levit, B.; Fischer, B.; Kulishov, M.; Plant, D.V.; Azana, J. Temporal differentiation of optical signals using a

phase-shifted fiber Bragg grating. Opt. Exp. 2007, 15, 371–381. [CrossRef]
80. Ngo, N.Q. Design of an optical temporal integrator based on a phase-shifted fiber Bragg grating in transmission. Opt. Lett. 2007,

32, 3020–3022.

http://doi.org/10.1109/LPT.2006.887222
http://doi.org/10.1364/OL.36.002895
http://www.ncbi.nlm.nih.gov/pubmed/21808350
http://doi.org/10.1109/JLT.2008.917370
http://doi.org/10.1109/JLT.2021.3073980
http://doi.org/10.1109/JLT.2008.2009551
http://doi.org/10.1109/TMTT.2005.863064
http://doi.org/10.1364/AO.50.001900
http://doi.org/10.1109/LPT.2011.2160253
http://doi.org/10.1109/TMTT.2012.2187678
http://doi.org/10.1109/TMTT.2013.2294601
http://doi.org/10.1109/LPT.2015.2457293
http://doi.org/10.1109/JPHOT.2018.2867348
http://doi.org/10.1109/LPT.2011.2112761
http://doi.org/10.1109/50.618363
http://doi.org/10.1364/OPEX.13.003068
http://doi.org/10.1103/PhysRevLett.106.213901
http://doi.org/10.1103/PhysRevA.102.013515
http://doi.org/10.1364/OL.19.001789
http://doi.org/10.1364/JOSAB.12.000671
http://doi.org/10.1364/JOSAB.27.001343
http://doi.org/10.1109/68.817464
http://doi.org/10.1364/AO.55.006880
http://doi.org/10.1364/OL.41.000603
http://doi.org/10.1109/JLT.2006.879647
http://doi.org/10.1364/OE.15.000371


Photonics 2022, 9, 271 42 of 45

81. Asghari, M.H.; Azana, J. Design of all-optical high-order temporal integrators based on multiple-phase-shifted Bragg gratings.
Opt. Exp. 2008, 16, 11459–11469. [CrossRef] [PubMed]

82. Preciado, M.A.; Muriel, M.A. Design of an ultrafast all-optical differentiator based on a fiber Bragg grating in transmission. Opt.
Lett. 2008, 33, 2458–2460. [CrossRef] [PubMed]

83. Asghari, M.H.; Azana, J. All-optical Hilbert transformer based on a single phase-shifted fiber Bragg grating: Design and analysis.
Opt. Lett. 2009, 34, 334–336. [CrossRef] [PubMed]

84. Li, M.; Yao, J. All-fiber temporal photonic fractional Hilbert transformer based on a directly designed fiber Bragg grating. Opt.
Lett. 2010, 35, 223–225. [CrossRef]

85. Ge, J.; Wang, C.; Zhu, X. Fractional optical Hilbert transform using phase shifted fiber Bragg gratings. Opt. Commun. 2011, 284,
3251–3257. [CrossRef]

86. Preciado, M.A.; Shu, X.; Harper, P.; Sugden, K. Experimental demonstration of an optical differentiator based on a fiber Bragg
grating in transmission. Opt. Lett. 2013, 38, 917–919. [CrossRef]

87. Liu, X.; Shu, X.; Cao, H. Proposal of a Phase-shift fiber Bragg grating as an optical differentiator and an optical integrator
simultaneously. IEEE Photon. J. 2018, 10, 7800907. [CrossRef]

88. LeBlanc, M.; Vohra, S.T.; Tsai, T.E.; Friebele, E.J. Transverse load sensing by use of pi-phase-shifted fiber Bragg gratings. Opt. Lett.
1999, 24, 1091–1093. [CrossRef]

89. Fu, H.; Shu, X.; Mou, C.; Zhang, L.; He, S.; Bennion, I. Transversal loading sensor based on tunable beat frequency of a
dual-wavelength fiber laser. IEEE Photon. Technol. Lett. 2009, 21, 987–989.

90. Wang, Y.; Li, N.; Huang, X.; Wang, M. Fiber optic transverse load sensor based on polarization properties of phase-shifted fiber
Bragg grating. Opt. Commun. 2015, 342, 152–156.

