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Special Issue “Novel Specialty Optical Fibers and
Applications”: An Overview
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Novel specialty optical fibers refer to optical fibers that have been engineered in terms
of design, material and structure, and have been post-processed for novel functionalities
and applications. The optical properties in novel specialty optical fibers can be manipulated
to achieve optimum performance, resulting in numerous important applications. In this
Special Issue, the recent advancements in specialty fiber technology are highlighted and
reviewed, with a focus on design, development, and application, as well as future challenges
and emerging opportunities.

Eight review papers and seven original research papers are published in this Special
Issue, “Novel Specialty Optical Fibers and Applications”. A brief overview of the published
work is presented in this section.

Specialty fibers composed of special materials introduce new functionalities and
open up new spectral windows for applications due to the presence of special materials.
Chalcogenide glass (ChG) microfibers (MFs) have introduced wide opportunities in the
mid-infrared (mid-IR) spectral range due to their broadband transparency, high optical
nonlinearity, and hospitality to rare-earth dopants. The emerging and fast-growing field of
ChG MFs in mid-IR optics and applications is reviewed in [1]. Bismuth-doped fiber power
amplifier is developed to cover the spectral range of 1650–1700 nm, which is unavailable
with rare-earth-doped fibers, enabling applications in optical telecommunication and
optical-based methane sensing [2].

The original properties offered by light propagation within hollow-core fibers leads
to novel opportunities in light generation, fiber sensing, communication, and light ma-
nipulation. W. Pei et al. report here the development of an all-fiber laser operating at the
1.6–1.7 µm band based on deuterium-filled hollow-core photonic crystal fibers [3]. This
all-fiber structure enhances the Raman scattering of deuterium gas, offering tunable laser
operating from 1643 nm to 1656 nm. An all-fiber gas cavity based on anti-resonant hollow-
core fibers is fabricated and experimentally demonstrated with the stable and efficient
pump coupling of 78.1% at a maximum injecting laser power of 260 W [4]. This work
demonstrates a feasible and simple method for an all-fiber gas cavity for the development
of high-power fiber gas lasers. The opportunities offered by hollow-core fibers for sensing
are reviewed in these two contributions. Recent developments related to all-fiber online
Raman sensors with hollow-core fibers are reviewed in [5], and their applicability in relation
to reusability, easiness to clean, rapid detection for safety inspections, food detection, water
quality detection, etc., is emphasized. The development of anti-resonant hollow-core fiber
(AR-HCF)-based sensing applications is reviewed in [6]. This novel class of hollow-core
fiber offers a unique sensing platform to achieve highly accurate and ultra-compact fiber
optic sensors with large measurement ranges.

Different strategies exploiting the functionalization of specialty optical fibers with
liquids or metals and/or specific fiber designs, such D-shape multicore fibers, have been in-
vestigated for developing more sensitive fiber sensors. Thereby, the refractive index sensing
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performance of functionalized fiber can be significantly enhanced with gold film (and a thin
layer of titanium dioxide) deposited on a D-shaped honeycomb-microstructure optical fiber.
This novel fiber design, proposed in [7], is expected to achieve an ultra-high wavelength
sensitivity of 20,100 nm/RIU and a minimum resolution as low as 4.98 × 10−7 RIU (from
numerical studies). The functionalization of fiber tips with an array of metallic nanodots is
experimentally demonstrated to achieve substantially improved large-angle light-collection
performance at multiple wavelengths [8]. This concept paves the way for high-performance
fiber-based optical devices and is particularly relevant within the context of endoscopic-
type applications in life science and light collection within quantum technology.

In addition to metal functionalization, structural engineering in specialty fibers has
resulted in the greater flexibility and controllability of optical properties and thus led to
versatile applications for physical and biomedical sensing and communications. Multicore
fibers that were initially introduced as a promising platform to realize spatial division
multiplexed transmission have been attracting growing interest in sensing applications, as
reviewed in [9]. Finally, the specific guiding properties at the critical wavelength (CWL) in
Mach–Zehnder-based interferometers (MZIs) have been exploited through different designs
of few-mode special optical fibers and microfibers for various sensing applications. The
recent development of such a configuration, as reviewed in [10], offers desirable sensing ad-
vantages, such as large measurement range, high sensitivity, and multi-parameter sensing.

Specialty fibers for distributed fiber sensor technologies are reported in two review
papers in the Special Issue. The recent development of specialty fiber-based Brillouin
optical time domain analysis (BOTDA) is reviewed in [11]. These specialty fibers present
many opportunities for BOTDA systems, including breakthroughs in Brillouin gains, the
discriminative sensing of temperature and strains, multiplexed sensing systems, and the
distributed sensing of parameters such as curvature, pressure and salinity. In addition,
scattering-enhanced specialty-fiber-based distributed acoustic sensing (DAS) systems are
reviewed in [12]. These specialty scattering-enhanced optical fibers enable practical ap-
plications for DAS systems in many fields, including geological and resource exploration,
structural health monitoring, and hydroacoustic exploration.

In addition to spectroscopy and sensing applications, one review paper and two regu-
lar papers report specialty fibers for communication applications. Stable orbital angular
momentum (OAM) mode generation and transmission in novel fibers are reviewed in [13].
It is worth noting that improvements in fabrication techniques, such as ensuring the unifor-
mity of the longitudinal hollow structures of the novel fibers, remains a critical challenge
for OAM mode stability. Through design optimization and simulation investigation, a gold-
coated photonic crystal fiber design is proposed to achieve a high loss ratio for polarization
filtering at 1550 and 1310 nm [14]. In addition, a dual-core photonic crystal fiber with a
liquid–crystal infiltration-based polarization beam splitter is proposed to achieve a splitting
bandwidth of 349 nm, covering the entire E + S + C + L + U communication bands [15].
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Abstract: With diameters close to the wavelength of the guided light, optical microfibers (MFs) can

guide light with tight optical confinement, strong evanescent fields and manageable waveguide

dispersion and have been widely investigated in the past decades for a variety of applications. Com-

pared to silica MFs, which are ideal for working in visible and near-infrared regions, chalcogenide

glass (ChG) MFs are promising for mid-infrared (mid-IR) optics, owing to their easy fabrication,

broad-band transparency and high nonlinearity, and have been attracting increasing attention in

applications ranging from near-field coupling and molecular sensing to nonlinear optics. Here, we

review this emerging field, mainly based on its progress in the last decade. Starting from the high-

temperature taper drawing technique for MF fabrication, we introduce basic mid-IR waveguiding

properties of typical ChG MFs made of As2S3 and As2Se3. Then, we focus on ChG-MF-based passive

optical devices, including optical couplers, resonators and gratings and active and nonlinear applica-

tions of ChG MFs for mid-IR Raman lasers, frequency combs and supercontinuum (SC) generation.

MF-based spectroscopy and chemical/biological sensors are also introduced. Finally, we conclude

the review with a brief summary and an outlook on future challenges and opportunities of ChG MFs.

Keywords: mid-infrared (mid-IR); chalcogenide glasses (ChGs); optical microfibers (MFs); supercon-

tinuum (SC); molecular sensing

1. Introduction

In the past decades, optical microfibers (MFs) have brought wide opportunities in re-
newing and expanding fiber optics and technology at a wavelength scale [1–5]. Fabricated
by a high-temperature taper-drawing technique [6], MFs exhibit excellent surface smooth-
ness and diameter uniformity, which bestow them favorable features of low waveguiding
loss [1,7], tight optical confinement, high fractional evanescent fields and large manageable
waveguide dispersion [8], making them a versatile platform for both scientific research
(e.g., optical nonlinearity [9–11] and atom optics [12–14]) and technological applications
(e.g., optical sensors [15–17] and microlasers [18–20]). As one of the most widely studied
optical materials, MFs based on silica have been employed for a variety of applications [3,4];
however, their uses in the mid-infrared (mid-IR, 2.5–20 µm) spectral range are restricted
by strong absorption of silica glass [21]. In recent years, along with the rapid progress in
mid-IR photonics, MFs for mid-IR photonics have attracted increasing interest [22,23].

Typically, mid-IR MFs are fabricated from a category of mid-IR-transparent materials,
including oxide glasses (e.g., germanates [24], fluorotellurites [25] and tellurites [26]), fluo-
ride glasses (ZBLAN) [27,28], chalcogenide glasses (ChGs, glasses containing one or more
chalcogens: sulfur (S), selenium (Se) and tellurium (Te)) [29–31], as well as semiconductors
(e.g., cadmium telluride (CdTe) and [32] silicon (Si) [33]). Among these materials, ChGs are
mostly investigated for their special merits, including broadband intrinsic transparency
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(0.5–25 µm), high optical nonlinearity (about 100–1000 times larger than that of silica glass)
and hospitality to rare-earth dopants [29,34,35]. The typical optical loss of ChG fibers in
the mid-IR is around 0.1–10 dB/m [35], while the lowest loss, down to 0.012 dB/m at 3 µm,
has been reported in multimode As2S3 fibers [36]. Additionally, photonic devices based on
ChG MFs, including resonators [37,38], gratings [39–41] and sensors [42,43], have been in-
vestigated in the visible (VIS) or near-infrared (near-IR) region and have recently extended
to the mid-IR region [44–46]. In this review, combined with the latest progress in ChG
MFs, we first introduce the fabrication and optical waveguiding properties of ChG MFs.
Secondly, we introduce ChG MF-based passive optical devices (e.g., couplers, resonators
and gratings), as well as active and nonlinear applications of ChG MFs in the mid-IR region
including Raman lasers, frequency combs and supercontinuum (SC) generation, followed
by MF-based spectroscopy and chemical/biological sensors. Finally, we summarize this
review and present a brief outlook into future challenges and opportunities in this field.

2. Fabrication

Excellent surface smoothness and geometric uniformity are regarded as essential
guarantees for achieving low-loss optical waveguiding in MFs. Typically, for MFs made of
glass, the high-temperature taper-drawing process is the best technique for fabricating high-
quality MFs with extremely low surface roughness (e.g., <0.5 nm [47]), excellent diameter
uniformity and circular cross-section [48]. Tapered fibers based on mid-IR materials such
as tellurite glass and fluorotellurite glass have been successfully fabricated [25,26]. Besides,
owing to the relatively low softening temperature (Ts, e.g., 180 ◦C for As2S3 glass) of ChGs,
ChG MFs are typically fabricated from ChG fibers heated by an electric heater (several
millimeters in heating zone length) at a temperature slightly higher than the Ts [31,49], as
schematically illustrated in Figure 1a. When stretching the fiber bi-directionally at both
sides, the fiber is elongated and forms a waist (i.e., the MF) with two transition tapers
connected to the untapered fibers. Close-up scanning electron microscope (SEM) images of
an as-fabricated ChG (As2S3 glass) MF are shown in the inset of Figure 1a, showing the
excellent surface smoothness and diameter uniformity.

μ

μ

 

 

Figure 1. Fabrication of ChG MFs. (a) Schematic diagram of taper drawing a ChG MF from a
conventional ChG fiber. Insets: SEM images of an as-fabricated As2S3 MF. (b) Schematic diagram of
taper drawing a hybrid ChG-PMMA MF. Inset: optical image of as-fabricated hybrid ChG biconical
fiber taper. Reprinted with the permission from [49] © The Optical Society. (c1) Schematic diagram
of taper drawing a long-waist ChG MF by a two-step taper-drawing process. (c2) 62-micrometer
diameter As2S3 MF-based knot assembled from a 3.5-micrometer diameter MF fabricated by the
method in (c1). Reprinted with the permission from [45] © CLP Publishing.
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Usually, made from soft glass, as-fabricated ChG MF is relatively fragile and easily
damaged by mechanical disturbance. To enhance the mechanical strength of ChG MF and
reduce its sensitivity to the surrounding environment, in 2010, Baker et al. reported a kind
of hybrid ChG-PMMA fiber taper consisting of an As2Se3 core and a PMMA cladding [31].
The PMMA cladding possesses a Ts compatible with As2Se3 glass and enables taper-
drawing fabrication of an MF from the two materials at the same time. A 9.7-cm-length
hybrid biconical As2Se3 fiber taper with a core diameter down to 0.8 µm and a PMMA
cladding diameter of 2.4 µm was fabricated successfully. In 2011, they demonstrated a
generalized heat-brush tapering approach, which allowed the ratio of the feed and drawing
velocities changes within each tapering sweep [50]. The waist diameter of the as-fabricated
As2Se3 fiber taper decreased linearly from 15 to 10 µm over a 2.0-centimeter length. In
2016, Li et al. fabricated polymer-cladded (PC, COP or PMMA) As2Se3 fiber tapers with a
waist diameter down to 1.5 µm and a waist length of 10 cm [49], as illustrated in Figure 1b.
Both ends of the ChG fiber tapers were polished and adhered to single-mode silica fibers
using UV-cured epoxy for efficient light input and output. Owing to the large waveguide
nonlinear parameter and engineerable chromatic dispersion of the MFs, nonlinear optical
effects including self-phase modulation, four-wave mixing and Raman scattering with
wavelength up to 2.2 µm could be achieved.

To ease the tapering system and obtain long MFs with uniform diameters with a
large reduction ratio of fiber diameter between the preform fiber and the final MF, in
2020, Xie et al. demonstrated a two-step taper-drawing process [45]. As schematically
shown in Figure 1c1, commercial As2S3 fiber was first heated and stretched bi-directionally
with a low speed (0.4 mm·s−1). Secondly, the pre-drawn MF with a diameter in several
micrometers was stretched unidirectionally at a fast rate (6 mm·s−1) at one end and a
slow rate (0.4 mm·s−1) at the other end to draw a long-waist MF with a uniform diameter.
Biconical fiber tapers with a waist length longer than 5 cm and diameters of around 3 µm
were easily fabricated for assembling mid-IR photonic devices. In addition, as-drawn
As2S3 MF (3.5-µm diameter) could be assembled into a 62-µm diameter knot structure with
an elastic strain of up to 5.6% (Figure 1c2), indicating the excellent structural uniformity
and surface-defect-free condition of the MF.

3. Optical Waveguiding Properties

MFs offer a number of attractive optical properties including tight optical confine-
ment, strong evanescent field and tailorable waveguide dispersion [4,8]. The special merits
of ChGs bestow the ChG MFs more possibilities. In this section, we discuss the optical
properties of As2S3 (transmission range: 0.7–6 µm [35]) and As2Se3 (transmission range:
1–10 µm [35]) MFs contributed to applications such as optical waveguiding and nonlin-
earity. We assumed that the MF has a circular cross-section and an infinite air cladding
with a step-index profile, and only the fundamental mode (HE11) was considered. The
refractive indices of the As2S3 (As2Se3) glass around 1.55-µm and 4-µm wavelengths are
2.44 (2.73) and 2.41 (2.68), respectively [51,52]. The refractive index of As2Se3 glass around
8-µm wavelength is 2.67.

The effective refractive index (neff = β/k0, β is the propagation constant of the guided
mode, k0 = 2π/λ is the wavenumber of the transmission wavelength λ), effective mode
area (Aeff) and fractional evanescent fields (η) are essential waveguiding parameters for
designing fiber-optic devices, including near-field couplers, gratings, resonators and sen-
sors [31,53]. Figure 2a–c shows the calculated As2S3 and As2Se3 MF diameter-dependent
neff, Aeff, and η in the mid-IR region, respectively. The results in the 1.55-µm wavelength
(dash lines) are also shown for comparison. ChG MFs with diameters larger than the
wavelengths of the guided light exhibit neff of HE11 mode close to the refractive indices of
the bulk materials (Figure 2a), which is independent on the guided wavelength. When the
diameter reduces close to or smaller than the wavelength, the neff decreases dramatically,
indicating more fractional evanescent fields exist around the MF (Figure 2b), beneficial
for enhancing interactions between the mid-IR light and samples surrounding the MF
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in applications such as optical trapping, mid-IR spectroscopy and chemical/biological
sensing related to molecular fingerprints [3,17,54]. Meanwhile, owing to the high nonlinear
refractive index n2 of As2S3 and As2Se3 materials and tight optical confinement (i.e., small
Aeff) of the guided modes in MFs, these MFs usually have large effective nonlinearity γ
(γ = k0 n2/Aeff) and relatively low-threshold nonlinear optical effects when their diameters
are close to the wavelength of the guided light in the material (i.e., λ/n, λ and n are the
wavelength in air and refractive index of material, respectively. See Figure 2c) [31,55].
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λ λ

 

η
μ μ μ
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Figure 2. Numerical solutions of diameter-dependent (a) effective refractive index (neff), (b) fractional evanescent fields (η),
and (c) effective mode area (Aeff) of As2S3 and As2Se3 MFs at wavelengths of 1.55 µm, 4 µm, and 8 µm, respectively.

4. Photonic Applications

4.1. Near-Field Optical Couplers

MF near-field couplers are simple fiber-optic components that can be used for efficient
in/out-coupling with other optical structures such as micro/nano waveguides [48,56–58],
whispering gallery mode (WGM) microcavities [59,60] and photonic crystal
structures [61–63]. By precisely adjusting the coupling length or gap distance between
the MF and the photonic structure, the phase-matching condition (and thus the coupling
efficiency) can be precisely adjusted. MF near-field couplers possess the advantages of easy
operation and small footprints.

With increasing demands of in/out coupler at mid-IR range in recent years, mid-
IR MFs have been applied in the near-field optical coupling of a variety of photonic
structures, including mid-IR waveguides and microcavities. For example, in 2018, to test
the waveguiding properties of CdTe microwires (a quasi-one-dimensional single-crystal
semiconductor) in the mid-IR region, Xin et al. used a 1.5-µm-diameter As2S3 MF as input
coupler and a 5-µm-diameter As2S3 MF as output coupler for a 1.5-µm-diameter CdTe
microwire (Figure 3a) [32]. The input MF diameter was carefully chosen to ensure single-
mode operation within the 4.45–4.7 µm range. The relatively large effective refractive index
contrast between the As2S3 MF and CdTe microwire can decrease the end-face reflection
and achieve flat broadband coupling over the 4.45–4.7 µm and 8.36–8.6 µm range.