91. Gatti, D.; Galzerano, G.; Janner, D.; Longhi, S.; Laporta, P. Fiber strain sensor based on a π-phase-shifted Bragg grating and the
Pound–Drever–Hall technique. Opt. Exp. 2008, 16, 1945–1950. [CrossRef]

92. Ghosh, B.; Mandal, S. Mathematical modeling of π-phase-shifted fiber Bragg grating and its application for strain measurement
in epoxy resin cantilever beam. IEEE Sens. J. 2020, 20, 9856–9863. [CrossRef]

93. Ouyang, Y.; Liu, J.; Xu, X.; Zhao, Y.; Zhou, A. Phase-shifted eccentric core fiber Bragg grating fabricated by electric arc discharge
for directional bending measurement. Sensors 2018, 18, 1168. [CrossRef]

94. Zhang, Q.; Liu, N.; Fink, T.; Li, H.; Peng, W.; Han, M. Fiber-optic pressure sensor based on π-phase-shifted fiber Bragg grating on
side-hole fiber. IEEE Photon. Technol. Lett. 2012, 24, 1519–1522. [CrossRef]

95. Yang, D.; Liu, Y.; Wang, Y.; Zhang, T.; Shao, M.; Yu, D.; Fu, H.; Jia, Z. Integrated optic-fiber sensor based on enclosed EFPI and
structural phase-shift for discriminating measurement of temperature, pressure and RI. Opt. Laser Technol. 2020, 126, 106112.
[CrossRef]

96. Rosenthal, A.; Razansky, D.; Ntziachristos, V. High-sensitivity compact ultrasonic detector based on a pi-phase-shifted fiber
Bragg grating. Opt. Lett. 2011, 36, 1833–1835. [CrossRef]

97. Wu, Q.; Okabe, Y. Novel real-time acousto-ultrasonic sensors using two phase-shifted fiber Bragg gratings. J. Intell. Mater. Syst.
Struct. 2014, 25, 640–646. [CrossRef]

98. Guo, J.; Yang, C. Highly stabilized phase-shifted fiber Bragg grating sensing system for ultrasonic detection. IEEE Photon. Technol.
Lett. 2015, 27, 848–851. [CrossRef]

99. Bao, L.; Dong, X.; Zhang, S.; Shen, C.; Shum, P. Magnetic field sensor based on magnetic fluid-infiltrated phase-shifted fiber Bragg
grating. IEEE Sens. J. 2018, 18, 4008–4012. [CrossRef]

100. Jackson, S.D.; Sabella, A.; Lancaster, D.G. Application and development of high-power and highly efficient silica-based fiber
lasers operating at 2 µm. IEEE J. Sel. Top. Quantum Electron. 2007, 13, 567–572. [CrossRef]

101. Zhang, L.; Yan, F.; Bai, Z.; Bai, Y.; Liu, S.; Zhou, H.; Hou, Y.; Zhang, N. Research on transmission characteristics of phase-shifted
CFBG in 2 µm band. Opt. Fiber Technol. 2017, 36, 428–437. [CrossRef]

102. Zhang, L.; Yan, F.; Han, W.; Bai, Z.; Cheng, D.; Zhou, H.; Suo, Y.; Feng, T. Transmission characteristics of sampled fiber Bragg
grating and phase-shifted sampled fiber Bragg grating in the 2 µm band. Opt. Fiber Technol. 2019, 50, 263–270. [CrossRef]

103. Jayaraman, V.; Chuang, Z.M.; Coldren, L.A. Theory, design, and performance of extended tuning range semiconductor lasers
with sampled gratings. IEEE J. Quantum Electron. 1993, 29, 1824–1834. [CrossRef]

104. Ouellette, F.; Krug, P.A.; Stephens, T.; Dhosi, G.; Eggleton, B. Broadband and WDM dispersion compensation using chirped
sampled fibre Bragg gratings. Electron. Lett. 1995, 31, 899–901. [CrossRef]

105. Ibsen, M.; Durkin, M.K.; Cole, M.J.; Laming, R.I. Sinc-sampled fiber Bragg gratings for identical multiple wavelength operation.
IEEE Photon. Technol. Lett. 1998, 10, 842–844. [CrossRef]

106. Rothenberg, J.E.; Li, H.; Li, Y.; Popelek, J.; Sheng, Y.; Wang, Y.; Wilcox, R.B.; Zweiback, J. Dammann fiber Bragg gratings and
phase-only sampling for high channel counts. IEEE Photon. Technol. Lett. 2002, 14, 1309–1311. [CrossRef]

107. Li, H.; Sheng, Y.; Li, Y.; Rothenberg, J.E. Phased-only sampled fiber Bragg gratings for high-channel-count chromatic dispersion
compensation. J. Lightw. Technol. 2003, 21, 2074–2083.

108. Lee, H.; Agrawal, G.P. Purely phase-sampled fiber Bragg gratings for broad-band dispersion and dispersion slope compensation.
IEEE Photon. Technol. Lett. 2003, 15, 1091–1093.

109. Lee, H.; Agrawal, G.P. Bandwidth equalization of purely phase-sampled fiber Bragg gratings for broadband dispersion and
dispersion slope compensation. Opt. Exp. 2004, 12, 5595–5602. [CrossRef]

http://doi.org/10.1364/OE.16.011459
http://www.ncbi.nlm.nih.gov/pubmed/18648466
http://doi.org/10.1364/OL.33.002458
http://www.ncbi.nlm.nih.gov/pubmed/18978886
http://doi.org/10.1364/OL.34.000334
http://www.ncbi.nlm.nih.gov/pubmed/19183649
http://doi.org/10.1364/OL.35.000223
http://doi.org/10.1016/j.optcom.2011.03.041
http://doi.org/10.1364/OL.38.000917
http://doi.org/10.1109/JPHOT.2018.2824661
http://doi.org/10.1364/OL.24.001091
http://doi.org/10.1364/OE.16.001945
http://doi.org/10.1109/JSEN.2020.2990076
http://doi.org/10.3390/s18041168
http://doi.org/10.1109/LPT.2012.2207715
http://doi.org/10.1016/j.optlastec.2020.106112
http://doi.org/10.1364/OL.36.001833
http://doi.org/10.1177/1045389X13483028
http://doi.org/10.1109/LPT.2015.2396530
http://doi.org/10.1109/JSEN.2018.2820741
http://doi.org/10.1109/JSTQE.2007.896087
http://doi.org/10.1016/j.yofte.2017.06.001
http://doi.org/10.1016/j.yofte.2019.03.002
http://doi.org/10.1109/3.234440
http://doi.org/10.1049/el:19950586
http://doi.org/10.1109/68.681504
http://doi.org/10.1109/LPT.2002.801054
http://doi.org/10.1364/OPEX.12.005595


Photonics 2022, 9, 271 43 of 45

110. Nasu, Y.; Yamashita, S. Densification of sampled fiber Bragg gratings using multiple-phase-shift (MPS) technique. J. Lightw.
Technol. 2005, 23, 1808–1817. [CrossRef]

111. Rothenberg, J.E.; Li, H.; Sheng, Y.; Popelek, J.; Zweiback, J. Phase-only sampled 45 channel fiber Bragg grating written with a
diffraction-compensated phase mask. Opt. Lett. 2006, 31, 1199–1201. [CrossRef] [PubMed]

112. Li, H.; Li, M.; Ogusu, K.; Sheng, Y.; Rothenberg, J.E. Optimization of a continuous phase-only sampling for high channel-count
fiber Bragg gratings. Opt. Exp. 2006, 14, 3152–3160. [CrossRef] [PubMed]

113. Dai, Y.; Chen, X.; Sun, J.; Xie, S. Wideband multichannel dispersion compensation based on a strongly chirped sampled Bragg
grating and phase shifts. Opt. Lett. 2006, 31, 311–313. [CrossRef] [PubMed]

114. Li, H.; Li, M.; Sheng, Y.; Rothenberg, J.E. Advances in the design and fabrication of high-channel-count fiber Bragg gratings.
J. Lightw. Technol. 2007, 25, 2739–2750. [CrossRef]

115. Li, M.; Li, H. Reflection equalization of the simultaneous dispersion and dispersion-slope compensator based on a phase-only
sampled fiber Bragg grating. Opt. Exp. 2008, 16, 9821–9828. [CrossRef] [PubMed]

116. Li, H.; Li, M.; Hayashi, J. Ultrahigh-channel-count phase-only sampled fiber Bragg grating covering the S, C, and L bands. Opt.
Lett. 2009, 34, 938–940. [CrossRef]

117. Li, M.; Chen, X.; Hayashi, J.; Li, H. Advanced design of the ultrahigh-channel-count fiber Bragg grating based on the double
sampling method. Opt. Exp. 2009, 17, 8382–8394. [CrossRef]

118. Chen, X.; Hayashi, J.; Li, H. Ultrahigh-channel-count fiber Bragg grating based on the triple sampling method. Opt. Commun.
2011, 284, 1842–1846. [CrossRef]

119. Zhao, J.; Yu, Y.; Tang, Y. Design of high channel-count comb filter based on digital concatenated grating with multiple phase
shifts (MPS-DCG). IEEE Photon. Technol. Lett. 2011, 23, 1814–1816. [CrossRef]

120. Sheng, Y.; Rothenberg, J.E.; Li, H.; Wang, Y.; Zweiback, J. Split of phase shifts in a phase mask for fiber Bragg gratings. IEEE
Photon. Technol. Lett. 2004, 16, 1316–1318. [CrossRef]