High-quality factor (Q, defined as the ratio of the resonant wavelength to the full
width at half-maximum (FWHM)) resonators in the mid-IR are critical to promote the per-
formances of mid-IR laser sources, cavity-based sensors and mid-IR frequency comb [66].
However, achieving ultra-high Q cavities and measuring their quality factors in the mid-
IR remain challenging. In 2016, Lecaplain et al. developed an efficient coupling tech-
nique for WGM-based fluoride crystalline microresonators assisted by tapered ChG fibers
(Figure 3b1) [64]. The ChG tapered fibers were pulled down to the 1-µm diameter (i.e., a
ChG MF) to achieve phase matching with the fundamental WGMs of the resonator. By
translating the microresonator along the taper relative to the waist, the phase-matching
conditions were tuned precisely. Figure 3b2 shows the normalized transmission as a
function of the coupling parameter. The data were consistent with the theoretical model

(K = κex/κ0 =
(

1 ±
√

T
)

/
(

1 ∓
√

T
)

, in which κ0 is the intrinsic loss rate, κex is the cou-

pling loss rate and T is the transmission). More recently, Xie et al. used As2S3 biconical
tapered fibers for the first characterization of ChG microsphere resonators in the mid-IR re-
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gion (Figure 3c) [65]. A 1.6-µm-diameter As2S3 fiber taper was used for near-field coupling
with ChG microspheres with the coupling loss less than 3 dB over 4.465–4.705 µm.
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Figure 3. Mid-IR MF near-field couplers. (a) Schematic diagram of As2S3 tapered fiber coupler used
for CdTe microwire transmission spectra measurement. Reprinted with the permission from [32] ©
The Optical Society. (b1) Optical micrograph and SEM image of the MgF2 microresonator coupled
with an As2S3 biconical fiber taper. Inset: Finite element model simulation of the optical intensity
profile of the fundamental WGM at λ = 4.5 µm. (b2) Transmission as a function of the coupling
parameter K = κex/κ0 for varying taper waist radius when taper-resonator coupling was achieved.
Reprinted with the permission from [64] © Springer Nature. (c) Schematic illustration of As2S3

biconical fiber taper used for characterization of an As2S3 microsphere. Reprinted with the permission
from [65] © John Wiley and Sons.

4.2. MF-Based Resonators

The combination of low-loss waveguiding and high-efficiency evanescent coupling be-
tween adjacent MFs bestows a kind of competitive high-Q resonators in various structures
(e.g., loop [67,68], knot [1,69], ring [70–72] and coil [73,74]), showing the desirable features
of easy fabrication, fiber compatibility and resonance tunability. During the past two
decades, silica MF-based resonators have attracted wide attention in the VIS and near-IR
applications, including optical filters, sensors and lasers [57,74–76]. Additionally, there
are several kinds of high-Q (104–105) resonators based on ChG MFs in the near-IR region,
including SU8 polymer-embedded As2S3 MF knot resonators (MKRs) (Figure 4a1,a2) [38],
self-touching As2Se3 MF loop resonators (MLRs) by thermally shaping As2Se3 glass into
an MF and splicing to cleaved silica fiber tapers (Figure 4b1,b2) [37] and resonators based
on photoinduced WGMs localized in the cross-section of the ChG MFs [77]. These studies
are beneficial to the further exploitations of ChGs, but they were not extended to the
mid-IR region.

In 2020, Xie et al. demonstrated the first ChG MF-based resonator in the mid-IR
region [45]. As2S3 MFs with uniform diameters and long waists were fabricated via a
two-step taper drawing process (Figure 1c1). The MF structure was immersed in a drop of
ethyl alcohol to avoid possible surface damage and assembled to a knot with double ends
naturally connected to fiber tapers. Figure 4c1 shows an 824-µm diameter MKR assembled
from a 3.2-µm-diameter As2S3 MF. A Q factor of about 2.84 × 104 was obtained at the
wavelength of 4469.14 nm (Figure 4c2,c3). The free spectral range (FSR) of the MKR can
not only be tuned by tightening the knot structure in liquid (Figure 4c4), but the resonance
peaks can also be thermally tuned at a thermal tuning rate of 110 pm·◦C−1 (Figure 4c5).
Furthermore, to increase the long-term stability of the MKR device and isolate it from
contaminations, a 551-µm-diameter MKR was embedded in low-index polymer (PMMA)
film while a Q factor of 1.1 × 104 around 4.5-µm wavelength was retained.
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Figure 4. ChG MF-based resonators. (a1) Optical micrograph of the intertwisted overlap region of a SU8 polymer-
embedded As2S3 MKR. (a2) Transmission spectrum of the MKR. Reprinted with the permission from [38] © The Optical
Society. (b1) SEM image of a 178.2-µm diameter As2Se3 MLR. The inset shows the self-coupling region. (b2) Transmission
spectrum of the MLR. Inset: Lorentzian fitting to a resonance mode at 1552.9 nm. Reprinted with the permission from [37]
© The Optical Society. (c1) Optical micrograph of an 824-µm diameter As2S3 MKR. Inset: optical micrograph of the
intertwisted overlap area. (c2) Transmission spectrum of the MKR. (c3) Lorentzian fitting to a resonance mode centered at
4469.14-nm wavelength. (c4) Transmission spectra of an As2S3 MKR by tightening the knot structure in liquid (from top to
bottom). (c5) Resonance shift of an MKR with the temperature rising from 31.4 ◦C to 59.8 ◦C. Inset: transmission spectra of
resonance modes corresponding to 31.4 ◦C (blue line) and 40.6 ◦C (red line). Reprinted with the permission from [45] ©
CLP Publishing.

As MF-based mid-IR resonators are essential for MF-based optical technology, they
are expected to attract increasing attention in mid-IR optical applications, including mid-IR
microlasers, narrow-wide filters, cavity-enhanced spectroscopy and the label-free detection
of molecules [54,78].

4.3. MF Gratings

MF gratings have attracted intense attention owing to their miniaturized footprints,
large fraction of evanescent field and high flexibility. Typical grating fabrication techniques
include femtosecond (fs) laser inscription [79,80], ultraviolet laser irradiation [81] and
focused ion beam milling [82,83]. So far, MF gratings have been employed for photonic sen-
sors for measuring the refractive index, force and temperature, as well as for functionalized
devices, including tunable filters and Fabry–Perot cavities [84–87].

Previously, ChG fiber gratings working in the mid-IR region [88] and ChG MF gratings
working in the near-IR have been reported [40,89] (Figure 5a), while mid-IR MF gratings
have been seldomly studied. In 2020, Cai et al. demonstrated the first mid-IR MF Bragg
grating (mFBG) based on an As2S3 MF (Figure 5b1) [46]. The transmission spectrum
shows a 15 dB depth around 4.5-micrometer wavelength (Figure 5b3), indicating a photo-
induced refractive index change of 0.02. The dependence of the grating formation on the
accumulated influence of exposure power density and time was also investigated. The
interference pattern exposure technique can be applied to other photosensitive ChG MFs.
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Figure 5. Mid-IR MF gratings. (a) Experimental setup for the As2Se3 MF Bragg grating photo inscription assisted by prism
and in-situ monitoring of the process. Reprinted with the permission from [40] © The Optical Society. (b1) Schematic
illustration of the As2S3 mFBG fabrication setup using interference pattern formed by two 532 nm beams. Inset: optical
micrograph of a 2.4-µm diameter ChG mFBG. (b2) Schematic illustration of the optical characterization of ChG mid-IR
mFBGs. (b3) Transmission spectra of mFBGs with different MF diameters. Reprinted with the permission from [46] © The
Optical Society.

Compared with conventional long-period grating (LPG), MFs could increase the depth
of the evanescent field into the ambient environment, which may be helpful to enhance
the performance of MF-based optical sensors. In 2019, Wang et al. reported a temperature
sensor based on long-period fiber gratings (LPFGs) inscribed on tapered multimode ChG
fibers [90]. Simulation results show that the temperature sensitivity could be increased by
reducing the waist diameter of tapered fiber. A resonant wavelength at 3 µm was obtained
when the period of LPFGs was 176 µm and the maximum sensitivity of temperature could
achieve 12.6 nm/◦C at a 3-micrometer wavelength.

4.4. Raman Lasers

The Raman gain provided by silica fibers has led to Raman fiber lasers in the near-IR
range for optical imaging and telecommunications-related applications [91]. The mid-IR
Raman fiber lasers have been applied in LIDAR, pharmaceutical science and military ap-
plications [92,93]. The Raman gain coefficients of typical ChGs (e.g., 4.3~5.7 × 10−12 m/W
for As2S3 and 2~5 × 10−11 m/W for As2Se3 at 1.5 µm [94]) are more than 900 times larger
than that of silica, making them excellent candidates for the mid-IR Raman lasers. In
2017, Abdukerim et al. demonstrated an all-fiber Raman laser based on a PMMA-coated
10-centimeter As38Se62/As38S62 MF [95]. The Raman laser emitted at 2.025 µm with pump
pulses at 1.938 µm and a threshold pump power of 4.6 W (Figure 6a). To generate a
shower of Raman solitons at the same wavelength, in 2021, Guo et al. pumped a 1960-
nanometer picosecond laser into a tapered fluorotellurite MF and demonstrated Raman
solitons around 3 µm [96]. The group velocity dispersion was controlled by the diameter of
the fluorotellurite MF, and all the generated solitons could be put at the same wavelength.
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Figure 6. Raman scattering, four-wave mixing and modulation instability in mid-IR MFs. (a) Output
spectra of the Raman laser based on a multi material ChG MF with increasing pump power. Inset:
Average output power versus average pump power. Reprinted with the permission from [95] © AIP
Publishing. (b) Conversion efficiency vs. idler wavelength for different tapering periods of all-fiber
wavelength converters based on tapering As2Se3 MFs. Reprinted with the permission from [97] ©
The Optical Society. (c) Experimental observation of MI when pumping an As2Se3-polymer MF at
λ = 2620 nm in the normal dispersion regime. Input peak powers estimated at (A) 200 mW, (B) 1 W
and (C) 10 W. Reprinted with the permission from [98] © The Optical Society. (d) Measured output
idler spectra resulting from wavelength tuning of the probe from 1.587 to 1.650 µm with a power of
0.54 mW. Reprinted with the permission from [99] © The Optical Society.

4.5. Frequency Conversion

Besides the large nonlinear optical coefficient and broad mid-IR transparency, ChGs
are excellent candidates for mid-IR frequency conversion (e.g., optical parametric oscillation
(OPO) and optical parametric amplification (OPA)) for their high laser damage threshold
and moderate birefringence [100]. The efficiency of frequency conversion depends on phase
matching, nonlinear gain and losses. The tapering of ChG fibers to increase nonlinearity
while compensating the normal material dispersion has been demonstrated. In 2016,
Abdukerim et al. reported the first fiber optical parametric oscillator (FOPO) using an
As2Se3-COP MF at 2 µm based on four-wave mixing (FWM) [101]. The MF with a core
diameter of 1.47 µm led to a waveguide nonlinearity of 24 W−1m−1 and a zero-dispersion
wavelength of 1.875 µm. The FOPO had a pump threshold power of 5 W and covered
a tunable wavelength range of 290 nm. In the FWM process, where pump and idler
are far-detuned, the exact phase-matching wavelength is highly sensitive to chromatic
dispersion and hard to control. In 2019, Alamgir et al. demonstrated the far-detuned
wavelength converter by in-situ monitoring the output wavelength while tapering down
the As2Se3 fiber [97]. As the tapering proceeded, the phase-matching condition was
satisfied closer to the pump wavelength and the gain spectrum gradually shifted towards
shorter wavelengths. The idlers were generated with a spectral range of 2.347–2.481 µm
from a pump wavelength of 1.938 µm (Figure 6b).

The modulation instability (MI) is another frequency conversion process where the
low-amplitude noise is parametrically amplified on the pump signal together with the
growth of symmetric sidebands on both sides of the pump. Although most of the sponta-
neous MI requires pumping in the anomalous dispersion regime, MI can also be pumped
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in a normal dispersion regime when the fiber possesses a higher-order group velocity
dispersion profile. To prove the broadband frequency conversion due to normal dispersion
MI, in 2014, Godin et al. demonstrated a parametric frequency conversion based on MI
at 2 and 3.5 µm by pumping an As2Se3-polymer MF with an fs OPO at 2.63 µm [98]. The
measured frequency shift of 30 THz was the largest reported, using normal dispersion
pumped MI in a single-pass configuration (Figure 6c). To prove the potential for improving
the technical specifications of mid-IR fiber wavelength converter in terms of tunability and
conversion efficiency, in 2017, Li et al. generated tunable parametric sidebands via MI in a
10-centimeter long As2Se3-CYTOP tapered MF with a diameter of 1.625 µm (Figure 6d) [99].
The widely spaced Stokes and anti-Stokes bands were generated with a frequency shift as
large as 49.3 THz, the largest reported in soft glass materials.

4.6. Supercontinuum Generation

Supercontinuum (SC) generation in optical fibers originates from the interaction
between ultrashort laser pulses and fibers with high nonlinearity [107]. ChGs are regarded
as good candidates for mid-IR SC generation with a large transparency window and
comparatively high optical nonlinearity [22].

The uses of MFs reduce the power consumption and allow a shorter interaction length
for SC generation. In 2013, Al-kadry et al. demonstrated SC generation from 1260 to
2200 nm using a 10-centimeter long As2Se3 MF [108]. The pump wavelength was self-
frequency shifted to 1775 nm in the anomalous dispersion regime of the As2Se3 MF to
avoid two photons’ absorption. In the same year, Rudy et al. reported a generated SC
from 1 to 3.7 µm in a 2.1-millimeter length As2S3 MF with 300-pJ 2-nanometer ultrafast
pump pulses [109]. The spectral bandwidth was limited by the absorption caused by third
harmonic generation. In 2014, Al-kadry et al. further used pump pulses of 800 fs at a
1.94-µm wavelength to generate an SC covered bandwidth of two octaves from 1.1 to
4.4 µm [102]. The waveguide nonlinearity of a 1.6-micrometer diameter As2Se3 MF was as
high as 32.2 W−1m−1

, resulting in a pumping power of only 500 pJ (Figure 7a). In 2017,
Wang et al. investigated the dependence of the SC spectral behavior on the waist diameter
and the transition region length of the tapered MF (Figure 7b) [103]. They reported a
1.4–7.2-micrometer SC generation with an average power of 1.06 mW from a 12-cm-length
As-S tapered MF pumped at 3.25 µm.

Tapering the fiber is also an important method to obtain a highly coherent SC by
designing an all-normal dispersion of fibers to suppress soliton effects including soliton
fission and Raman soliton self-frequency shift. In 2019, Li et al. reported a 1.5–8.3 µm
SC generation with a high coherence property from As-S tapered MF pumped at 3.75 µm
(Figure 7c) [104]. They found that the coherence properties gradually become worse when
the waist core diameters of tapered MFs decrease and a flat and near-zero dispersion is
beneficial for high-coherence SC generation.

To meet the demanding specifications including robust and alignment-free sources of
broadband SC, the multimaterial all-fiber-based SC systems have drawn much attention.
In 2015, Sun et al. fabricated multimaterial As2Se3-As2S3 ChG MFs with a zero-dispersion
wavelength less than 2 µm [110]. The SC generation from 1.4 µm to longer than 4.8 µm
was demonstrated by pumping the MF with 100 fs pulses at 3.4 µm. In 2017, Hudson et al.
reported a 2.4 octave-SC generation by pumping a robust polymer-protected As2Se3-As2S3
MF with 230 fs, 4.2 kW peak power pulses at 3 µm (Figure 7d) [105]. An average power
spectral density of 0.003 mW/nm was achieved. Furthermore, significant power existed
at various octave points throughout the SC, making the system a good candidate for an
f -2f interferometer.
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Figure 7. Supercontinuum generation and frequency comb generation in mid-IR MF. (a) SC spectra from amplified pump
pulses using a 1.6-micrometer diameter As2Se3 MF for various amplified pump power levels. Inset: the autocorrelation
trace of the amplified pump pulse. Reprinted with the permission from [102] © The Optical Society. (b) Measured SC
spectra generated from 12-centimeter long As-S tapered MFs with diameters varying from 4.3 and 7.9 µm pumped at
3.25 µm. Reprinted with the permission from [103] © The Optical Society. (c) Simulated SC spectra coherence properties for
different waist core diameters in As-S MFs. Reprinted with the permission from [104] © IEEE. (d) Spectral expansion at
increasing peak power in a polymer-protected As2Se3/As2S3 MF pumping at 3 µm. The inset shows the mode profile in the
MF section (3-µm core diameter) at various wavelengths. Reprinted with the permission from [105] © The Optical Society.
(e1) Spectrum of SC generation around 3 µm from the As2S3 tapered MF compared with the OPO output and the simulation
result (e2) RF spectrum of the interference of a c.w. laser at 1564 nm with the second harmonic (SH) of the tapered MF
output. Reprinted with the permission from [106] © The Optical Society.

It is worth mentioning that another type of ChG MFs, tapered fibers with suspended-
core geometry that operate in the anomalous dispersion regime, have been used to generate
SC within a broad spectrum. In 2018, Anashkina et al. designed and developed As39Se61
suspended-core MFs for mid-IR SC generation. SC generation ranging from 1 to 10 µm was
proposed with 150-fs 100-pJ pump pulses at 2 µm [111]. In 2020, Leonov et al. reported SC
generation covering 1.4 to 4.2 µm in As39S61 suspended-core MFs pumped by a Cr:ZnSe
laser. A maximum SC average power of ~35 mW was obtained with an optical efficiency of
~35% [112].

In addition, materials other than ChGs have also been investigated for SC generation.
For example, compared to that of ChG, telluride glasses have shorter zero-dispersion
wavelengths that are desirable for near-to-mid IR SC generation. In 2019, Saini et al.
obtained an SC spectrum spanning 1.28–3.31 µm using a 3.2-centimeter-long tellurite
tapered MF pumped with 200 fs laser pulse at 2.0 µm [26]. Compared to fluoride and
chalcogenide fibers, fluorotellurite fibers based on TeO2-BaF2-Y2O3 have better chemical
and thermal properties. In 2019, Li et al. demonstrated broadband SC generation from 0.6
to 5.4 µm in a fluorotellurite tapered MF pumped by a 2010 nm fs pulses [25]. Recently,
polysilicon waveguides have emerged as an alternative platform as they are cheap and
flexible to be incorporated into a wide range of geometries. In 2019, Ren et al. fabricated
the tapered polycrystalline silicon core MFs (SCFs), and an SC spanning from 1.8 to 3.4 µm
was obtained [33].