121. Sheng, Y.; Sun, L. Near-field diffraction of irregular phase gratings with multiple phase-shifts. Opt. Exp. 2005, 13, 6111–6116.
[CrossRef]

122. Li, M.; Chen, X.; Fujii, T.; Kudo, Y.; Li, H.; Painchaud, Y. Multiwavelength fiber laser based on the utilization of a phase-shifted
phase-only sampled fiber Bragg grating. Opt. Lett. 2009, 34, 1717–1719. [CrossRef]

123. Cai, J.X.; Feng, K.M.; Willner, A.E.; Grubsky, V.; Starodubov, D.S.; Feinberg, J. Simultaneous tunable dispersion compensation of
many WDM channels using a sampled nonlinearly chirped fiber Bragg grating. IEEE Photon. Technol. Lett. 1999, 11, 1455–1457.
[CrossRef]

124. Lee, H.; Agrawal, G.P. Add–drop multiplexers and interleavers with broad-band chromatic dispersion compensation based on
purely phase-sampled fiber gratings. IEEE Photon. Technol. Lett. 2004, 16, 635–637. [CrossRef]

125. Li, M.; Yao, J. Multichannel arbitrary-order photonic temporal differentiator for wavelength-division-multiplexed signal process-
ing using a single fiber Bragg grating. J. Lightw. Technol. 2011, 29, 2506–2511. [CrossRef]

126. Petropoulos, P.; Ibsen, M.; Zervas, M.N.; Richardson, D.J. Generation of a 40-GHz pulse stream by pulse multiplication with a
sampled fiber Bragg grating. Opt. Lett. 2000, 25, 521–523. [CrossRef]

127. Longhi, S.; Marano, M.; Laporta, P.; Svelto, O.; Belmonte, M.; Agogliati, B.; Arcangeli, L.; Pruneri, V.; Zervas, M.N.; Ibsen, M.
40-GHz pulse-train generation at 1.5 µm with a chirped fiber grating as a frequency multiplier. Opt. Lett. 2000, 25, 1481–1483.
[CrossRef]

128. Azaña, J.; Slavík, R.; Kockaert, P.; Chen, L.R.; LaRochelle, S. Generation of customized ultrahigh repetition rate pulse sequences
using superimposed fiber Bragg gratings. J. Lightw. Technol. 2003, 21, 1490–1498. [CrossRef]

129. Chen, X.; Li, H. Simultaneous optical pulse multiplication and shaping based on the amplitude-assisted phase-only filter utilizing
a fiber Bragg grating. J. Lightw. Technol. 2009, 27, 5246–5252. [CrossRef]

130. Wakabayashi, S.; Baba, A.; Itou, A.; Adachi, J. Design and fabrication of an apodization profile in linearly chirped fiber Bragg
gratings for wideband >35 nm and compact tunable dispersion compensator. J. Opt. Soc. Am. B 2008, 25, 210–217. [CrossRef]

131. Liu, X.; Shu, X. Design of arbitrary-order photonic temporal differentiators based on phase-modulated fiber Bragg gratings in
transmission. J. Lightw. Technol. 2017, 35, 2926–2932. [CrossRef]

132. Li, Y.; Liu, X.; Shu, X.; Zhang, L. Arbitrary-order photonic Hilbert transformers based on phase-modulated fiber Bragg gratings in
transmission. Photonics. 2021, 8, 27. [CrossRef]

133. Liu, X.; Xu, Z.; Preciado, M.A.; Gbadebo, A.; Zhang, L.; Xiong, J.; Yu, Y.; Cao, H.; Shu, X. Transmissive fiber Bragg grating-based
delay line interferometer for RZ-OOK to NRZ-OOK format conversion. IEEE Access 2019, 7, 140300–140304. [CrossRef]

134. Wang, C.; Yao, J. Photonic generation of chirped millimeter-wave pulses based on nonlinear frequency-to-time mapping in a
nonlinearly chirped fiber Bragg grating. IEEE Trans. Microw. Theory Tech. 2008, 56, 542–552. [CrossRef]

135. Tosi, D. Review of chirped fiber Bragg grating (CFBG) fiber-optic sensors and their applications. Sensors 2018, 18, 2147. [CrossRef]
136. Vengsarkar, A.M.; Lemaire, P.J.; Judkins, J.B.; Bhatia, V.; Erdogan, T.; Sipe, J.E. Long-period fiber gratings as band rejection filters.

J. Lightw. Technol. 1996, 14, 58–65. [CrossRef]
137. Bakhti, F.; Sansonetti, P. Realization of low back-reflection, wideband fiber bandpass filters using phase-shifted long-period

gratings. In Proceedings of the Optical Fiber Communication (OFC’97) Conference, Dallas, TX, USA, 16–21 February 1997.
138. Ke, H.; Chiang, K.S.; Peng, J. Analysis of phase-shifted long-period fiber gratings. IEEE Photon. Technol. Lett. 1998, 10, 1596–1598.

[CrossRef]

http://doi.org/10.1109/JLT.2005.844202
http://doi.org/10.1364/OL.31.001199
http://www.ncbi.nlm.nih.gov/pubmed/16642058
http://doi.org/10.1364/OE.14.003152
http://www.ncbi.nlm.nih.gov/pubmed/19516456
http://doi.org/10.1364/OL.31.000311
http://www.ncbi.nlm.nih.gov/pubmed/16480192
http://doi.org/10.1109/JLT.2007.903306
http://doi.org/10.1364/OE.16.009821
http://www.ncbi.nlm.nih.gov/pubmed/18575551
http://doi.org/10.1364/OL.34.000938
http://doi.org/10.1364/OE.17.008382
http://doi.org/10.1016/j.optcom.2010.12.029
http://doi.org/10.1109/LPT.2011.2169779
http://doi.org/10.1109/LPT.2004.826059
http://doi.org/10.1364/OPEX.13.006111
http://doi.org/10.1364/OL.34.001717
http://doi.org/10.1109/68.803077
http://doi.org/10.1109/LPT.2003.823108
http://doi.org/10.1109/JLT.2011.2159827
http://doi.org/10.1364/OL.25.000521
http://doi.org/10.1364/OL.25.001481
http://doi.org/10.1109/JLT.2003.810568
http://doi.org/10.1109/JLT.2009.2030902
http://doi.org/10.1364/JOSAB.25.000210
http://doi.org/10.1109/JLT.2017.2700024
http://doi.org/10.3390/photonics8020027
http://doi.org/10.1109/ACCESS.2019.2938021
http://doi.org/10.1109/TMTT.2007.914639
http://doi.org/10.3390/s18072147
http://doi.org/10.1109/50.476137
http://doi.org/10.1109/68.726761


Photonics 2022, 9, 271 44 of 45

139. Liu, Y.; Williams, J.A.R.; Zhang, L.; Bennion, I. Phase shifted and cascaded long-period fiber gratings. Opt. Commun. 1999, 164,
27–31. [CrossRef]

140. Chen, L.R. Design of flat-top bandpass filter based on symmetric multiple phase-shifted long-period fiber gratings. Opt. Commun.
2002, 205, 271–276. [CrossRef]

141. Zhang, J.; Shum, P.; Li, S.; Ngo, N.; Cheng, X.; Ng, J. Design and fabrication of flat-band long-period grating. IEEE Photon. Technol.
Lett. 2003, 15, 1558–1560. [CrossRef]

142. Chen, L.R. Phase-shifted long-period gratings by refractive index-shifting. Opt. Commun. 2001, 200, 187–191. [CrossRef]
143. James, S.W.; Topliss, S.M.; Tatam, R.P. Properties of length-apodized phase-shifted LPGs operating at the phase matching turning

point. J. Lightw. Technol. 2012, 30, 2203–2209. [CrossRef]
144. Chen, H.; Gu, Z. Filtering characteristics of film-coated long-period fiber gratings operating at the phase-matching turning point.

Optik 2014, 125, 6003–6009. [CrossRef]
145. Zhu, Y.; Shum, P.; Lu, C.; Lacquet, B.; Swart, P.L.; Spammer, S.J. EDFA gain flattening using phase-shifted long-period grating.

Microw. Opt. Technol. Lett. 2003, 37, 153–157. [CrossRef]
146. Han, Y.G.; Lee, J.H.; Lee, S.B. Discrimination of bending and temperature sensitivities with phase-shifted long-period fiber

gratings depending on initial coupling strength. Opt. Exp. 2004, 12, 3204–3208. [CrossRef]
147. Chung, K.W.; Yin, S. Design of a phase-shifted long-period grating using the partial-etching technique. Microw. Opt. Techn. Let.

2005, 45, 18–21. [CrossRef]
148. Del Villar, I.; Arregui, F.J.; Matias, I.R.; Cusano, A.; Paladino, D.; Cutolo, A. Fringe generation with nonuniformly coated

long-period fiber gratings. Opt. Exp. 2007, 15, 9326–9340. [CrossRef]
149. Li, X.; Zhang, W.; Chen, L.; Yan, T. Temperature-independent force sensor based on PSLPFG induced by electric-arc discharge.