4.7. Frequency Combs

In the past years, frequency combs have been studied from the VIS and near-IR to
the mid-IR regions. Mid-IR combs are of great use for molecular fingerprint spectroscopy
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and are typically produced by OPOs [113,114], difference frequency generation [115,116],
microresonators [117,118] and fs laser generation [119]. Wide frequency combs spectra
in mid-IR have also been demonstrated using PPLN-based OPOs pumped by fiber-laser-
based near-IR combs [120]. The mid-IR MFs could further broaden the frequency combs by
SC generation when the generated SC maintains coherence with the pump laser. In 2012,
Marandi et al. used a subharmonic OPO and subsequent SC generation in the tapered
MF to convert the pulses of a conventional 1.5-micrometer frequency comb source to mid-
IR [106]. The spectrum of the MF output extended from 2.2 to 5 µm at 40 dB below the peak
(Figure 7e1). The beat frequencies in Figure 7e2 verified that the coherence properties of
the initial frequency combs presevered. It is worth mentioning that, to simplify the mid-IR
frequency comb generation, in 2014, Lee et al. demonstrated mid-IR frequency comb
generation using a hybrid ChG-silica nanospike waveguide [121]. The waveguide was
pumped directly by a two-micrometer frequency comb and could minimize the unwanted
dispersion of pump pulses. The waveguide was small and simple using free-space coupling
into and out of the fiber without an intermediate OPO.

4.8. MF-Based Sensors

The optical fiber sensors operating in the mid-IR region where the vibrational and
rotational states of molecules are located play an important role in biomedical [122], chemi-
cal [123] and environmental applications [124].

The principle of fiber evanescent wave spectroscopy (FEWS) is based on the interac-
tion between evanescent fields and chemical or biological specimens to be investigated,
showing desirable advantages of analyzing samples in situ in real time. In past decades,
many FEWS experiments have been applied in different areas including the detection of
contaminants in water [128], metabolic profiling of chronic diseases [129] and monitoring
of chemical processes [130]. The characterization of human tissue based on mid-IR FEWS
is an important method for early and rapid diagnosis of diseases including tumors or
cancers [131]. Typically, the fiber diameter used for FEWS is much larger than the working
wavelength, leaving much space for sensitivity enhancement.

Owing to the characteristic fingerprints of a wide range of gases (e.g., CO, CO2, NO
and CH4) falling in the mid-IR region, MF-based gas sensors have been proposed based on
mid-IR absorption spectroscopy in the last decade [132]. In 2019, Huang et al. demonstrated
a nonlinear gas sensor based on third harmonic generation (THG) in cascaded ChG MFs for
detecting CH4 (Figure 8a1) [125]. Mid-IR fingerprint light was absorbed in the first section
of MF and the rest transmission signal was converted into a near-IR signal after THG at the
second section. The proposed mid-IR ChG MF CH4 sensor had a theoretical detection limit
as low as 7.4 × 10−8 (Figure 8a2). Another configuration combines graphene with MFs,
which can provide high-sensitivity optical gas sensing from permittivity change of the
graphene. In 2019, Wang et al. reported a mid-IR gas sensor based on the graphene Bragg
grating integrated with the Si slot MF (Figure 8b1) [126]. The NO2 concentration could be
determined from the 3 dB bandwidth of the Bragg grating’s reflection band (Figure 8b2). A
detection limit below 1 ppm and a sensitivity of 1.02 nm/ppm were achieved.

The optimization of the tapered transition structure of the fiber sensor is essential
to obtain high-efficiency excitation of the evanescent fields to further enhance the sensor
sensitivity. In 2021, Wang et al. reported a geometrical optimization of Ge-Sb-Se tapered
MF for concentration sensing of methanol (Figure 8c1,c2) [127]. The highest sensitivity of
0.0120 a.u./% was obtained from the MF with a down-taper transition length of 5.4 mm
and an up-taper transition length of 7.9 mm. Meanwhile, Wang et al. from the same group
investigated the dependence of the sensitivity (of aqueous ethanol solution) on the MF
parameters (e.g., diameter and length) [133] and predicted that the sensitivity could be
improved by decreasing the MF diameter and increasing the length of the taper waist.

15



Photonics 2021, 8, 497

 

Dependence of the absorbance at 9.78 μm on the methanol 

−

Figure 8. Mid-IR MF-based sensors. (a1) Schematic illustration of gas sensing based on cascaded
ChG MFs. (a2) Detection limit of methane concentration for cascaded MFs sensing at different
L1. Hereon, L2 = 9.5 cm and P0 = 0.1 W. Reprinted with the permission from [125] © The Optical
Society. (b1) Schematic illustration of graphene on-Si slot fiber structure. (b2) Reflection spectra of
Bragg gratings based on graphene on-Si slot fiber with different NO2 gas concentrations. Reprinted
with the permission from [126] © IEEE. (c1) Experimental setup of Ge15Sb15Se70 tapered MF sensor.
(c2) Dependence of the absorbance at 9.78 µm on the methanol aqueous solution concentration for the
asymmetric and symmetric structure tapered fiber sensors. Reprinted with the permission from [127]
© IEEE.

5. Discussion

In this article, a comprehensive survey of recent works on ChG MFs for the mid-IR
range is presented, where the fabrication methods and the optical waveguiding properties
(i.e., neff, Aeff and η) of ChG MFs are discussed. So far, high-quality ChG MFs (e.g., As2S3
and As2Se3 MFs) have been fabricated by a high-temperature taper drawing process and
have shown great promise for broadband low-loss optical waveguiding in the mid-IR
region. Based on these MFs, a new category of compact and fiber-compatible photonic
devices has been developed for passive, active and nonlinear applications in the mid-IR
region. These initial results have unambiguously suggested the great opportunities of
using the ChG MF as a versatile platform for a miniaturized fiber-based platform for
mid-IR optics.

6. Conclusions

Looking into the future, there are obvious challenges and opportunities for ChG MFs.
First, compared with silica glass, ChGs possess a much higher refractive index and optical
nonlinearity that are advantageous for tighter optical confinement and lower threshold for
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nonlinear optical effects but exhibit much lower stability against optical, thermal, chemical
and mechanical damages. Therefore, better package or protection techniques/protocols
should be developed for real applications of ChG MFs, and more research efforts could
be made on the material aspects. Secondly, compared to those for the VIS and near-IR
spectral ranges, fiber-compatible devices for mid-IR, ranging from light sources, couplers,
polarizers and filters to amplifiers, are typically not mature or optimized, leaving both
challenges and opportunities in the future study of mid-IR MFs. Finally, other potentials,
such as MF-incorporated plasmonic and atom optics that have been quite successful in the
VIS/near-IR region, have not yet been equivalently investigated in mid-IR, which could be
the new driving force in this field.
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Abstract: The spectral range between 1650 and 1700 nm is an interesting region due to its
potential applications in optical telecommunication and optical-based methane sensing. Unfortunately,
the availability of compact and simple optical amplifiers with output powers exceeding tens of milliwatts
in this spectral region is still limited. In this paper, a single-frequency continuous-wave bismuth-doped
fiber amplifier (BDFA) operating at 1651 and 1687 nm is presented. With the improved signal/pump
coupling and modified pump source design, the output powers of 163 mW (at 1651 nm) and 197 mW
(at 1687 nm) were obtained. Application of the BDFA to the optical spectroscopy of methane near
1651 nm is also described. We demonstrate that the BDFA can be effectively used for signal amplitude
enhancement in photothermal interferometry.

Keywords: optical amplifiers; doped fiber amplifiers; near-infrared; molecular gas spectroscopy;
photothermal spectroscopy; heterodyne detection

1. Introduction

Over the last few decades, fiber-based optical amplifiers have proven to be effective power
amplifiers with a number of advantages, such as high gain, a high output power, a low noise
figure, polarization independence, and broad amplification spectral bands. Fiber-based amplifiers are
capable of providing gain in numerous spectral regions, from the visible light to near-infrared region.
However, in some spectral regions, the availability of proper gain medium, fiber chemical composition,
and manufacturing issues are still critical problems. One of the research gaps is the spectral range
beyond 1650 nm, which can potentially be used not only to extend existing telecommunication windows,
but also in applications such as laser eye surgery [1,2] and the chemical sensing of hydrocarbons such
as methane [3–5] and ethane [6]. Thulium-doped fiber amplifiers (TDFAs) can be used in this spectral
region. However, because these wavelengths are at the edge of the thulium gain band, the highest
demonstrated saturation power near 1650 nm was less than 50 mW [7,8]. Raman amplifiers are capable
of providing much higher output powers, but require long (about 1 km or more) pieces of specialty
fiber [9] and very high (watt level) pumping powers [10]. In this respect, bismuth-doped fiber amplifiers
are interesting alternatives that may be used to obtain decent output powers (beyond 100 mW) in a
simple and compact configuration, similar to rare earth-doped amplifiers.
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Bismuth-doped fibers (BDFs) are an interesting group of active fibers that are capable of covering
spectral regions unavailable for rare-earth-doped fibers [11]. As Bi-doped fibers have luminescence
properties dependent on the host glass, they are a quite flexible medium for photonic system
development [12]. For example, broadband emission covering a range from 1150 up to 1500 nm
has been demonstrated using Bi-doped aluminosilicate and phosphosilicate glass fibers [13–16],
while Bi-doped germanosilicate fibers can also be used as gain media beyond 1600 nm [17–20].

This paper presents a continuation of our earlier experiments, in which the performance of
a bismuth-doped fiber amplifier (BDFA) at 1651 [21] and 1687 nm [22] was analyzed. Previously,
the output powers of ~87 and ~107 mW were obtained at 1651 and 1687 nm, respectively. These results
were limited by two issues. The first was stimulated Brillouin scattering (SBS) in BDF, which turned out
to affect the BDFA gain when high pumping powers were used [21]. The other issue was the efficiency
of coupling the signal (at 1651 or 1687 nm) and the pump (at 1550 nm). In this paper, a modified
configuration of the amplifier is demonstrated. Improved signal/pump coupling and a new pump
source enabled output powers of 163 mW (at 1651 nm) and 197 mW (at 1687 nm) to be obtained,
which are almost twice as high as those achieved with the previous amplifier design.

The paper is organized as follows. The second section describes the experimental setup. We present
a new pump source (Section 2.1) and demonstrate its impact on the reduction of backscattered light due
to SBS (Section 3.1). The performance of the BDFA (including the output power dependence on the pump
power and the input power at two wavelengths) is presented in Section 3.2. In Section 3.3, we show the
application of BDFA to photothermal spectroscopy of methane near 1651 nm. We demonstrate that this
technique (as well as fundamentally similar photoacoustic spectroscopy) can greatly benefit from using
optical power amplifiers for signal enhancement. Section 4 contains a discussion and conclusions.

2. Materials and Methods (Experimental Setup)

A schematic of the BDFA is shown in Figure 1. A 90 m-long germanosilicate BDF was used as
an active fiber (the same fiber was also used in our previous works [21,22]). The GeO2 content of the
fiber was ~50 mol.%. Although its core diameter was only 2.2 µm, it could be spliced to the standard
single-mode fiber with relatively low losses (below 1 dB). Bismuth doping combined with the presence
of Ge in the fiber core results in luminescence in the spectral region from 1600 to 1800 nm when the fiber
is pumped near 1.55 µm [11]. Therefore, the pump source was constructed using a continuous-wave
erbium-doped fiber laser (EDFL) amplified with a commercially available erbium/ytterbium-doped
fiber amplifier (EYDFA; model GOA-S320 from BKtel, with a maximum output power of 32 dBm).
A wavelength division multiplexing (WDM) coupler (from Haphit) was used to couple the pump light
into the BDF and out-couple the amplified signals from single-frequency laser diodes: A distributed
feed-back (DFB) laser diode was employed at 1651 nm (from NTT Electronics) and a discrete mode (DM)
laser diode was applied at 1687 nm (from Eblana Photonics). A polarization-insensitive fiber-based
optical isolator (from Opto-link) was placed between the seed source and the BDF to block any
backscattered radiation or unabsorbed pump light. It was designed to operate in the C and L band
(from 1530 to 1610 nm), but its transmission at longer wavelengths was still relatively high (more than
85% at 1651 nm and ~75% at 1687 nm, including connectors).
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Figure 1. Bismuth-doped fiber amplifier (BDFA) setup: SEED—seed laser diode; ISO—fiber isolator’
BDF—bismuth-doped fiber; WDM—wavelength division multiplexing coupler; EYDFA—erbium-
ytterbium-doped fiber amplifier; and EDFL—erbium-doped fiber laser (see Section 2.1).

2.1. 1.55 µm Pump Source

As mentioned in the introduction, the main limitation of our previous BDFA configuration was
SBS in the bismuth-doped fiber. This phenomenon was affecting the efficiency of BDFA. We believe
that, due to backscattering that was observed for high pumping powers, part of the BDF was not
pumped sufficiently, so the overall gain was reduced. As a result, the achievable output power was
limited. The SBS was observed because a narrowband distributed feed-back (DFB) laser diode (LD)
was used as a seed for EYDFA. Therefore, the simplest way to increase the SBS threshold was to use a
spectrally broad source which was broader than the gain bandwidth associated with the SBS [23,24].

The schematic diagram of an erbium-doped fiber laser (EDFL) used as a BDFA’s pump source
is shown in Figure 2. A 10 m-long erbium-doped fiber (EDF; model M5-980-125 from Thorlabs) was
pumped using a 974 nm laser diode (from JDSU). A fiber Bragg grating (FBG) was placed inside the
ring cavity to make sure that EDFL operated near 1550 nm. The spectrum of the FBG is shown in
Figure 3a and the 3 dB bandwidth was ~36 GHz. An optical circulator (from Opto-link) was used not
only to insert the FBG into the laser cavity, but also to force a unidirectional operation. An optical
coupler (50:50) was used as an output of the laser. Approximately 10 mW of optical power at 1550 nm
was obtained with a pump power (at 974 nm) of ~60 mW. Figure 3b shows the optical spectrum emitted
from the EDFL with a 3 dB bandwidth of ~4 GHz.
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Figure 2. Erbium-doped fiber laser used as a new pump source for BDFA: EDF—erbium-doped fiber;
CIRC—optical fiber circulator; FBG—fiber Bragg grating; and FC—fiber coupler.

For comparison, a linewidth of the DFB laser diode used in our previous configurations was also
measured. A self-heterodyne method [25] was used, in which light emitted from a narrow-linewidth
laser is divided into two beams. One is frequency-shifted by Ω and delayed using an optical fiber
(the fiber must be longer than the coherence length of the source under study). This beam is then
coupled with the second beam (emitted directly from the source) and the beatnote signal at Ω is
analyzed using a radio frequency (RF) spectrum analyzer. Figure 4c shows the RF spectrum recorded
using a 1550 nm DFB laser diode as a source and a 600 m-long delay line. Based on this measurement,
the linewidth (full width at half maximum) of the pump source used in our previous configurations
was estimated to be approximately 1.1 MHz. This is much lower than typical values of the SBS gain
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bandwidth [26] and more than three orders of magnitude less than the linewidth of the fiber laser used
in this work.
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Figure 3. (a) Fiber Bragg grating reflectivity near 1550 nm (3 dB bandwidth is ~36 GHz); (b) output
spectrum of the EDFL emission (3 dB bandwidth of ~4 GHz); (c) the result of the self-heterodyne
linewidth measurement [25] shows the RF spectrum of the beatnote signal around Ω = 200 MHz. Based
on this measurement, the linewidth ∆f of the distributed feed-back (DFB) diode was estimated to be
~1.1 MHz.
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Figure 4. (a) Experimental setup used to measure the optical power of light backscattered in the BDF:
PM—power meter. A WDM coupler was used to block backscattered amplified spontaneous emission
(ASE), as indicated with blue arrows; (b) dependence of the backscattered output power on the input
power for two light sources; (c) spectra of backscattered light recorded with a 0.1 nm resolution for two
different input power levels. The peak frequency shifted by ~9.5 GHz that appears for a higher power
is clear evidence of stimulated Brillouin scattering (SBS).

3. Results

3.1. SBS Suppression with the New Pump Source

To verify that with the new source, the SBS threshold is reduced, we built the setup shown in
Figure 4a. An optical circulator was used to couple the amplified light into a BDF. The third port of the
circulator was used to measure the power of the backscattered radiation. Additionally, a WDM coupler

26



Photonics 2020, 7, 128

was employed between the circulator and BDF to block backward amplified spontaneous emission
(ASE). First, the light from a narrow-linewidth DFB laser diode was used as a seed source for EYDFA.
Subsequently, the DFB laser diode was replaced with a new EDFL source. Figure 4b shows how the
backscattered optical power depends on the input power (i.e., at the output of the EYDFA) for both
seed sources.

In both cases, we observed some linear dependence between the input power and the output
(backscattered) power. This might be due to Rayleigh scattering, residual reflection from the splices
or connectors, or cross-talk between the 1st and 3rd port of the circulator. However, when a DFB
laser diode was used as a seed and the EYDFA power exceeded approximately 27 dBm (~500 mW),
SBS became visible. It manifested itself through a rapid, nonlinear increase of the backscattered light
power level. This phenomenon was not observed when EDFL was used as a source, even for much
higher input powers (up to 32 dBm). The presence of the SBS was additionally confirmed by measuring
the spectrum of the backscattered radiation. For a higher input power, a signal frequency shift of
~9.5 GHz was observed, which is expected for Brillouin scattering in a silica fiber doped with Ge [27].

3.2. BDFA Performance

In Figure 5, we present the performance of the BDFA. Figure 5a shows how the output power
depends on the pump power for two seed wavelengths: 1651 and 1687 nm. In both cases, an almost
linear dependence was obtained for a pump power up to 32 dBm (~1.58 W). The BDFA output power
dependence on the seed laser power is shown in Figure 5b. For the highest pump power and the
highest available seed power at 1651 nm (15.54 mW), the output power of 163 mW (or 22.1 dBm) was
obtained. For a longer wavelength (i.e., 1687 nm), the measured power was even higher: 197 mW
(or 22.94 dBm) when a seed power of 5.48 mW was used. These results are almost two times better
than those demonstrated previously (87 mW at 1651 nm in [21] and 107 mW at 1687 nm in [22]).
The measured gain (shown in Figure 5c) varied from 26 dB (for a low input power at 1687 nm) to
approximately 10 dB (for a high input power at 1651 nm).
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Figure 5. (a) BDFA output power versus pump power at 1651 and 1687 nm. (b) and (c) BDFA output
power and gain versus seed power at both wavelengths for a pump power of 32 dBm.