IEEE Photon. Technol. Lett. 2015, 27, 1946–1948. [CrossRef]
150. Yang, W.; Geng, T.; Yang, J.; Zhou, A.; Liu, Z.; Geng, S.; Yuan, L. A phase-shifted long period fiber grating based on filament

heating method for simultaneous measurement of strain and temperature. J. Opt. 2015, 17, 75801. [CrossRef]
151. Hishiki, K.; Li, H. Phase-shift formed in a long period fiber grating and its application to the measurements of temperature and

refractive index. Opt. Exp. 2013, 21, 11901–11912. [CrossRef]
152. Zhou, X.; Shi, S.; Zhang, Z.; Zou, J.; Liu, Y. Mechanically-induced π-shifted long-period fiber gratings. Opt. Exp. 2011, 19,

6253–6259. [CrossRef]
153. Humbert, G.; Malki, A. High performance bandpass filters based on electric arc-induced π-shifted long-period fibre gratings.

Electron. Lett. 2003, 39, 1506–1507. [CrossRef]
154. Falate, R.; Frazão, O.; Rego, G.; Fabris, J.L.; Santos, J.L. Refractometric sensor based on a phase-shifted long-period fiber grating.

Appl. Opt. 2006, 45, 5066–5072. [CrossRef]
155. Zhu, Y.; Shum, P.; Chen, X.; Tan, C.H.; Lu, C. Resonance-temperature-insensitive phase-shifted long period fiber gratings induced

by surface deformation with anomalous strain characteristics. Opt. Lett. 2005, 30, 1788–1790. [CrossRef]
156. Gu, Y.; Chiang, K.S.; Rao, Y.J. Writing of apodized phase-shifted long-period fiber gratings with a computer-controlled CO2 laser.

IEEE Photon. Technol. Lett. 2009, 21, 657–659.
157. Cheng, B.; Lan, X.; Huang, J.; Fang, X.; Xiao, H. Flexible fabrication of long period fiber grating devices based on erasing effect by

controlled CO2 laser pulse exposure. Microw. Opt. Technol. Lett. 2013, 55, 1735–1738. [CrossRef]
158. Zheng, S.; Lei, X.; Zhu, Y. Temperature-insensitive compact phase-shifted long-period gratings induced by surface deformation in

single-mode fiber. Appl. Phys. B 2015, 121, 259–263. [CrossRef]
159. Wang, P.; Xian, L.; Li, H. Fabrication of phase-shifted long-period fiber grating and its application to strain measurement. IEEE

Photon. Technol. Lett. 2015, 27, 557–560. [CrossRef]
160. Gao, R.; Jiang, Y.; Jiang, L. Multi-phase-shifted helical long period fiber grating based temperature-insensitive optical twist sensor.

Opt. Exp. 2014, 22, 15697–15709. [CrossRef]
161. Zheng, S.; Zhu, Y. Photonic crystal fiber π-phase-shifted long-period gratings with wide bandpass and temperature insensitivity.

Opt. Eng. 2015, 54, 116101. [CrossRef]
162. Inoue, G.; Wang, P.; Li, H. Flat-top band-rejection filter based on two successively-cascaded helical fiber gratings. Opt. Exp. 2016,

24, 5442–5447. [CrossRef]
163. Zhao, H.; Li, H. Advances on mode-coupling theories, fabrication techniques, and applications of the helical long-period fiber

gratings: A review. Photonics 2021, 8, 8040106. [CrossRef]
164. Xian, L.; Wang, P.; Li, H. Power-interrogated and simultaneous measurement of temperature and torsion using paired helical

long period fiber gratings with opposite helicities. Opt. Exp. 2014, 22, 20260–20267. [CrossRef]
165. Wang, P.; Subramanian, R.; Zhu, C.; Zhao, H.; Li, H. Phase-shifted helical long-period fiber grating and its characterization by

using the microscopic imaging method. Opt. Exp. 2017, 25, 7402–7407. [CrossRef]
166. Qian, J.R.; Chen, H.F. Gain flattening fiber filters using phase-shifted long period fiber gratings. Electron. Lett. 1998, 34, 1132–1133.