The optical spectra recorded when the BDFA was seeded with a 1651 and 1687 nm laser diode are
shown in Figure 6. In both cases, the maximum pump power (32 dBm) was used. A very significant
power level difference (more than 40 dB) between the signal and the amplified spontaneous emission
(ASE) was obtained. For comparison, the spectra of the two seed sources are also shown in Figure 6a.

Figure 7 presents the stability of the output power of BDFA. It was measured using a power meter
(PM100D from Thorlabs with S132C sensor) and a 1651 nm seed laser diode. The input power and
the pump power were set to 10.1 and 30 dBm, respectively. The output power was recorded for more
than 30 min. The peak-to-peak fluctuations were ~0.32% of the mean value (95.5 mW). Similar output
power fluctuations were obtained when lower input powers were used (Figure 7b,c).
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Figure 6. Spectra of the seed sources (a) and the output of the amplifier, with a seed wavelength of
1651 (b) and 1687 nm (c). Pump power was 32 dBm.
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Figure 7. BDFA output powers measured with a 1651 nm seed and 30 dBm pump power. The input
powers were ~10 (a), ~0.5 (b), and ~0.2 mW (c). All data were acquired after warm-up (~1 h).

3.3. Photothermal Spectroscopy Using a BDFA-Amplified Source

In order to demonstrate how BDFA can be used in laser spectroscopy, a setup that enables
photothermal spectroscopy (PTS) to be performed was built. PTS can be used to detect and quantify
gas samples by observing indirect effects of light–matter interaction. Energy absorbed by gas is
turned to heat, leading to a local rise of the gas temperature and change of the gas refractive
index. The refractive index change can be measured using, e.g., an interferometric setup [28,29].
Because the photothermal signal is proportional to the absorbed energy, an optical amplifier can be
used to improve the performance of PTS. This was previously demonstrated using photoacoustic
spectroscopy (a technique which is fundamentally similar to PTS) performed in a more convenient
telecom wavelength region (below 1.6 µm, where erbium-doped fiber amplifiers can be used) [30–34].
Here, we show BDFA-enhanced PTS of methane using the setup schematically shown in Figure 8.
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The light emitted from a 1651 nm DFB laser diode was amplified with the BDFA and entered the
gas sample (enclosed in a glass cell) through a 90:10 fiber coupler. The DFB laser diode was current
modulated with a sinewave (f m = 0.5 kHz) to produce periodic changes of the refractive index inside
the gas cell. These changes were measured using an interferometer formed between two fiber couplers
(90:10 and 50:50). Additional saw-tooth modulation (1 Hz) was added to provide a wavelength scan
across the target transition. The light from the 1550 nm DFB laser diode was used as a probe beam.
An acousto-optic frequency shifter/modulator (AOM) driven at f a = 200 MHz was placed in one arm
of the interferometer, enabling heterodyne detection of the photothermal signal: Changes of the optical
length in one arm were detected as changes of the phase of the heterodyne signal. The main advantage
of heterodyne-based detection [35] compared to homodyne-based sensing is that a heterodyne-based
setup does not require the arms of the interferometer to be stabilized [36,37]. A high-speed lock-in
amplifier (UHFLI from Zurich Instruments) was used to perform phase demodulation of the beat note
at 200 MHz, as well as subsequent signal demodulation (filtering) at 2 × f m (this helps with removing
background signals due to, e.g., non-resonant absorption in the setup).

–

 

SNR ≈ 52 

−

− −

Figure 8. Heterodyne interferometric setup for photothermal gas detection.

Figure 9a shows the PTS spectra measured for a 100 mm-long sample containing 4.29% methane
(balanced with nitrogen, total pressure of 740 torr; the concentrations was determined based on direct
absorption measurement and spectral fitting with data from the HITRAN database [38]). Four different
powers at the output of BDFA were used (the optical power was measured after the collimator and
before the gas cell). 2f PTS spectra are baseline-free and their amplitude clearly depends on the
optical power.

A linear dependence between the signal to noise ratio (SNR) and the optical power level was also
confirmed, as shown in Figure 9b. For this measurement, a shorter gas cell (25 mm) was used (with a
methane concentration of approximately 5.35%). The signal was measured as the 2f PTS amplitude
at the transition center and the noise was calculated as the standard deviation of the signal recorded
when the sample was removed from the setup. Based on this measurement (i.e., SNR ≈ 52 for the
incident power of ~120 mW), we could calculate the noise equivalent concentration, which was shown
to be approximately 19.3 ppm × m × Hz−1/2, corresponding to the noise equivalent absorbance of
~7.2 × 10−4 Hz−1/2. This result is comparable to the sensitivity demonstrated previously with a similar
method [35]. We expect that a significantly better detection limit could be obtained if photothermal
spectroscopy was performed inside a hollow core fiber [36,37].
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Figure 9. (a) 2f photothermal spectroscopy (PTS) signals for various incident power levels for a
100 mm-long cell with a methane concentration of 4.29%. A 1 Hz saw-tooth modulation was used to
scan the wavelength across the methane transition near 1651 nm. (b) The dependence of the 2f PTS
signal/noise ratio on the incident power at 1651 nm; the signal was measured using a 25 mm-long cell
with a methane concentration of 5.35%.

4. Discussion

In this paper, the bismuth-doped fiber amplifier was presented. The new fiber-based pump source
helped to suppress the unwanted SBS (observed in the previous setup) and enabled the delivery of a
much higher pumping power (up to almost 1.6 W) to the BDF compared to the configuration presented
in [21,22]. The performance of the amplifier was analyzed at two wavelengths: 1651 and 1687 nm.
The output powers of 163 mW (1651 nm) and 197 mW (1687 nm) were obtained. These power levels are
almost two times higher than those demonstrated earlier with the previous BDFA configuration [21,22].
More importantly, the linear dependence between the output power and the pump power suggests that
a further increase of the output power should be possible when a higher pump power level is used.

In addition to the high power at the output, the BDFA presented in this paper also offers a
significant small signal gain: 18 dB at 1651 nm and 26 dB at 1687 nm. These values are higher
than previously published for BDFAs [17] and also higher then reported for the short-wavelength
Al/Tm-doped fiber amplifier presented in [7]. A similar small signal gain was obtained in [8], where a
Ge/Tm-doped fiber was used.

A comparison of the presented BDFA with some previously demonstrated amplifiers is presented
in Table 1. The BDFA reported in this work uses a longer fiber than Tm-doped fiber amplifiers,
but provides a higher output power while requiring a smaller pump power.

Table 1. Summary of the parameters of various previously reported fiber amplifiers operating near
1650 nm and the results obtained in this work.

Ref. Fiber Type Fiber Length Pump Power
Small Signal Gain Output Power

@1650 nm @1650 nm

[7] Al/Tm-doped 5 m 37 dBm 8 dB 8 dBm
[8] Ge/Tm-doped 4.5 m 36.9 dBm 18.7 dB 15 dBm

[17] Ge/Bi-doped 50 m 24.77 dBm ~5 dB
10 dBm

(@1680 nm)
This work Ge/Bi-doped 90 m 32 dBm 18 dB 22.1 dBm

We also analyzed the noise at the output of the amplifier. Output power fluctuations below 1%
were obtained not only for high, but also for low, input powers. These features (high gain and output
power stability for low input powers) make the presented BDFA an attractive booster amplifier in the
wavelength region that cannot be easily covered by semiconductor amplifiers.

As a potential application of BDFA, we have presented the photothermal spectroscopy of methane
at 1651 nm. We have demonstrated that the amplifier can be used to improve the signal amplitude and
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signal/noise ratio. Similar sensitivity enhancement can be expected when more common photoacoustic
spectroscopy is used [39,40].
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Abstract: We report here an all-fiber structure tunable gas Raman laser based on deuterium-filled

hollow-core photonic crystal fibers (HC-PCFs). An all-fiber gas cavity is fabricated by fusion splicing

a 49 m high-pressure deuterium-filled HC-PCF with two solid-core single-mode fibers at both ends.

When pumped with a pulsed fiber amplifier seeded by a tunable laser diode at 1.5 µm, Raman lasers

ranging from 1643 nm to 1656 nm are generated. The maximum output power is ~1.2 W with a

Raman conversion efficiency of ~45.6% inside the cavity. This work offers an alternative choice for

all-fiber lasers operating at 1.6–1.7 µm band.

Keywords: photonic crystal fibers; hollow-core fibers; fiber lasers; stimulated Raman scattering; gas

Raman lasers

1. Introduction

Stimulated Raman scattering (SRS) of gas medium has received great attention since
it was first reported [1]. It provides a novel way to generate lasers with unobtainable
wavelength for traditional schemes, especially in the ultraviolet and infrared spectral range.
However, due to the short reaction length and weak reaction intensity, gas Raman lasers
based on the traditional gas cell usually require high pump power, and the corresponding
conversion is always inefficient. Moreover, there is often more than one Raman line at
the output except the desired line, which exacerbates the inefficiency. The advent of the
hollow-core fibers (HCFs) provides new opportunities for efficient gas SRS [2,3]. This kind
of innovative gas cell based on HCFs can provide a much longer reaction distance, and the
pump laser and gas molecules are confined in the micron-level air core, which enhances
the reaction intensity greatly. More importantly, the HCF makes it easy to control the
transmission spectrum by designing fiber structure, so the conversion of unwanted Raman
lines can be well suppressed, which further improves the conversion efficiency. Therefore,
fiber gas Raman lasers (FGRLs) have drawn great attention with the fast development of
the HCFs [4–7].

Fiber lasers operating at 1.6~1.7 µm band have been studied extensively, owing to
their significant applications [8]. They play a great role in medical treatment [9,10], material
processing [11], the generation of mid-infrared lasers [12] and so on. Several approaches
for generating the laser at this band have been reported, which can be divided into two
categories. One is based on the rare-earth doped fibers, such as thulium-doped fibers
(TDFs) and bismuth-doped fibers (BDFs), which is mainly limited by the low gain of the
fiber in this band or immature manufacturing technology. The other is to take advantage
of nonlinear effects based on SRS in the solid-core fibers, while the complex cascade
structure is always necessary. The advent of fiber gas lasers based on SRS provides a novel
method for the generation of laser emission at some wavelengths not easily achievable with
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traditional ways, including 1.6–1.7 µm band [13–17]. By using proper HCFs and proper
active gas medium, laser emissions can be realized flexibly and effectively. Moreover,
due to the higher damage threshold of the HCF, it is more possible for FGRLs to realize
higher output power. Recently, we have reported some works on 1.6–1.7 µm gas-filled
FGRLs [13–18]. The common gas media used in our work are hydrogen and deuterium.
Compared with hydrogen, D2 has a larger molecular weight, making it easier to confine it
inside the HCF. Besides, D2 has a much smaller coefficient of Raman shift, which generates
and enriches the unobtainable laser wavelength in this band. In our previous work, we
demonstrated a subwatt 1.65 µm FGRL based on D2-filled hollow-core photonic crystal
fibers (HC-PCFs) [16], and then further improved its output power [17]. However, both of
them sealed the output end in a customized gas chamber, making the system bulky and
poorly stabilized, which limits its application in the future.

Here, we report a 1.65 µm all-fiber tunable pulsed FGRL based on D2-filled HC-PCFs.
The all-fiber gas cavity is fabricated by fusion splicing a 49 m high-pressure deuterium-
filled HC-PCF with two solid-core single-mode fibers at both ends. When pumped by a
homemade fiber amplifier at 1.5 µm band, the pure rotational SRS occurs in the gas cavity,
generating first-order Raman lasers ranging from 1643 nm to 1656 nm. The maximum
output Raman power of ~1.2 W at 1645 nm is obtained with the repetition frequency of
2.2 MHz when pump power is at the maximum. The Raman conversion efficiency inside
the cavity is ~45.6%. This work enriches the research on FGRLs and provides a convenient
choice for generation of fiber lasers operating at the 1.6–1.7 µm band.

2. Experimental Setup

Figure 1a shows the schematic diagram of experimental setup, which is similar to our
previous work [15], but a longer HC-PCF is introduced. A homemade narrow-linewidth
pulsed Erbium-doped fiber amplifier (EDFA) seeded by a tunable laser diode at 1.5 µm
works as the pump source. The width of the output pulse is 20 ns and it remains the
same when the repetition frequency or output power changes. The repetition frequency
is adjustable, and the power characteristics are basically the same, with the pulse width
of 20 ns in different repetition frequency. The pump source can be tuned in the range
of 1538 nm to 1545 nm, which retains the similar characteristics when the wavelength
changes. Figure 1b–d show the output spectrum of the EDFA with different operating
wavelengths when the output power is the maximum of ~7 W. It can be seen that although
the amplified spontaneous emission is generated during the amplification, it can always
be well suppressed. An ultra-low-loss fiber coupler with the measured coupling ratio of
99.06:0.94 is spliced to the pigtail of the EDFA to monitor the real output power. Its signal
end is spliced to the port1 of a circulator, which is introduced to protect the pump source
and measure backward light at port3, as marked in the figure. The loss of the circulator
from port1 to port2 is ~0.67 dB. An all-fiber gas cavity is fabricated by a 49 m long HC-PCF
(HC-1550-02, NKT Photonics) and two solid-core single-mode fibers (SMF-28e, Corning),
as shown within the dashed box in Figure 1a. One of the solid-core fibers is employed to
be the input end of the cavity, which is spliced with the circulator port2 and one end of the
HC-PCFs, respectively. After being vacuumized, the HC-PCF is inflated with high-pressure
D2 and stands until the gas pressure is balanced. Then the other end that was sealed in the
gas chamber is spliced to another solid-core fiber, which works as the output end of the gas
cavity. The final gas pressure in the cavity is estimated to be 25.5 bar by calculating the time
and gas leakage ratio. The core diameter of the HC-PCFs is 10 µm and its cross section by
optical microscope is shown in Figure 1e. Due to the similar mode field diameter (~9 µm)
of SMF-28e and HC-1550-02, the loss of fusion splicing directly is acceptable. The losses of
the fusion splicing points marked as splice1 and splice2 are 1.4 dB and 2 dB, respectively.
Two lenses with the focal length of 15 mm are placed at the output end of the gas cavity
and the circulator port3 separately to collimate the output beam. Two long-pass filters
(transmission ~95% > 1600 nm) play the role of separating the pump light and Raman light.
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Figure 1. (a) The schematic diagram of experimental setup. OSA: optical spectrum analyzer. EDFA: Erbium-doped fiber
amplifier; (b–d) the output spectrum of the EDFA at the maximum output power; (e) the cross section of the used HC-PCFs
by optical microscope.

3. Results and Discussion

3.1. Spectrum Characteristics

Figure 2a shows the measured output spectrum with different pump wavelengths
when the pump source works at the maximum output power. The repetition frequency
(RF) is set to 4 MHz. When pumped by the lines at 1538 nm to 1550 nm, the pure rotational
SRS of D2 occurs in the cavity, generating Raman lines ranging from 1643 nm to 1656 nm
with the Raman shift of ~414 cm−1. Each pump line corresponds to only one Raman line.
Figure 2b shows the fine spectrum of the Raman line at 1645 nm (in red line) and the pump
line at 1540 nm (in blue dotted line), respectively. It can be seen that the central wavelength
of the pump line is at 1539.9 nm. For ease of expression and readability of the paper, we
express it as 1540 nm.

Figure 3a presents the measured transmission spectrum of the HC-PCF, covering
1530 nm to 1760 nm. When the pump wavelength is set to 1540 nm, we measured the
output spectrum with different RF at the maximum output power, as shown in Figure 3b–f.
It can be seen in Figure 3b that when the RF is 1 MHz, due to the high peak power, more
than one Raman line occurs in the gas cavity. In addition to the pump line at 1540 nm
and the first-order Raman line at 1645 nm, there are 3 s order Raman lines. The lines at
1695 nm, 1730 nm and 1765 nm correspond to the frequency shift of ~179 cm−1, ~298 cm−1

and ~414 cm−1, respectively. High peak power of the pump pulse is more likely to exceed
the high-order Raman threshold, leading to the cascaded Raman conversion. The output
power of the first-order Raman laser and its conversion efficiency may be reduced in this
case. Compared with H2, D2 has a much smaller coefficient of Raman shift, permitting the
existence of some high-order Raman lines in the transmission band of the HC-PCF. It not
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only enriches the output wavelength in 1.7 µm band, but also makes it possible to realize
the cascade Raman laser output if the fiber Bragg granting is introduced.
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Figure 2. (a) The output spectrum of the fiber gas Raman laser pumped by different pump wavelengths at the maximum
output power. (b) The fine spectrum of the Raman lines at 1645 nm (in red line) and the pump lines at 1540 nm (in blue
dotted line).

When the RF is 2 MHz in Figure 3c, besides the pump lines and the first-order Raman
lines, there is only a weak second-order Raman line at 1765 nm due to the reduction of
the pulse peak power. It also indicates that for D2 inside the gas cavity, the rotational
SRS whose Raman shift is ~414 cm−1 corresponds to the stronger Raman gain (both the
frequency shifts of these two Raman lines are ~414 cm−1).

Interestingly, when the RF is set to 3 MHz in Figure 3d, there are two second-order
Raman lines at 1695 nm and 1730 nm again. This can be explained by the following theory.
For the gas cavity, we regard it as a special resonant cavity formed by the 49 m HC-PCFs
and two fusion splicing points (splice1 and splice2). Its average refractive index is ~1, so
the resonant frequency can be calculated through the formula: υp = qc/2L, where υp is the
resonant frequency, q is a positive integer (the number of the pulse round trip through the
cavity), c is the speed of light (2.997*108 m/s) and L is the length of resonant cavity. In
our work, L is 49 m; then the υp can be calculated to be ~3 MHz when the q is 1. For the
pump pulse RF of 3 MHz, it is consistent with the resonant frequency. While the pump
pulses oscillate in the cavity, they can coincide with previous pulses, which means that the
resonant cavity can provide positive feedback to reduce the Raman threshold and benefit
the conversion. Therefore, there are still high-order Raman lines in this case. The absence
of the line at 1765 nm is mainly due to the high transmission loss and the lower peak power.
Furthermore, the specific Raman threshold power has been measured, as discussed in the
following Section 3.2. Power Characteristics, which also supports this theory.