[CrossRef]
167. Harumoto, M.; Shigehara, M.; Suganuma, H. Gain-flattening filter using long-period fiber Gratings. J. Lightw. Technol. 2002, 20,

1027–1033. [CrossRef]
168. Azana, J.; Kulishov, M. All-fibre ultrafast optical differentiator based on π phase-shifted long-period grating. Electron. Lett. 2005,

41, 1368–1369. [CrossRef]

http://doi.org/10.1016/S0030-4018(99)00191-1
http://doi.org/10.1016/S0030-4018(02)01363-9
http://doi.org/10.1109/LPT.2003.818666
http://doi.org/10.1016/S0030-4018(01)01658-3
http://doi.org/10.1109/JLT.2012.2195473
http://doi.org/10.1016/j.ijleo.2014.07.060
http://doi.org/10.1002/mop.10853
http://doi.org/10.1364/OPEX.12.003204
http://doi.org/10.1002/mop.20710
http://doi.org/10.1364/OE.15.009326
http://doi.org/10.1109/LPT.2015.2444799
http://doi.org/10.1088/2040-8978/17/7/075801
http://doi.org/10.1364/OE.21.011901
http://doi.org/10.1364/OE.19.006253
http://doi.org/10.1049/el:20030971
http://doi.org/10.1364/AO.45.005066
http://doi.org/10.1364/OL.30.001788
http://doi.org/10.1002/mop.27711
http://doi.org/10.1007/s00340-015-6225-7
http://doi.org/10.1109/LPT.2014.2385067
http://doi.org/10.1364/OE.22.015697
http://doi.org/10.1117/1.OE.54.11.116101
http://doi.org/10.1364/OE.24.005442
http://doi.org/10.3390/photonics8040106
http://doi.org/10.1364/OE.22.020260
http://doi.org/10.1364/OE.25.007402
http://doi.org/10.1049/el:19980768
http://doi.org/10.1109/JLT.2002.1018814
http://doi.org/10.1049/el:20053039


Photonics 2022, 9, 271 45 of 45

169. Kulishov, M.; Krcmarik, D.; Slavik, R. Design of terahertz-bandwidth arbitrary-order temporal differentiators based on long-period
fiber gratings. Opt. Lett. 2007, 32, 2978–2980. [CrossRef]

170. Ashrafi, R.; Li, M.; Azana, J. Coupling-strength-independent long-period grating designs for THz-bandwidth optical differentia-
tors. IEEE Photon. J. 2013, 5, 7100311. [CrossRef]

171. Liu, S.X.; Wang, C.H.; Zhu, X.J.; Bu, C.X.; Zhang, G.J. Arbitrarily switchable multi-wavelength Yb-doped fiber lasers with
phase-shifted long-period fiber grating. Laser Phys. 2012, 22, 1260–1264. [CrossRef]

172. Jiao, K.; Shen, H.; Yang, F.; Wu, X.; Bian, Y.; Zhu, R. Optimizing output spectral linewidth of fiber laser utilizing phase-shifted
long-period fiber grating. Opt. Laser Technol. 2021, 142, 107221. [CrossRef]

173. Wu, X.; Gao, S.; Tu, J.; Shen, L.; Hao, C.; Zhang, B.; Feng, Y.; Zhou, J.; Chen, S.; Liu, W.; et al. Multiple orbital angular momentum
mode switching at multi-wavelength in few-mode fibers. Opt. Exp. 2020, 28, 36084–36094. [CrossRef] [PubMed]

174. Sun, C.; Wang, R.; Jin, X.; Wang, Z.; Liu, W.; Zhang, S.; Ma, Y.; Lin, J.; Li, Y.; Geng, T.; et al. A new phase-shifted long-period fiber
grating for simultaneous measurement of torsion and temperature. Chin. Opt. Lett. 2020, 18, 21203. [CrossRef]

175. Zhu, C.; Ishikami, S.; Wang, P.; Zhao, H.; Li, H. Optimal design and fabrication of multichannel helical long-period fiber gratings
based on phase-only sampling method. Opt. Exp. 2019, 27, 2281–2291. [CrossRef]

176. Zhu, C.; Ishikami, S.; Zhao, H.; Li, H. Multichannel long-period fiber grating realized by using the helical sampling approach.
J. Lightw. Technol. 2019, 37, 2008–2013. [CrossRef]

177. Zhu, C.; Wang, P.; Zhao, H.; Mizushima, R.; Ishikami, S.; Li, H. DC-sampled helical fiber grating and its application to multi-
channel OAM generator. IEEE Photon. Technol. Lett. 2019, 31, 1445–1448. [CrossRef]

178. Mizushima, R.; Detani, T.; Zhu, C.; Wang, P.; Zhao, H.; Li, H. The superimposed multi-channel helical long-period fiber grating
and its application to multi-channel OAM mode generator. J. Lightw. Technol. 2021, 39, 3269–3275. [CrossRef]