As we can see in Figure 3e,f, there are no high-order lines when the RFs are 4 MHz and
5 MHz, which is due to the continuous decrease of the peak power. It should be noted that
when the RF is 5 MHz, the intensity of the first-order Raman line at 1645 nm is 3.065 dB
weaker than that of the pump line at 1540 nm, which indicates the insufficient conversion
in the gas cavity.
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Figure 3. (a) The measured transmission spectrum of the HC-PCF. (b–f) The output spectrum of the
fiber gas Raman laser pumped by the pulse with different RF at the maximum output power.

3.2. Power Characteristics

To explore the maximum output power and the corresponding conversion efficiency
of the first-order Raman laser at 1645 nm, we measured the power characteristics with the
RF of 2 MHz, 4 MHz and 5 MHz, as shown in Figure 4. All the powers in the figure are
the average powers of the pulse train. The power characteristics with the RF of 1 MHz
or 3 MHz are not measured due to their complex spectrum characteristics (as shown in
Figure 3), which have multi-wavelength output at the maximum pump power and cannot
separate the unwanted lines easily. The incident pump power is the output power of the
circulator port2. Figure 4a,b show the characteristics of forward Raman power and pump
power. It can be seen that the Raman threshold average power with the RF of 2 MHz is
much lower than that of the RF in 4 MHz and 5 MHz, as the peak power of pump pulse
in 2 MHz is much higher. When the incident pump power exceeds threshold power, all
the curves of the pump power drop and Raman power increases gradually. The maximum
forward Raman power of ~1.13 W is achieved at the maximum pump power when the
RF is 2 MHz. Figure 4c presents the backward Raman power characteristics. Obviously,
backward Raman power is much lower than forward Raman power, as it is reflected by the
splice2. We calculated the ratio of the maximum backward Raman power to the maximum
forward Raman power; the value is ~3.28%, ~15.94% and ~16.92% when the corresponding
RF is 2 MHz, 4 MHz and 5MHz, respectively. This indicates that the high RF is conductive
to the amplification of the backward Raman power. The curves of backward pump power
in Figure 4d are basically the same, and the reason is that they are incident pump power
that is reflected by the splice1. All the pump powers in Figure 4d keep increasing as the
incident pump power increases.
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Figure 4. The output power characteristics of the fiber gas Raman laser with the repetition frequency
of 2 MHz, 4 MHz and 5 MHz: (a) forward Raman power; (b) forward pump power; (c) backward
Raman power; (d) backward pump power.

Figure 5a shows the evolution of the Raman threshold average power and peak power
with different RF of the pump pulse. Here we define the Raman threshold power as the
minimum pump power coupled in the HC-PCF when the first-order Raman laser can be
detected by the OSA at the output end of the cavity. We measured the Raman threshold
power with the RF from 1 MHz to 5 MHz; it can be seen that except for the case with
the RF of 3 MHz, all the peak power of the Raman threshold is basically the same and
the Raman threshold average power increases with the increasing of the RF. This is not
unexpected, because the peak power of the Raman threshold is constant for a certain
cavity, which is mainly determined by the gas pressure inside the cavity or the length of
the HC-PCF. However, when the RF of 3 MHz is consistent with the resonant frequency
mentioned above, the positive feedback caused by the cavity and the coincidence between
pulses greatly reduce the peak power of the Raman threshold. Therefore, its threshold
characteristics differ from those of the other RF, meaning that there may be high-order
Raman laser when the pump power increases in this case, as discussed above. Furthermore,
we also measured the threshold power with the RF of 6 MHz, which is another resonant
frequency of the cavity (the corresponding q is 2), as shown in Figure 5a. It can be seen
that its peak power of the Raman threshold is the same as that of 3 MHz, but the Raman
threshold average power is double, which is because the RF of 6 MHz is the double
of 3 MHz. This confirms the conclusion and provides a new way for realizing multi-
wavelength FGRL with all-fiber structure. Moreover, we calculated the total Raman power
and internal Raman power (Raman power inside the gas cavity) with different RF when
the pump power is at the maximum, as shown in Figure 5b. The Raman power at 1645 nm
with RF of 1 MHz or 3 MHz is not obtained because of the existence of the high-order
Raman power with low-threshold characteristic. Obviously, the maximum Raman power
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can be achieved when the RF is 2 MHz. The total Raman power is ~1.16 W, and the internal
Raman power is calculated to be 1.85 W, which is much higher than that with other RF.
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Figure 5. (a) The evolution of the Raman threshold average power and the corresponding peak power with repetition
frequency ranging from 1 MHz to 6 MHz. (b) The variation of total Raman power and the corresponding internal Raman
power inside the HC-PCF with the repetition frequency when the pump power is the maximum.

Then, we changed the RF in steps of 200 kHz and measured their Raman power
characteristics, as shown in Figure 6. As shown in Figure 6a,b, both the maximums of
forward and backward Raman power are achieved at the maximum pump power when
the RF is set to 2.2 MHz. When the RF is 1.6 MHz and 1.8 MHz, the corresponding Raman
powers increase at first, but decrease later when the incident pump power is high enough.
This is mainly because the peak power of the pump pulse with these RF is higher than that
of the other RF, and the first-order Raman laser is converted into high-order Raman laser
when its power is high enough. However, due to the high transmission loss, the power
of the high-order Raman laser is exhausted and cannot be measured. Figure 6c shows the
evolution of the total and internal Raman power with different RF when the pump power
is at the maximum, respectively. The maximum total Raman power of ~1.2 W is obtained
when the RF is 2.2 MHz, and the corresponding internal Raman power is ~1.9 W. Its
optical–optical conversion efficiency is ~21.2% and the corresponding conversion efficiency
inside the cavity is ~45.6%. By contrast, the power with the RF of 1.6 MHz and 1.8 MHz
is much lower than that with other RF, which is mainly due to the high-order Raman
conversion. Figure 6d presents the maximum optical–optical conversion efficiency with
different RF. The efficiency inside the gas cavity without the loss caused by splice1 and
splice2 is also calculated. This shows that the maximum of total conversion efficiency is
above 20% with different RF, but when the splice loss is considered, the efficiency is more
than 40%. It enlightens us that if the splice loss of the gas cavity can be optimized, the
conversion efficiency can be further improved.
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Figure 6. The output power characteristics of the fiber gas Raman laser with the repetition frequency of 1.6 MHz to 2.4 MHz:
(a) forward Raman power; (b) backward Raman power; (c) the evolution of the total and internal Raman power with
different repetition frequency when the pump power is at the maximum; (d) the evolution of the maximum conversion
efficiency with different repetition frequency.

3.3. Pulse Shapes

Figure 7 shows the shapes of output pulse when the maximum is obtained with the
pulse RF of 2.2 MHz. A bandpass filter (1530–1570 nm) and a long-pass filter (transmission
~95% > 1600 nm) are used for separating pump pulse and Raman pulse. The pulse can be
detected by a fast photodetector (EOT ET5000) and a broadband oscilloscope (Tektronix
MDO3104). It can be seen from Figure 7a that the shape of the residual forward pump
pulse has a dip in the middle. The reason is that for a pump pulse in the cavity, only the
part with higher energy can exceed the Raman threshold power and be converted into the
Raman pulse, which results in the dip at its middle part. Thereby, the width of the Raman
pulse is close to that of the dip, which is narrower than the pump pulse. Backward pulse
shapes in Figure 7b differ from those of the forward pulse. It can be seen that pump pulse
and Raman pulse are not caught at the same time, and there is a ~330 ns time delay. As
analyzed above, the backward Raman pulse is reflected by the splice2, which has quite a
low power, leading to the weak intensity of the measured pulse shape. The transmission
length of the backward Raman pulse is double the length of the gas cavity (~100 m), which
causes the time delay of ~330 ns.
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Figure 7. The output pulse shapes of the fiber gas Raman laser with the repetition frequency of
2.2 MHz at the maximum pump power: (a) forward output pulse; (b) backward output pulse.

4. Conclusions

We have demonstrated a 1.65 µm all-fiber tunable FGRL based on the pure rotational
SRS in the D2.-filled HC-PCFs. An all-fiber gas cavity is realized by a 49 m long HC-PCF
and two solid-core fibers. Pumped by a 1.5 µm homemade pulsed EDFA, 1643 nm to
1656 nm Raman laser is generated in the gas cavity. The maximum output power of ~1.2 W
at 1645 nm is obtained when the pump laser is at 1540 nm. The efficiency inside the cavity
is ~45.6%; however, the corresponding total conversion efficiency is only 21.2% due to
the relative high splicing loss at present, which could be greatly reduced by more precise
mode field matching methods [19,20]. This work provides a convenient alternative choice
for generation of fiber lasers operating at 1.6–1.7 µm band. By optimizing the length of
HC-PCF and reducing the loss of the splicing point, the conversion efficiency and output
laser power could be greatly improved.
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Abstract: In recent years, fiber gas lasers have obtained a rapid development, however, efficient and

stable pump coupling is a key limitation for their applications in the future. Here, we report an

all-fiber gas cavity based on anti-resonant hollow-core fibers which have the beneficial properties

of adjustable broad transmission bands and potential low transmission attenuation, especially in

the mid-infrared. This kind of all-fiber gas cavity is fabricated by directly splicing with end caps at

both ends for the first time. The high-power laser transmission characteristics were studied, and

the experimental results show that the all-fiber gas cavities have a very stable performance. The

maximum input laser power at 1080 nm is about 260 W, and the output power is 203 W, giving a

total transmission efficiency of 78.1%. This work opens a new opportunity for the development of

high-power all-fiber structured fiber gas lasers.

Keywords: hollow-core fibers; anti-resonant hollow-core fibers; tapered fibers; fiber gas lasers; fiber

end cap

1. Introduction

Anti-resonant hollow-core fibers (AR-HCFs) are a new kind of HCF with very simple
structures, mainly including revolver type [1] and ice-cream type [2]. In the past decade,
AR-HCFs have attracted rapid development due to the beneficial characteristics of broad
and easily adjustable transmission bands, potential low transmission-loss, particularly
in the mid-infrared range, etc. [3,4]. AR-HCFs provide an ideal environment for the
interaction of laser beams and gases, making a novel kind of laser source, namely fiber gas
lasers (FGLs) [5,6]. In the past few years, FGLs have obtained enormous attention because
they have been demonstrated to be an effective new method for generating mid-infrared
laser emission [5–19] in addition to traditional ways, such as solid-state lasers [20], gas
lasers [21], quantum-cascade lasers [22] and rare-earth-doped fiber lasers [23–25]. Due to
the perfect combination of the advantages of both gas lasers and fiber lasers, FGLs have
the potential to achieve high-power mid-infrared lasers with abundant wavelengths and
portable structures [6]. To date, the maximum output power for CW mid-infrared FGLs is
1 W at 3.1 µm [16], while for wavelengths above 4 µm it is only dozens of milliwatt [18],
which is mainly limited by the maximum input power of the pump. Therefore, highly
efficient and stable coupling of high-power pump light is a key problem that requires
solving. Up to now, almost all the FGLs have been based on free-space coupling for the
pump light through gas cells. In this structure, both ends of the HCFs are sealed in the
gas cells, but when high power is injected into the gas cell, heat easily accumulates at the
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junction of the rubber plug and the HCF, resulting in a higher temperature of the rubber
plug and deformation which changes the coupling position of the HCF, thereby affecting
the coupling efficiency. So, all-fiber structure FGLs are needed for most applications,
especially at a high-power level, and all-fiber cavities are the key components.

High-power delivery in HCFs has been researched in recent years. In 2016, the long-
term stable transmission of kW-level average power through a hollow capillary and a
Kagome-type photonic crystal fiber was demonstrated. It was the highest-power delivery
in a HCF with a cooling system [26]. In 2020, a 300 W delivery in AR-HCF was reported in
an uncooled system and a near-diffraction-limited beam was measured [27].

In this paper, we reported an AR-HCF based all-fiber gas cavity using fiber end caps
for the first time. The cavity is composed of a 1-meter-long ice-cream type of AR-HCFs
and two silica end caps, which are spliced with the AR-HCFs at both ends using a large
diameter splicing system. The main characteristics of the cavity were measured, including
transmission efficiency, high-power capacities, heat treatment, and so on. Results show that
the all-fiber gas cavity has a very stable performance. The maximum injecting laser power
at 1080 nm is about 260 W without active cooling, and the transmitted laser power at the
output end is 203 W, corresponding to a total transmission efficiency of 78.1%. Compared
to the previous work, although we don’t transmit power that is as high as before, a new
coupling method using HCF end cap is suggested and the stability is confirmed. It could
be further improved by designing a cooling system for higher power transmission. This
work is very important for the development of high-power all-fiber FGLs.

2. Fabrication

The HCF used in this paper is a kind of ice-cream, anti-resonant HCF and the structure
is shown in the inset picture of Figure 1. The core is surrounded by eight ice-cream capillaries
forming a negative curvature boundary, which defines the transmission band of the HCF. It
has a core diameter of around 46 µm and a cladding diameter of around 280 µm. From 1000
to 1100 nm the HCF has lower transmission loss, and for the wavelength we used at 1080 nm
it has a loss of around 0.12 dB/m.

μ
μ

 

Figure 1. The transmission loss of the ice-cream type AR-HCF used for the splicing. Inset: the cross-section electronic micrograph.

The schematic of the splicing process between the HCF and the end cap is shown in
Figure 2a. Figure 2b is the picture of the end cap used for splicing. During splicing, the
AR-HCF is fixed by the fiber clamp at the left side, and at the right side the end cap is fixed by
a self-made clamp which is composed of three glass tubes. The splicing end of the end cap is
designed as a 3 mm-long cone. The diameter of the splicing end of the cone is 1 mm, which is
easy for splicing at a lower temperature, and the diameter of the larger end is 2.5 mm. The
right cylinder of the end cap has a diameter of 8.2 mm and a length of 17 mm, as shown in
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Figure 2b. The output end is coated with an antireflection coating in the 1080 nm band. To
obtain the results of the splicing, we needed to make the surfaces of the HCF and the end
cap smooth. After the cutting treatment, the angle of the surface for splicing is less than 0.5◦.
Before splicing, the center of the HCF needed to be aligned with the center of the end cap.
Then, the HCF is inserted into the end cap when the front end of the conical is heated into a
molten state by the electrodes.

 

Figure 2. (a) Schematic of the splicing process between the HCF and the end cap; (b) the picture of the end cap used for
splicing; (c) the cross section view of the HCF after splicing at a higher temperature; (d) the cross section view of the HCF
after splicing at a suitable temperature; (e) the cross section view of the HCF after splicing at a lower temperature.

Due to the hollow-core structure of the HCFs, through the splicing process, the
microstructure of the HCFs will be damaged which will lead the collapse of the cladding.
To control the damage of the cladding, the heating temperature of the splicing system
should be controlled, and waste heat should be used to maintain the molten state through
moving the heating electrode some distance away from the HCF. The temperature when
the end cap is heated to the molten state is a key parameter in fabrication. Figure 2c–e
show the cross section view of the HCF with splicing at different temperature conditions.
Figure 2c shows the cross section after splicing when the temperature is too high, and the
microstructure of the HCF is almost completely destroyed. Figure 2d shows that only the
negative curvature is destroyed and the microstructure still exists when the temperature
is suitable. Figure 2e shows that when the temperature is too low, the HCF and the end
cap are only bonded to each other but not strongly enough. In order to achieve a better
splicing effect, controlling the temperature makes sure that the cross section appears as
in Figure 2d, and the deformation distance is as short as possible. After obtaining great
splicing, we fabricated a nice all-fiber cavity with both ends of HCF splicing with end caps,
as shown in Figure 3.
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μ

Figure 3. Picture of the fabricated all-fiber gas cavity based on AR-HCFs and end caps in the test system.

3. Experiments

The test system of the all-fiber gas cavity is shown in Figure 4. The light source for the
test is a kW-level fiber laser oscillator with a 20/400 fiber end cap. The fiber laser source has
a good beam quality, as shown in Figure 4a. At the left side is the beam profile at different
positions, which are both fundamental modes, and M2 is 1.13 for a and 1.21 for b when the
output power is 1500 W. Two plano-convex lenses with focal lengths both of 25 mm, and
two reflectors with high reflectivity at near-infrared bands are used to couple the incident
light into the HCF splicing with the end cap. The core diameter of the HCF we used is 46
µm, according to the principle of mode field-matching, these two lenses are suitable for
high coupling efficiency. The HCF end cap is fixed by a fixture designed by us, as shown in
Figure 3. Because the anti-resonant HCF is a type of leaky fiber, an area where the cladding
of the HCF and the fixture of the end cap make contact has leakage of light, which leads
to heat accumulation as per the inset picture in Figure 4. This temperature is measured
by a thermal imager from Fluke. The matching paste is applied evenly near the heating
area, causing the temperature at this area to be significantly reduced. In order to avoid the
influence of fiber bending on the measurement, the whole HCF is straightened during the
experiments.

 
Figure 4. (a) Measured beam profile and quality factor M2 of the fiber laser source; (b) the experimental setup of the system
used to test the all-fiber gas cavity based on AR-HCFs; (c) thermal image of the HCF end cap at the input end.

Based on the testing system above, the total efficiency from the fiber source to the
output end is tested and the result is shown in Figure 5a. As the power increases, the heat
accumulation of the lenses affects the efficiency, so a manual adjustment is needed to make
sure the coupling efficiency is at the maximum as the power increases. After the adjustment,
the efficiency stays at around 80% when the input power increases under 200 W. The total
loss comes from the lenses, the reflectors, the coupling efficiency, the Fresnel reflection
and the HCF itself. For the lenses, the transmission is 97.5% and the reflectivity of the
reflectors is 99.5%. The transmission loss of the 1-meter-long HCF is 0.12 dB. Additionally,
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the Fresnel reflection is around 3.9%. According to the loss above, the coupling efficiency is
estimated as 88.8%, which dominates the main loss. The output power and the monitored
temperature as the input power increased is also shown. The total incident power is
260 W and the output power is 203 W. Figure 5b shows the temperature of the cladding
and the coating— it is relatively moderate when the input power is below 200 W. As the
input power increases above 200 W, the temperature has a sharp rise which is due to the
efficiency starting to decease corresponding to the drop of the efficiency in Figure 5a. In
Figure 5b, there are also two drop points in the temperature of the coating, which also
correspond to the rising point in Figure 5a, which are the results of manual adjustment
of the coupling efficiency. The intensity distribution in Figure 5c,d is consistent with the
Gaussian distribution, which means the main energy is still the fundamental mode, and
the beam profile is shown in the inset picture of Figure 5c. The beam profile varies between
Figure 5c,d as the input power increases to 200 W power level. In the beam profiles, the
beam from the fiber source is shown. Comparing the profiles, the edge of the beam from
the end cap is not as good as that of the pump source, thus the collapse of air holes of the
negative curvature of the HCF when splicing with the end cap has a slight influence on the
beam quality of the output light, but the main energy is still concentrated on the center of
the beam.

 

Figure 5. (a) The total efficiency and the output power vary with the input power; (b) Measured results of the temperature
of the all-fiber cavity; (c) Intensity distribution of the output beam at lower power; (d) Intensity distribution of the output
beam at higher power. Inset: Beam profile of the output.

The measurements of power stability of the fiber laser source and the output power,
and the temperature of the cladding and coating are carried out when the output power is
100 W, and the results are shown in Figure 6. The output power shows cyclical fluctuations
near 100 W with a fluctuation the same as the power fluctuation of the fiber laser source,
as Figure 6a shows. This is caused by the intermittent operation of the cooling system of
the fiber laser source, during its intermittent working the power will decrease and then
increase slowly as before. There are two major hot points, one is mentioned above as
Figure 4c shows, the other is the front end of the coating. As Figure 6b shows, at first
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the temperatures of the two positions slightly fluctuate, and then the temperature of the
cladding stabilizes at around 38 ◦C and the temperature of the coating stabilizes at around
44 ◦C as the time gets longer. The ice-cream AR-HCF is a type of leaky fiber, so the change
in temperature is mainly due to the leakage of the input light. If the coupling efficiency
does not change, the temperature will not have an obvious change. The higher temperature
is caused by the leakage of light and it may be the surface temperature of the HCF, and
although the temperature is higher than that of an all-fiber structure solid-core fiber laser,
it is still safe to work stably.

 

Figure 6. Test results of (a) power stability and (b) temperature stability of the all-fiber gas cavity at about 100 W.

4. Conclusions

We have demonstrated the first AR-HCFs-based all-fiber gas cavity based on fiber end
caps. The cavity is fabricated by splicing a 1-meter-long ice-cream type of AR-HCFs with
two silica end caps at both ends using a large diameter splicing system. With a high-power
fiber source at 1080 nm, the characteristics of transmission efficiency, high-power capacity
and stability, heat treatment, etc., were tested without active cooling. Experimental results
show good stability of the all-fiber cavity at a high-power level. The maximum injecting
laser power is about 260 W with a total transmission efficiency of 78.1%. Under 200 W
incident power, the system can maintain a normal temperature. If a proper cooling system
is designed and adopted in the future, the power capacity can be greatly enhanced. This
work opens a new way for the development of high-power all-fiber FGLs.
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Abstract: Raman spectroscopy is widely used for qualitative and quantitative analysis of trace com-

ponents in scientific fields such as food safety monitoring, drug testing, environmental monitoring,

etc. In addition to its demonstrated advantages of fast response, non-destructive, and non-polluting

characteristics, fast online Raman detection is drawing growing attention for development. To

achieve this desirable capability, hollow core optical fibers are employed as a common transmission

channel for light and fluid in the Raman sensor. By enhancing the interaction process between

light and matter, the detection sensitivity is improved. At the same time, the Raman spectroscopy

signal light collection efficiency is significantly improved. This article summarizes enhancement

techniques reported for Raman sensors, followed by a detailed review on fiber-based Raman sensor

techniques including theoretical analyses, fabrication, and application based on hollow core photonic

crystal fibers and capillary-based hollow core fibers. The prospects of using these fibers for Raman

spectroscopy are discussed.

Keywords: Raman spectroscopy; capillary-based hollow core fibers; hollow core photonic crystal

fiber; detection

1. Introduction

Rapid detection and identification of chemical substances are of utmost importance
in many fields, such as food safety, drug monitoring, industrial wastewater discharging,
etc. [1,2]. There are many detection methods which can achieve very accurate qualitative
and quantitative detection for their respective application scenarios [3,4]. However, due to
the large size of the instrument, the complicated detection process, and the long detection
time, these detection methods cannot meet the requirements of fast online detection. Raman
spectroscopy is considered as the ‘fingerprint spectrum’ of the matter, which can be used
as non-destructive testing and is very suitable for rapid liquid sample testing [5]. However,
the Raman signal itself is very weak [6]. This shortcoming limits the application of Raman
detection. Much effort has been made to enhance the Raman signal, such as surface-
enhanced Raman spectroscopy, tip-enhanced Raman spectroscopy, etc., but these methods
are not suitable for fast detection. Moreover, multiple tests cannot be performed, which
leads to cross-contamination of the sample, and any impurities can seriously affect the
Raman scattering signal. The detection range is concentrated on the focal position of the
excitation light, and the interaction volume between the light and the sample is small.

The hollow core fiber (HCF) can confine the excitation light and the Raman signal in
the cavity to propagate at the same time. Through internal multiple reflections, the optical
path is lengthened, thereby increasing the volume of interaction between the light and
the sample and increasing the intensity of the Raman signal. At the same time, within the
fiber-enhanced Raman spectroscopy (FERS) structure, the diameter of the HCF used can
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reach hundreds of microns, which can perform liquid exchange faster, so as to achieve
rapid switching of test samples, which is more suitable for rapid test scenarios.

This paper presents a review of all-fiber online Raman sensors with hollow core
microstructured optical fibers. Firstly, the principle of Raman spectroscopy and the methods
for Raman signal enhancement are introduced in Section 2. Secondly, based on the overview
of Raman sensors with field enhancements, FERS is introduced with different types of
commonly used hollow core microstructured optical fibers in Section 3. The hollow core
can be used to guide light and sample flow simultaneously. Based on its enhancement
of interaction length, in Section 4, we theoretically analyze its enhancement mechanism.
Moreover, several in-fiber optical path modification methods are proposed to further
enhance the interaction length. Then, in Sections 5 and 6, we present a comprehensive
review of their applications in detail, focusing on hollow core photonic crystal fiber and
capillary-based hollow core fiber, respectively. In total, four kinds of optical fibers are
discussed and their applications are summarized. In Section 7, from the perspective of
testing samples, we also summarize the application cases of fiber-enhanced Raman sensors.
Finally, the prospects of using these hollow core microstructured optical fibers in Raman
spectroscopy are summarized and concluded.

2. Principle of Raman Spectroscopy and Overview of Raman Sensor
with Enhancement

2.1. Principle of Raman Spectroscopy

In 1928, Indian scientist C. V. Raman discovered a new scattering effect, known as the
Raman effect, when studying the liquid scattering of monochromatic light by a mercury
lamp [7]. The effect explains the wavelength shift of scattered light from a small fraction
of the molecules, which has a frequency different from that of the incident light, depend-
ing on the chemical structure of the corresponding molecule. Raman spectroscopy uses
scattered light to obtain information about molecular vibration, which can provide specific
information about structure, symmetry, molecular bonding, electronic environment, etc. [8].
Therefore, Raman spectroscopy can be applied to qualitative and quantitative analysis of
various compounds.

When light with a frequency interacts with matter, inelastic scattering will occur. The
wavelength of the scattered light of a small part of the molecule is shifted, and the photon
obtains vibration energy from the molecule. The energy of the scattered light is increased
and is called anti-Stokes Raman scattering, and on the contrary, the energy of the scattered
light is reduced to Stokes Raman scattering [9]. The energy level diagram is shown in
Figure 1. Since most of the molecules are in the ground state at room temperature, it
can be seen from the Boltzmann distribution that the Stokes scattering is much stronger
than the anti-Stokes scattering. Therefore, the Stokes scattering spectrum is usually used
when studying Raman scattering spectra. Raman spectroscopy uses scattered light to
obtain information about molecular vibration. As the vibrations of material molecules are
different, the Raman spectra are also different, so Raman spectroscopy is also called the
‘fingerprint spectrum’ of the object [5]. Using this characteristic of Raman spectroscopy, the
composition and concentration of the sample can be distinguished, and the qualitative and
quantitative analysis of the sample can be realized.
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Figure 1. Rayleigh scattering and Raman scattering energy level diagram. Reproduced with
permission [10].

2.2. Overview of Raman Sensor with Enhancement

As the Raman scattering signal is very weak, in recent years, many researchers have de-
voted themselves to researching methods to enhance the Raman signal with great progress.
They proposed enhancement methods include resonance Raman spectroscopy (RRS), co-
herent anti-Stokes Raman spectroscopy (CARS) [11], cavity-enhanced Raman spectroscopy
(CERS) [12], surface-enhanced Raman spectroscopy (SERS) [13], fiber-enhanced Raman
spectroscopy (FERS), etc.

Resonance Raman spectroscopy (RRS): In the 1950s, Shorygin et al. proposed that
when the excitation photon energy roughly matches the energy required for the electron
transition in the sample, the measured Raman spectrum intensity will increase signifi-
cantly. This method is called RRS, which can detect the Raman spectra of samples with
concentrations as low as 10−8 mol/L. RRS has been widely used in the analysis of various
luminescent biological samples, such as enzymes. The excitation light can be adjusted to
the specific absorption band of the active part of the enzyme. Therefore, RRS can selectively
determine its structure [14]. In addition, using different wavelengths of excitation light, the
vibrational spectra of various parts of biomolecules can be obtained [15].

Coherent anti-Stokes Raman spectroscopy (CARS): In 1965, Maker et al. [16] first
reported the ‘three-wave mixing experiment’. In 1974, Begley et al. [11] called it CARS. This
technology realizes vibration imaging with high sensitivity, high spectral resolution, and
a three-dimensional slice function. CARS is a non-linear detection technology based on
inducing coherent Raman on the target molecule. Two lasers are detected by the third laser,
and a coherent signal with a blue shift of frequency is generated in the direction of phase
matching. CARS is an effective method to measure the temperature and main component
concentration in the reaction fluid [17], and it can detect different molecular bonds in
various biological systems. CARS based on nanosecond, picosecond, and femtosecond
lasers also has a wide range of applications in gas-phase reaction streams [18].

Cavity-enhanced Raman spectroscopy (CERS): Since the Raman signal and laser power
are linear, the problem of low sensitivity of spontaneous Raman scattering can be solved
by using a higher power laser. One method is to place the Raman cavity and the gain
medium together in the laser resonator, so as to utilize the efficient laser power in the
laser resonator (in-cavity laser Raman spectrometer) [12]. Another method is to use the
laser power accumulated in the external optical cavity. Its simplest form is composed of
two highly reflective mirrors with two parallel sides. If the laser frequency is stabilized at
the resonant frequency of the cavity, then light can be efficiently coupled into the cavity,
and the laser power can be enhanced by several orders of magnitude. This kind of power
accumulation in an optical cavity can be used to improve the efficiency of spontaneous
Raman scattering, which is called CERS [19]. In 2001, Taylor et al. [20] realized the specific
application of CERS for the first time. Through the electronic feedback mechanism, the 1 W,
532 nm laser was stabilized in a short linear cavity, and the Raman cavity was placed in
the optical cavity. The Raman signal of hydrogen is detected from the 90◦ direction, but
the Raman cavity window causes a lot of optical loss, resulting in the enhancement factor
being limited to about 50 times.
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Surface-enhanced Raman spectroscopy (SERS): In 1974, Fleischmann et al. [13] dis-
covered the phenomenon of SERS. SERS can be used to detect and identify very low-
concentration molecular species. This method is based on adsorbing the analyte to the
surface of a metal structure, usually gold, silver, or copper, and mainly uses the local
electromagnetic field generated by the assembly of nanostructured materials and the strong
field enhancement generated by the electromagnetic coupling between the nanoparticles,
which overcomes the obstacle of small scattering cross-section [21]. Compared with normal
Raman scattering, the Raman scattering cross-section of the analyte in the SERS detection
method is increased by up to 15 orders of magnitude, and the Raman signal of the target
molecule is also increased by several orders of magnitude, so that SERS can even detect
the Raman signal of a single molecule. In recent years, in order to improve the stability
and reproducibility of SERS substrates, and to further increase the enhancement rate of
SERS, metal nanoresonators with more controllable shapes and reproducible shapes have
been introduced on solid substrates, such as a metal film on a nanosphere substrate and
metal-coated alumina nanoparticles.

Tip-enhanced Raman spectroscopy (TERS): Like other pure optical techniques, the
spatial resolution of standard SERS measurements is limited by the Abbe diffraction limit
λ/2, where λ is the wavelength of the incident radiation. However, this diffraction limit
may be overcome. In 2000, Zenobi et al. [22] showed that it is possible to couple Raman
spectroscopy with scanning tunneling microscopes or atomic force microscopes to form
a new spectral microscope tool, the so-called tip-enhanced Raman spectroscopy. In TERS
detection, the sharp AFM (or STM) tip made of SERS active metal is moved toward the
sample to be tested and irradiated with a laser [23], and the Raman scattering generated
by the sample under the tip is enhanced. Neacsu et al. [24] achieved the tip-induced
Raman scattering enhancement in the experiment, reaching 5 × 109. In this way, TERS can
detect Raman spectra with high spatial resolution. The TERS detection method is relatively
complicated. The current research of TERS aims to improve the sensitivity of detection,
such as detecting the Raman signal of a single molecule.

Fiber-enhanced Raman spectroscopy (FERS): Compared with normal Raman scat-
tering, the Raman signal enhancement multiples obtained by SERS, TERS, CERS, and
other methods are as high as ten orders of magnitude, but in most cases, the volume of
light–object interaction is very small, and the volume is proportional to the intensity of
the Raman signal. In addition, the molecules adsorbed on the metal surface are difficult
to clean, and any tiny impurities or pollution on the metal surface will significantly affect
the Raman signal [25,26], so these methods are not suitable for online detection that needs
to be reused. Therefore, this article mainly introduces the method of FERS. The Raman
scattering spectrum of the sample is detected by injecting the sample into the HCF. This
method is simple to use and is suitable for online rapid Raman detection. FERS is discussed
in detail in subsequent sections.

3. Fiber-Enhanced Raman Spectroscopy (FERS)

FERS is based on confining light and substances in the hollow core channel of the HCF.
On one hand, the sample and the excitation light can be fully used, and on the other hand,
the fiber can enhance the Raman light collection effect, enhancing the Raman signal [27].
Traditional waveguide transmission is based on total internal reflection, requiring the
core layer to have a higher refractive index than the cladding layer. However, for HCF,
the core layer is air, and the refractive index is lower than that of the cladding layer,
which cannot meet the condition of total internal reflection. Therefore, other methods are
needed to realize the hollow core waveguide, such as leveraging the photonic band gap
effect or anti-resonance to achieve hollow core guidance, or forming a liquid core with a
higher refractive index than cladding to achieve total internal reflection, coating a highly
reflective metal layer on the inner wall or hollow core photonic crystal fiber, etc., so that
light can be transmitted in the hollow core. According to specific applications, the current
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studies on FERS are mainly divided into hollow core photonic crystal fibers (HCPCFs) and
capillary-based HCFs.

3.1. Hollow Core Photonic Crystal Fiber (HCPCF)

HCPCF is a special type of microstructured optical fiber. The current applications in
Raman detection mainly include two types of HCPCF, hollow core photonic band gap fiber
(HCPBGF) and hollow core anti-resonant photonic crystal fiber (HCARF). HCPCF has the
characteristics of hollow structure, small dispersion, small non-linear coefficient, and low
transmission loss. It has important application value and broad application prospects in
the interaction of light and gas, high-energy laser transmission, pulse compression, optical
fiber sensing, and next-generation optical communications [28].

For HCPBGF, several capillaries are removed in the center to form the hollow core, and
the surrounding capillaries are arranged in a honeycomb structure to form a cladding, as
shown in Figure 2a. For the HCARF, the cladding can be composed of several non-contact
thin-walled capillaries, and the beam is confined in the core by enhancing the reflection of
the incident light when it meets the thin wall of the cladding, as shown in Figure 2b.

 

(a) (b) 

Figure 2. (a) Cross-section of HCPBGF. Reprinted with permission from [29]; © The Optical Society.
(b) Cross-section of HCARF. Reprinted from [30], copyright (2019), with permission from Elsevier.

3.2. Capillary-Based Hollow Core Fiber (HCF)

Compared with HCPCF, capillary-based HCF has a large hollow core aperture, which
can increase the volume of light and confine the light while realizing rapid switching of
the sample, without requiring a large pressure to inject the sample. Capillary-based HCFs
have two main categories, namely metal-lined hollow core fiber (MLHCF) and liquid core
fiber (LOF).

For MLHCF, the inner wall of the glass capillary tube is plated with metal to increase
the reflectivity to ensure the transmission of light in the core. Due to the high reflectivity
of the metal, the Raman signal can be bound in the capillary core to improve the signal
collection efficiency. In addition, the inner diameter of the inner aluminized capillary tube
is large, liquid can be injected directly under normal pressure, and cross-contamination is
small when changing the sample, which is suitable for fast and convenient online detection.
The hollow core aperture of the MLHCF is generally several hundred microns. The sample
is injected into the fiber, the excitation light emitted by the laser is coupled into the hollow
core from one end of the inner MLHCF and is bound in the capillary under the action of
the metal layer [31], and the light interacts with the sample to generate Raman light. A part
of the Raman scattered light continues to propagate forward, and a part is reflected back to
the incident end [32,33]. Therefore, the receiving end of the Raman signal can be divided
into transmission Raman detection and reflection Raman detection.
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For LOF, its discovery originated in the mid-19th century, when people first conducted
scientific research on light guidance in liquids. It was not until 1970 that scientists began to
use LOFs as potential communication media [34,35]. The liquid core fiber is composed of
a small-diameter glass tube filled with high refractive index liquid, and has low loss in the
near-infrared band [34,36], which has obvious practical significance. Compared with tradi-
tional experimental equipment, LOF has great advantages in analog communication [37].
In spontaneous Raman spectroscopy, by limiting the excitation radiation and effectively
collecting Raman scattered light with a long interaction length, the liquid core fiber can
produce an enhancement factor that is 1000–3000 times higher than that of the traditional
fiber [38]. There are also huge advantages in the application of absorption spectroscopy [39]
and fluorescence spectroscopy [40].

In addition to the enhancement based on HCPCF and HCF, further enhancement can
be achieved by introducing optical path configurations, such as a Sagnac loop, capillary
with an inserted reflector, and capillary with an inserted FP cavity. The theoretical part of
the enhancement by the optical path configuration will be explained in Section 4.2, and the
experiment will be shown in Section 6.1.2.