179. Detani, T.; Zhao, H.; Wang, P.; Suzuki, T.; Li, H. Simultaneous generation of the second- and third-order OAM modes by using a
high-order helical long-period fiber grating. Opt. Lett. 2021, 46, 949–952. [CrossRef]

180. Zhu, C.; Zhao, Y.; Chen, M.; Tong, R.; Hu, S.; Li, H. Simultaneous measurement of directional torsion and temperature by using a
DC-sampled helical long-period fiber grating. Opt. Laser Technol. 2021, 142, 107171. [CrossRef]

181. Zhao, H.; Zhu, C.; Li, H. Design of an edge filter based on a phase-only modulated long-period fiber grating. IEEE Photon. J. 2018,
10, 1–9. [CrossRef]

182. Wang, P.; Zhao, H.; Yamakawa, T.; Li, H. Polarization-independent flat-top band-rejection filter based on the phase-modulated
HLPG. IEEE Photon. Technol. Lett. 2020, 32, 170–173. [CrossRef]

183. Zhu, C.; Wang, L.; Bing, Z.; Tong, R.; Chen, M.; Hu, S.; Zhao, Y.; Li, H. Ultra-broadband OAM mode generator based on a
phase-modulated helical grating working at a high radial-order of cladding mode. IEEE J. Quantum Electron. 2021, 57, 1–7.
[CrossRef]

184. Zhao, H.; Zhang, Z.; Zhang, M.; Hao, Y.; Wang, P.; Li, H.; Zhang, Z.; Zhang, M.; Hao, Y.; Wang, P.; et al. Broadband flat-top
second-order OAM mode converter based on a phase-modulated helical long-period fiber grating. Opt. Exp. 2021, 29, 29518–29526.
[CrossRef] [PubMed]

185. Feng, L.; El-Ganainy, R.; Ge, L. Non-Hermitian photonics based on parity-time symmetry. Nat. Photon. 2017, 11, 752. [CrossRef]

http://doi.org/10.1364/OL.32.002978
http://doi.org/10.1109/JPHOT.2013.2256117
http://doi.org/10.1134/S1054660X12070080
http://doi.org/10.1016/j.optlastec.2021.107221
http://doi.org/10.1364/OE.410202
http://www.ncbi.nlm.nih.gov/pubmed/33379711
http://doi.org/10.3788/COL202018.021203
http://doi.org/10.1364/OE.27.002281
http://doi.org/10.1109/JLT.2019.2897314
http://doi.org/10.1109/LPT.2019.2931498
http://doi.org/10.1109/JLT.2021.3056182
http://doi.org/10.1364/OL.418248
http://doi.org/10.1016/j.optlastec.2021.107171
http://doi.org/10.1109/JPHOT.2018.2823738
http://doi.org/10.1109/LPT.2020.2964311
http://doi.org/10.1109/JQE.2021.3078743
http://doi.org/10.1364/OE.435951
http://www.ncbi.nlm.nih.gov/pubmed/34615060
http://doi.org/10.1038/s41566-017-0031-1

	Introduction 
	Phase-Inserted Fiber Bragg Grating 
	Phase-Shifted FBGs (PS-FBGs) and Their Applications 
	Principle and Fabrication Methods of the PS-FBG 
	Applications of the Phase-Shifted FBG to Fiber Lasers 
	Applications of the PS-FBGs to Microwave Photonics 
	Applications of the PS-FBGs to WDM and Comb Filters 
	Applications of the PS-FBGs to Optical Switching 
	Applications of the PS-FBGs to All-Optical Computing Devices 
	Applications of the PS-FBGs to Fiber Sensors 

	Phase-Only Sampled FBGs and Their Applications 
	Principle and Optimization of the Phase-Only Sampled FBG 
	Fabrication and Experimental Results for the Designed Multi-Channel FBG 
	Applications of the Phase-Only Sampled FBG in the Fields of Optical Communications and Optical Signal Processing 

	Phase-Modulated FBGs and Their Applications 

	Phase-Inserted Long-Period Fiber Grating 
	Phase-Shifted LPGs and Their Applications 
	Spectral Characteristics and Fabrication Techniques for the Phase-Shifted LPG 
	Applications of the PS-LPGs to All-Fiber Optical Filters and All-Optical Computing Devices 
	Applications of the PS-LPGs to Fiber Sensors 

	Phase-Only Sampled LPGs/HLPGs and Their Applications 
	Design Principle and Fabrication Results for the Phase-Only Sampled HLPG 
	Applications of the Phase-Only Sampled HLPG/LPG 

	Phase-Modulated HLPGs and Their Applications 

	Conclusions and Prospects 
	References