4. Theoretical Analysis

4.1. Theoretical Analysis of FERS

The signal enhancement is mainly caused by the increased interaction length between
confined light and samples in the HCF, which provides high-efficiency Raman signal
collection. The Raman scattering signal can be described by the equation [41]:

P ∝ mσVI0(ν0 − νr)
4. (1)

In Equation (1), m is the number of molecules per unit volume, σ is the Raman
scattering cross-section of each molecule, V is the sample volume that is irradiated by the
pump light, and the scattered light can be received. I0, ν0, and νr are the intensity of the
excitation light, Raman light frequency, and excitation light frequency, respectively. The
enhancement of the Raman signal can be obtained by increasing the intensity of excitation
light including selecting a high-power laser and optical focusing. However, the former
easily causes optical loss and thermal effect. Additionally, the latter reduces the volume of
the light object while increasing the intensity of light, which is only applicable to the case
of limited sample volume [42].

When the laser power is constant Pp, if the power distribution of the excitation light
on the sample is uniform, the light intensity can be expressed as Pp/S, where S is the
cross-sectional area of the sample, L is the optical path length, and the volume can be
expressed as SL. Hence, the increase in optical path length could enhance the Raman light.

Another key consideration in increasing the Raman signal is the collection efficiency of
the signal. As shown in Figure 3a, in the case of beam focusing, only the Raman light at the
focal point in the lens numerical aperture (NA) can be accepted, and the collection efficiency
is η = Sfoucus·h·Ωobj/4π. For the case of introducing the HCF, as shown in Figure 3b, the
HCF can collect the Raman signal in the entire hollow core, which is a large-volume signal.
This enhancement mechanism is called volume-enhanced Raman scattering. At this time,

the collection efficiency is η = 1/2·SL·min
(

Ωobj/ΩHCF, 1
)

. Ωobj and ΩHCF are the solid

angles corresponding to the NA of the lens and the HCF, respectively. For the focusing
structure, only the samples in the excitation light focus volume Sfocus·h can be excited by
the excitation laser in the optical path to generate Raman signal (Sfocus is the focal area
and h is the depth of focus). In addition, the Raman scattered light diverges uniformly in
all directions, and only the Raman light within the solid angle Ωobj/4π corresponding to
the NA can be received by the lens. Compared with the lens, HCF is more advantageous
because of the large NA and the capacity for confining the Raman light within the entire
fiber. At the output end, if the NA of the lens is smaller than that of the HCF, then the
Raman optical coupling efficiency is Ωobj/ΩHCF.
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Figure 3. (a) The excitation light is focused on the object. (b) The excitation light is coupled into the
HCF and has a long acting distance. Reprinted with permission from [43] © The Optical Society.

4.2. Theoretical Calculation of Raman Signal Enhancement

Through theoretical calculations, the Raman signal strength can be estimated. Here,
we mainly discuss the calculation of Raman signal intensities in direct detection and the
structure with MLHCF.

In the case of direct detection by the Raman probe, only the Raman light within the
focal volume of the probe lens can be received by the probe. The focus volumes of different
lenses are different, but the focus volume is very small compared to the hollow core volume
of the MLHCF. The Raman signal intensity Pprobe in the direct detection structure can
be expressed by Equation (2), the focal volume can be equivalent to a cylinder, and h
is the focal depth of the lens. Sfocus is the cross-sectional area of the focus volume and
ηprobe = Ωobj/4π is the receiving efficiency of the lens. Since the Raman light diverges in
all directions, only the Raman light within the solid angle corresponding to the NA of the
lens can be received by the probe.

PProbe =
∫ h

0
σmSfocusηprobeI0 exp(−κ1l) exp(−κ2l)dl (2)

In the case of using the structure with MLHCF, gold and silver have high reflectance
for both 785 nm excitation light and its Raman light, so the MLHCF with gold or silver
inside can effectively confine the light. As shown in Figure 4b, the Raman probe is coupled
with the MLHCF through the optical fiber. The Raman light in the HCF with the same
transmission direction as the excitation light is called transmitted Raman light, and the
Raman signal propagating in the opposite direction is called reflected Raman light. Our
research group selected the Raman spectrometer from Bidatek, and the structure of the
Raman probe is shown in Figure 4a. The excitation light is irradiated onto the sample
through the band-pass filter, dichroic mirror, and lens. If the excited Raman light is within
the NA angle of the lens, it will be received by the lens, and will enter the receiving fiber
through the dichroic mirror, mirror, and long-pass filter for Raman signal analysis. Band-
pass filters and dichroic mirrors are used to prevent excitation light from entering the
excitation fiber and damaging the laser. The long-pass filter is used to prevent the stronger
excitation light from entering the receiving fiber.
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Figure 4. (a) Internal structure diagram of Bidatek Raman probe. (b) Detection principle diagram of
MLHCF. Reproduced with permission [10].

When the excitation light is transmitted from the optical fiber to a position
with a distance l from the optical fiber, the excitation light intensity I will be atten-
uated to I ∗ exp(−κ1l). The reflected Raman light excited here will be attenuated to
I ∗ exp(−κ1l)∗ exp(−κ2l). Considering that only the Raman light irradiated within
the core diameter of the optical fiber and within its maximum receiving angle range
can be received by the optical fiber, the receiving efficiency is
η = (d/D)2 ∗ (2π(1 − cosα)/4π) ∗ (Ωobj/Ωfiber), where d is the fiber core diameter, D
is the inner diameter of the HCF, α is the maximum acceptance angle of the fiber, Ωfiber
and Ωobj are the solid angles corresponding to the NA of the lens and the fiber, respectively.
The intensity of the reflected Raman signal and transmitted Raman signal received by
the Raman probe in the structure of Figure 4b can be expressed by Equations (3) and (4).
Compared with the direct detection, the Raman signal can be significantly enhanced by
using the structure with MLHCF.

PR =
∫ L

0
σmπ

(
D
2

)2

ηI0 exp(−κ1l) exp(−κ2l)dl (3)

PT =
∫ L

0
σmπ

(
D
2

)2

ηI0 exp(−κ1l) exp[−κ2(2L − l)]dl (4)

Besides using MLHCF, there other structures which are used to enhance the interaction
length of light objects and the efficiency of collecting Raman light, including a Sagnac loop,
capillary with an inserted reflector, and capillary with an inserted FP cavity.

4.2.1. Sagnac Loop

As shown in Figure 5, the Sagnac loop allows the excitation light to enter and exit
from both ends of the HCF simultaneously. In this way, both the transmitted Raman light
and the reflected Raman light can be collected. The Raman light can be divided into four
parts: the transmission and reflection Raman signals generated by the excitation of the two
ends, respectively. The reflected Raman signal and the transmitted Raman signal output by
the excitation light I1 generated by the optical fiber 1 are:

PR(L,) = σmπ

(
D
2

)2

ηI1

∫ L

0
exp(−κ1l) exp(−κ2l)dl, (5)

PT(L, I1) = σmπ

(
D
2

)2

ηI1

∫ L

0
exp(−κ1l) exp[−κ2(L − l)]dl. (6)
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Figure 5. Diagram of light propagation in the Sagnac loop. © (2018) IEEE. Reprinted, with permission,
from [32].

In the same way, PR(L, I2) and PT(L, I2) can be obtained, so the total Raman optical
signal is:

Ptotal(L, I1, I1) = PR(L, I1) + PT(L, I1) + PR(L, I2) + PT(L, I2). (7)

Comparing the intensity of Raman detection before and after adding Fiber 2 to the
end, the Raman enhancement ratio of the structure of the Sagnac loop is:

γ =
Ptotal

PR(L, I1)
. (8)

Jin et al. reported that the Raman enhancement ratio of the structure is about four
times [44], which confirms that the all-fiber detection system with a Sagnac loop is a very
effective way to enhance the Raman signal.

4.2.2. Capillary with an Inserted Reflector

In the capillary with an inserted reflector structure, a metal reflective film is placed
on the other port opposite the laser in the HCF which can reflect the excitation light and
Raman light back to the probe, thereby increasing the distance of the light object and the
Raman light receiving efficiency. In this structure, the Raman signal is also divided into
four parts as Figure 6 shows, the reflected Raman light intensity P1 and the transmitted
Raman light intensity P2 generated by the excitation light transmitted to the HCF. After
passing through the cavity again, the reflected Raman light intensity P3 and the transmitted
Raman light intensity P4 are generated. The formulas are as follows:

P1 = σmπ

(
D
2

)2

ηI0

∫ L

0
exp(−κ1l) exp(−κ2l)dl, (9)

P2 = σmπ

(
D
2

)2

ηI0R
(

d
D

)2 ∫ L

0
exp[−κ1(2L − l)] exp(−κ2l)dl, (10)

P3 = σmπ

(
D
2

)2

ηI0R
(

d
D

)2 ∫ L

0
exp(−κ1l) exp[−κ2(2L − l)]dl, (11)

P4 = σmπ

(
D
2

)2

ηI0R
(

d
D

)4 ∫ L

0
exp[−κ1(2L − l)] exp[− κ2(2L − l)]dl. (12)

Therefore, the total light intensity is:

Ptotal = P1 + P2 + P3 + P4. (13)
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P୲୭୲ୟ୪/Pଵ
Figure 6. Raman signal transmission diagram in the capillary with an inserted reflector.

The enhancement by the inserted reflector is Ptotal/P1 in comparison with a structure
without the inserted reflector. Chu et al. reported the enhanced Raman signal to be around
1.73 times using the capillary with an inserted gold surface reflector [45].

4.2.3. Capillary with an Inserted FP Cavity

In the capillary with an inserted FP cavity structure, a long-pass filter and a metal
reflector are introduced on both sides of the HCF cavity to confine the excitation light to
reflect back and forth in the cavity until the light intensity attenuates to zero, as shown in
Figure 7. It can be seen that the expression of light intensity is an infinite series, and we
calculate the sum of it and obtain the light intensity at position x in the cavity as:

Ie(x, l) =
I1(x) + I2(x, l)
1 − R1R2e−2αl

(14)Iୣ(x, l) = Iଵ(x) + Iଶ(x, l)1 − RଵRଶeିଶ஑୪

P = σmπ(D2)ଶηන [eି஑(୪ି୶) + eି஑(୪ା୶)]Iୣ(x, l)dx.୪
଴

Figure 7. Schematic diagram of excitation light reflecting back and forth in the cavity, while the total
light intensity is their scalar summation. Reprinted with permission from [46] © The Optical Society.

From the calculation formula of the Raman signal, the Raman signal can be obtained as:

P = σmπ

(
D
2

)2

η

∫ l

0

[
e−α(l−x) + e−α(l+x)

]
Ie(x, l)dx. (15)

Yu et al. reported that in the comparison with the structure without an inserted FP
cavity, the enhancement ratio can reach about five times [46]. Here, we list the enhancement
ratios of the three structures above in Table 1, and the specific experiment details will be
described in Section 6.1.2.
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Table 1. Comparison of the enhancement ratios of three different optical path configurations.

Sagnac
Loop

Capillary with an Inserted
Reflector

Capillary with an Inserted
FP Cavity

Enhancement Ratio 4 [44] 1.73 [45] 5 [46]

5. Photonic Crystal Fiber for Raman Sensing

5.1. Hollow Core Photonic Band Gap Fibers (HCPBGFs)

For HCPBGF, several capillaries are removed in the center, and the surrounding
capillaries are arranged in a honeycomb structure to form a cladding [47]. The cladding is
composed of SiO2 and periodic arrangement of air holes. The transmission characteristics
depend on the shape, size, and arrangement of air holes in the cladding. Different structures
result in different photonic band gaps. When the light wave is incident on the core-cladding
interface, the light wave is strongly scattered by periodic air holes in the cladding, and the
light wave with specific wavelength satisfying the Bragg condition will return to the core
by the photonic band gap effect [48]. Therefore, HCPBGF has strong wavelength selectivity
for light transmission [49]. Only the light within the band gap can be transmitted, and
the light beyond the band gap will leak into the cladding and redistribute in the cladding.
Therefore, when designing the Raman experiment, it is necessary to design the structure
of HCPBGF according to the Raman frequency shift range of the detected sample, so that
the excitation light and Raman light are in the band gap of the fiber, so as to realize the
desirable transmission of the signal. Only in this way can we strengthen the control of the
excitation light and Raman light, and increase the interaction between light and matter.

The transmission loss of HCPBGF is very low for sensing applications, e.g., 1 dB/km [50],
and the diameter of a hollow core hole is usually 5–30 µm. NA of HCPBGF is 0.2 [9],
allowing transmission of a high-intensity laser in the hollow core for a long distance and
collection of a strong Raman signal, with the enhancement factor being up to three orders of
magnitude. Therefore, HCPBGF is very suitable for applications requiring high sensitivity
and a low detection limit.

The band gap range of an HCPBGF is related to factors such as air filling ratio, effective
refractive index, and air hole spacing. Based on the expression for the longitudinal wave
vector of the light wave, ka = 2πa

λ
[51], where a is the aperture of the air hole, it can be seen

that the shorter the wavelength, the smaller the aperture of the air hole that is needed. In
other words, the photonic band gap period becomes smaller. At present, the wavelength
in the photonic band gap of most HCPCFs is limited to the infrared communication band
(0.85–1.55 µm). Due to the small wavelength of the visible light band, the microstructure
size of the optical fiber needs to be greatly reduced compared with the transmission of
infrared wave band light waves [52], which brings a certain degree of difficulty to the
preparation of the optical fiber.

When the HCPBGF is filled non-selectively with liquid in all the air holes, the band
gap of the photonic crystal fiber will move to a shorter wavelength due to the change in the
refractive index of the cladding and the core, and the spectral width of the band gap will
be narrow due to the decrease in the dielectric contrast, which limits the selection of the
excitation wavelength and the available range of the Raman spectrum. In order to solve the
problem of band gap narrowing caused by non-selective filling, it is necessary to selectively
fill the photonic crystal fiber, that is, only the sample enters the hollow core hole, and the air
holes in the cladding are not filled. One method is to use polymer to block the air holes of
the cladding, but polymer will produce a strong fluorescence background, so this method
is not suitable for FERS. Another method is to heat the cladding honeycomb structure to
make it collapse, while the hollow core with bigger pore size remains hollow, so that only
the sample is passed into the core, as shown in Figure 8. In this case, the HCPBGF can
realize light transmission by total internal reflection in the whole visible and near-infrared
spectrum range [53]. This novel fiber-enhanced method is used for the detection of the
commonly used broad-spectrum antibiotic moxifloxacin, in which only 4 nL of sample
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is required, and the detection limit is as low as 1.7 µM, making it possible to detect the
concentration of antibiotics in serum or other body fluids without damage and with high
sensitivity and rapid detection.

μ

kୟ = ଶ஠ୟ஛
μ

μ

  

(a) (b) 

Figure 8. Raman detection principle diagram of hollow core photonic crystal fiber. (a) Raman light is
generated by the interaction between the substance and the laser in the HCPCF. The green represents
the laser transmitted in the central hole, and the red represents the Raman spectrum. (b) A cross-
sectional view of a hollow core photonic crystal fiber selectively filled with a central hole. Reprinted
with permission from [53]. Copyright (2017) American Chemical Society.

There are two kinds of loss in HCPBGF: limiting loss and scattering loss [54]. The
limiting loss refers to the optical loss caused by the leakage of some conducted light from
the cladding during transmission. The limiting loss can be reduced by increasing the
number of air holes in the cladding [55]. Scattering loss refers to the loss due to surface
roughness induced by surface capillary wave inevitably due to thermodynamic reasons
during the pulling of HCPBGF. The core wall can be designed to reduce the roughness of
the inner wall to reduce the scattering loss [56]. The lowest reported loss of HCPBGF is
about 1 dB/km [50]. Hanf et al. measured the Raman spectrum of H2 in the HCPBGF, with
the equipment as shown in Figure 9a, and studied the influence of different hollow core
apertures (Figure 9b) on noise and SNR, and the result is shown in Figure 9c. The result
shows that in a certain range, the larger the pinhole size is, the greater the noise is and the
smaller the SNR is [57].

 
 

(a) (b) (c) 

μ

Figure 9. (a) Schematic sketch of the experimental setup for HCPBGF. (b) Electron microscopic
picture of the fiber end face. The circular areas marked by ‘1’, ‘2’, ‘3’, and ‘4’ are the collection areas
with pinholes sizes of 10, 15, 25, and 50 µm in the focal plane. (c) Raman spectrum of H2 and the
background silica Raman signal of different fibers. Reprinted with permission from [57]. Copyright
(2015) American Chemical Society.

Khetani et al. [58] realized the detection of heparin concentration in bovine serum by
using HCPBGF, and the Raman signal intensity was more than 90 times stronger than that
of direct detection, and strong mode field overlap was achieved by non-selective filling.
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However, the hollow hole of the HCPBGF is very small, which limits the speed of the
sample in and out, and the sample cannot be switched quickly. Therefore, this kind of fiber
is not suitable for high-throughput, online detection applications.

5.2. Hollow Core Anti-Resonant Fiber (HCARF)

The concept of anti-resonance comes from the anti-resonance planar waveguide pro-
posed by Duguay et al. in 1986 [59]. The optical guiding principle of HCARF can be
explained by the principle of an anti-resonant reflecting optical waveguide. The light that
can be constrained in the fiber is mainly determined by the thickness of the quartz wall in
the cladding. When the light is coupled in the core and transmitted to the interface between
the core and cladding, the light near the resonant frequency will leak, and other frequen-
cies of light can achieve low loss transmission in the core. That is, the light sandwiched
between the specific wavelengths meeting the resonance conditions can be transmitted in
the core region, so the region of anti-resonance wavelengths is very wide, which means
that the wavelength range transmitted in the core is wide. As the HCARF has a large
core and hole spacing, in addition to the advantage of a wide light guide band, it also
has low transmission loss, a high damage threshold, single-mode light guide, and other
advantages [60].

Due to the photon transmission in the air, the non-linear effect is greatly reduced in
HCARF. In addition, HCARF has the characteristics of low transmission loss in the mid-
infrared band and a flexible and controllable transmission spectrum [61,62], and is especially
suitable for mid-infrared fiber gas lasers. At present, there have been experiments using
HCARF for trace detection of gases. In 2018, a high peak power mid-infrared Raman laser
output was reported based on a nodeless HCARF with a high-performance near-infrared
and mid-infrared broad spectrum light guide [63,64], as shown in Figure 10. Knebl et al.
successfully used HCARF for Raman gas sensing and demonstrated its application in
environmental science [41,65]. In addition, the research of measuring Raman scattering
spectra by HCARF for trace detection is also being developed further [66].

 

(a) 

 

(b) (c) 

Figure 10. (a) Mid-infrared gas Raman laser device. (b) When the pressure of methane gas is 1.5 MPa
and the pumping power is 381 mW, the Raman spectra obtained are inset for the near field mode at
the wavelength of 1064, 1544, and 2812 nm. (c) Quantum conversion efficiencies versus the coupled
input power at first and second Stokes. Reprinted with permission from [64] © The Optical Society.
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6. Capillary-Based Hollow Core Fiber for Raman Sensing

6.1. Metal-Lined Hollow Core Fiber (MLHCF)

For application scenarios that require high time resolution and fast sample switching,
HCF with a large core diameter is more suitable. For example, MLHCF has a hollow core
aperture of several hundred microns, so there is no need to pressurize when injecting the
sample, and its cross-section is shown in Figure 11a. The choice of the plated metal is
based on the required transmission conditions. For infrared light waveband transmission,
it is preferable to choose a gold-plated film. Silver-plated film and aluminized film are
more suitable for visible light waveband transmission and ultraviolet light waveband
transmission, respectively [41]. The transmission of light is based on the high reflectance
of the metal film. The transmission principle is shown in Figure 11b. Due to multiple
reflections of light in the waveguide, the surface roughness or defects of the metal film
will cause high loss. The magnitude of the loss is related to the wavelength and the angle
of incidence. The shorter the wavelength and the smaller the incident angle, the smaller
the loss.

  

(a) (b) 

Figure 11. The structure and light guiding principle diagram of MLHCF. (a) Structure diagram.
(b) Transmission mechanism of light in MLHCF. Reproduced with permission [10].

Although the MLHCF has a larger transmission loss than the HCPBGF, it can enhance
the signal collection efficiency and significantly increase the Raman signal strength, and is
used in many detection scenarios. James et al. [67] used the internal silver-plated hollow
core fiber (SLHCF) to dynamically monitor trace gases, and realized the real-time detection
of various gases during the formation of HD by H2 and D2 under the action of a catalyst,
with a detection limit of 100 ppm. The device is equipped with metal caps at both ends
of the SLHCF to prevent laser light from entering the glass layer of the fiber and reduce
the fluorescent background. Pearman et al. [68] used multiple optical fibers to receive the
Raman light in the SLHCF, and detected the concentration of N2, CO2, and CH4, and the
device is shown in Figure 12a. Compared with the non-silver-plated HCF and the direct
detection with a Raman probe, it can be seen from Figure 12b that this method enhanced
the Raman signal of non-absorptive gases by 20 times.

In addition, the detection of Raman light in MLHCF needs to consider the effects
of fluorescence and background light. The laser optical components and HCF will pro-
duce fluorescence, which affects the shot noise of the background spectrum and reduces
the signal-to-noise ratio, thereby affecting the detection limit. The most straightforward
method can reduce the fluorescence by reducing the number of optical devices, while pre-
venting the spectrometer from receiving the fluorescence from the glass layer. In addition,
Okita et al. [69] covered the end face of the HCF, and Mullen et al. [70] coated the end
face of the HCF with a layer of silver, which not only prevented the laser from entering
the HCF from the end face, but also prevented the glass fluorescence from being received
by the spectrometer. In addition, the imperfect optical coupling and transmission loss of
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the optical fiber will cause background signals to be generated, causing great problems
for trace detection. Rupp et al. [71] studied how to improve the Raman detection limit
by reducing the fluorescent background of the MLHCF. The longer the wavelength of
the excitation light, the smaller the fluorescence signal of the glass, and the noise can be
reduced by adjusting the window structure of the optical device and the Raman cavity in
the optical path.

 

(a) (b) 

Figure 12. (a) Experimental setup for the collection of MCC Raman scatter. (b) Comparison of
experimental results of H2 in air and MCC. Reprinted with permission from [68] © The Optical Society.

6.1.1. Fabrication Method

The MLHCF used in our studies is the SLHCF produced by Doko Engineering in
Japan [72]. The difficulty in manufacturing this kind of optical fiber lies in how to coat the
inner wall of the hollow core glass optical fiber with uniform and smooth metallic silver
and how to prevent the oxidation of the silver. The company’s production principle is
to use liquid deposition technology to form metal and dielectric coatings in silicon tubes.
Firstly, polyimide film is coated on the outside of the thin-walled silicon tube to enhance
the strength of the silicon tube. Secondly, the traditional electroless plating technique is
used to deposit a layer of silver in the silicon tube, which includes a mixed silver solution
and a retarding fluid. Finally, the dielectric film of silver iodide is formed by the iodine
flowing in the tube, that is, the metal and dielectric coatings are formed in the silicon tube.
The inner wall of the SLHCF manufactured by this method is smooth, with an average
roughness of only 0.04 µm, and low transmission loss and bending loss. Using this method,
waveguides with hollow core apertures of 250, 320, 530, and 700 µm and lengths of up to
6 m have been manufactured successfully. This method has simple production process, low
cost, and is suitable for mass production.

At the same time, our research group has a set of equipment for MLHCF based
on an evaporation method. We chose the VNANO/VZZ-300S high vacuum resistance
evaporation coating equipment of Beijing Wiener Vacuum Technology Co., Ltd. to make
the coating in house. This method can vapor-deposit the end surface of the part or the outer
wall of the glass tube by rotary evaporation. Using this method, after evaporating metal on
the outer wall of the glass tube, polyimide or ultraviolet glue is coated on the outside of
the metal, and finally hydrofluoric acid is used to corrode the inner glass and the unevenly
corroded parts at both ends are cut. With this method, we successfully manufactured
gold-plated and aluminized capillaries, but the coating was uneven and the transmission
loss was large.

To connect the capillary and the incident fiber (Fiber 1), there are two main methods:
free space coupling and inserting coupling [73,74]. In the free space coupling configuration,
as shown in Figure 13a, the incident laser is coupled by the convergence of the objective
lens. When using this method, the focus position has to be readjusted every time, and
the integration of the system is not optimal. In the inserting coupling configuration, as
shown in Figure 13b, the incident laser is directly inserted into the capillary, which forms
an all-fiber system with high integration. It should be noted that the difference between the
inner diameter of the incident fiber and the capillary should be small to minimize the light
leakage. Incident laser enters the capillary through Fiber 1 and interacts with the sample
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in the capillary to generate the Raman signal. The reflected Raman light is received and
detected by Fiber 1 [44].

 

(a) (b) 

 

μ μ

Figure 13. (a) The schematic diagram of free space coupling. (b) The schematic diagram of inserting
coupling [10].

6.1.2. Enhancement by Optical Path Configurations

In addition to the enhancement based on different types of optical fibers, further
enhancement can be achieved by optical path configurations. As the Raman signal is very
weak, MLHCF detection-based enhancement is not sufficient. Therefore, our research group
proposed to several optical path configurations, including the addition of a Sagnac loop,
capillary with an inserted reflector, and capillary with an inserted FP cavity to enhance the
detection of Raman signals in the MLHCF.

• Sagnac Loop

In addition to the enhancement by MLHCF to increase the interaction distance of the
light and object for improved Raman light collection efficiency, the Sagnac loop configura-
tion can also collect the reflected and transmitted Raman signals at the same time to further
improve the Raman light collection efficiency. The structure of the Sagnac loop is shown
in Figure 14a. Two large-core optical fibers are inserted into opposite ends of the SLHCF
to form a Raman cavity; the other ends of the optical fibers are tightly glued together to
form a Sagnac loop, which is coupled with the Raman probe. The structure diagram of
the SLHCF is shown in Figure 14b. The thickness of the silver film is 200 nm, the hollow
core aperture is 320 µm, and the outer diameter is 450 µm. The large-core fiber structure is
shown in Figure 14c.

 

μ μ

Figure 14. Sagnac ring experimental device diagram. (a) Sagnac loop diagram. (b) Capillary diagram.
(c) Large-core diameter fiber after cutting. © (2018) IEEE. Reprinted, with the permission, from [32].

To demonstrate the enhancement by the Sagnac loop structure, a comparison of
detecting the Raman signal of isopropanol (ISO) from the Raman probe with and without
the Sagnac loop was performed. Firstly, the reflection Raman spectrum from the Raman
probe without the Sagnac loop is plotted as the blue line in Figure 15a. Only one fiber was
inserted into the capillary and only the reflection Raman spectrum was measured. Next,
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equal power was pumped into both fibers in the Sagnac loop structure and the overall
Raman spectrum consisting of both transmission and reflection Raman signals is plotted
as the yellow line in Figure 15a. The yellow line shows a clear amplification of 3.72 times
at 819 cm−1 (C-C-O band) while the total excitation optical power doubled in the Sagnac
loop configuration [75]. The theoretical analysis suggested an increase of 3.99 times by the
Sagnac loop, which matched well with the experimental results. In addition, the device
was also demonstrated to detect samples with different concentrations, which proves that
the all-fiber Raman cavity has the prospect of realizing online, portable, and fast Raman
detection [69,70].

−

 
 

(a) (b) 

 
 

(c) (d) 

 

μ
μ

−

Figure 15. Raman signal enhancement experiment results of different structures. (a) Raman spectrum
of ISO in Sagnac loop. © (2018) IEEE. Reprinted, with the permission, from [32]. (b) Raman spectrum
of ethanol in capillary with an inserted reflector. Reproduced with permission [10]. (c) Comparison
of Raman spectra for ethanol detected by SLHCF and direct detection [27]. (d) Raman spectrum of
ethanol in an inserted FP cavity. Reprinted with permission from [46] © The Optical Society.

• Capillary with an inserted reflector

The second optical path configuration is the capillary with an inserted reflector as
shown in Figure 16a. The structure used in the experiment is an SLHCF and a gold-plated
glass fiber at the end. Two fibers were connected with the capillary by inserting coupling.
The experiment used a capillary length of 3 cm and a capillary diameter of 320 µm. The
diameter of the gold-plated inserted reflector on the end surface was 275 µm, and the
attenuation coefficient was 23 m−1. The experimental parameters and results were used
in Formula (13) to calculate the theoretical enhancement ratio of the capillary with an
inserted reflector compared with that of the structure without the reflector. The theoretical
enhancement factor of 785 nm excitation light was 31.5 times when the cavity length was
3.1 cm. In order to verify the volume enhancement mechanism of the gold film reflection,
the experimental parameters remained unchanged. In the case of 785 nm excitation light
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power of 36.2 mW and integration time of 2 s, we measured the Raman spectra of ethanol
under four different conditions: the SLHCF with gold film reflection structure, the structure
after cleaning, the SLHCF without gold film reflection structure, and the free space. The
experimental results of the Raman spectrum are shown in Figure 15b.

−

−

 

 

 

(a) (b) 

Figure 16. (a) Capillary with an inserted reflector structure diagram [10]. (b) Capillary with an
inserted FP cavity detection experimental device structure diagram. Reprinted with permission
from [46] © The Optical Society.

First of all, the Raman peak intensity at the Raman frequency shift of 881 cm−1 (C-C-O
band) based on the SLHCF without the gold film structure was 28 times stronger than that
of direct detection in free space. Secondly, the intensity of the Raman peak at 881 cm−1

of the gold reflection structure was 1.76 times stronger than that of the SLHCF structure
without gold film, so the total volume enhancement factor was 49.3 times. Next, the SLHCF
was rinsed with ethanol and deionized water, and subsequently the Raman detection was
performed. It can be seen that the sample was completely flushed out of the SLHCF without
any residue. In summary, the gold reflection Raman detection device with an inserted
reflector has several desirable properties. It can significantly enhance the collected Raman
signal compared to the direct detection method. The device can be reused. Furthermore,
both the sample entry and exit rates were also fast, which is very suitable for rapid detection
application scenarios.

• Capillary with an inserted FP cavity

The capillary with an inserted FP cavity detection is established on the basis of the
SLHCF and the end surface reflection structure. The structure is presented in Figure 16b.
The FP cavity used a large-core diameter fiber with a gold-plated reflective surface and
a 792 nm long-pass coating at both ends. At the output end of the fiber, 46 layers of film were
plated on the end face of the large-core fiber with a thickness of 5300 nm, and multilayer
materials with different refractive indices separate light with different wavelengths, so as to
achieve the effect of separating excitation light and Raman light. The gold-plated reflective
surface can reflect the Raman light and the excitation light back into the cavity at the same
time, and the long-pass coating only allowed the Raman light whose wavelength is longer
relative to the excitation light to pass through, so that the Raman light directly went to the
detection unit. The excitation light was reflected back into the cavity, thereby increasing the
interaction distance between the light and the substance, and at the same time increasing
the collection efficiency of the detection signal.

In order to prove the enhancement effect of SLHCF on signal detection, the comparison
of signal strength between SLHCF and direct detection was verified by experiments, and
the results are shown in Figure 15c [27].

The experiment detected the Raman signal of ethanol liquid under the conditions of
20 mW excitation light and 10 s integration time. Three different conditions were measured:
the SLHCF with FP cavity structure, the SLHCF without FP cavity structure, and bare fiber
tip. The experimental results are shown in Figure 15d. The orange lines represent the
Raman signal intensity detected in the FP structure, while the blue lines represent no FP
cavity structure. The Raman characteristic peak with a bare fiber tip is represented by the
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green curve. Compared with the structure without FP cavity, the ethanol Raman signal of
the structure with FP cavity was increased by five times. Compared with bare fiber tip,
Raman light intensity of the structure with FP cavity was increased by 86 times, which had
a good gain effect [46].

6.2. Liquid Core Optical Fiber (LOF)

LOF is a new type of optical transmission element that uses liquid material as the core
material and polymer or quartz material as the sheath layer [76]. When the refractive index
of the core liquid is higher than the refractive index of the skin tube, the sample can be
confined in the waveguide to increase the interaction distance between the light and the
substance [77], and increase the optical sensitivity and the efficiency of spectrum collection.
LOF also has the advantages of large core diameter, large NA, wide spectrum transmission
range, and high light transmission efficiency.

When the cladding material is quartz or glass (the refractive index is about 1.46), the
refractive index of the liquid as the core must be greater than 1.46, which severely limits
the application of LOF [78]. The new polymer LOF can be designed with a low refractive
index cladding. At present, polytetrafluoroethylene (PTFE) material is commonly used as
the cladding in LOF. PTFE has excellent chemical stability and corrosion resistance. The
refractive index of the PTFE material (Teflon AF2400) produced by DuPont in the United
States can be as low as 1.29, and the refractive index of domestic PTFE material is 1.35 [79].

Altkoen et al. designed a tubular LOF entirely made of Teflon AF2400 to measure
the Raman spectra of low refractive index liquids [80], and demonstrated LOF filled with
water, methanol, ethanol, and acetonitrile. The optical loss was also affected by the defects
of the capillary wall and different sections of capillary. When the optical fiber was filled
with water, ethanol, and alcohol, the optical loss could be lower than 3 dB/m, 2 dB/m, and
1.9 dB/m, respectively. It was proven that Teflon AF fiber has great advantages in different
spectral applications and, even if the loss is high, it can significantly increase the intensity
of the Raman spectrum. In 2016, Chiara et al. used 3 m long LOF to measure the linear
relationship between ethanol concentration and Raman intensity, and demonstrated that
LOF can be used to detect liquid concentration [81], as shown in Figure 17.

 

  

(a) (b) 

−
Figure 17. (a) Using LOF to measure the Raman spectra of ethanol at 0, 0.1, 0.2, 0.3, and 0.4 concen-
trations. The peaks at 2905, 2949, and 2994 cm−1 correspond to ethanol. (b) Ethanol/water ratio
as a function of the true volume fraction of ethanol x. Errors on the score ratios are less than 1%.
Reproduced with permission [81].

Pelletier et al. used LOF made from Teflon AF to measure protein samples and proved
that the LOF Raman cavity has a sensitivity enhancement factor of 5009 in aqueous solution
under 532 nm excitation light [82]. At present, LOF has been successfully applied to fields
including UV curing, UV degradation, UV lithography, forensics, fluorescence detection,
UV medical treatment, spectral diagnosis and treatment, etc. [83,84]. Table 2 summarizes
the parametric characteristics of the four types of fiber.
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Table 2. Comparison of parameters of four optical fibers.

HCPBGF HCARF LOF MLHCF

Core diameter Small (5–30 µm) Medium (20–100 µm) [63] Large (300–1000 µm) Large (300–1000 µm)

Bandwidth Narrow band [85] Narrow band All band [86] All band

Loss Low (1 dB/km) Low (50 dB/km) High (3 dB/m) [80]
Medium (1.2 dB/m)

[72]

NA 0.12 0.03 0.54 [87] 0.22 [10]

Detection limit 4.7 ppm [57] 2 ppm [66] 6 ppm [88] 100 ppm [67]

Enhancement factor 104 [39] 104 [60] 103–104 [89] 103 [90]

7. HCF-based Raman Sensor Applications

7.1. Applications in Gas Detection

In recent years, the application research of gas Raman scattering in various fields
has achieved rapid development, and it has broad applications in the fields of sensing,
environmental monitoring, gas chemistry research, and medical treatment [91]. As HCF
technology becomes more mature, many types of optical fibers become suitable for gas
detection, and the performances of optical fibers are getting better. At present, the HCF-
based gas Raman light source has achieved multiwavelength Raman output, and the
wavelength range also covers the ultraviolet to the mid-infrared. The ultraviolet band
has reached 184 nm, and the mid-infrared band has expanded to 4.4 µm. Additionally,
distributed gas sensing using stimulated Raman scattering in hydrogen gas-filled HCPCFs
has been reported. The distributed Raman gain measurement approach is highly sensitive
with a large dynamic range, and both time and spatially resolved. Yang et al. investigated
label-free optical fiber distributed Raman hydrogen sensors operating based on stimulated
Raman spectroscopy, potentially allowing distributed chemical analysis in gas or liquid
phase with high sensitivity and selectivity [92]. Table 3 summarizes the research status of
Raman spectroscopy in gas detection in the research community.

Table 3. Examples of gas Raman spectroscopy with HCF.

Year Research Team Reference Pump Wavelength
Fiber
Type

Gas Core Diameter
Enhance-

ment

2008 National Energy
Technology
Laboratory

[93] 514.5 nm HCPBGF N2, O2 4.9 µm
Several

hundreds

2009 [94] 1302–1637 nm MLHCF
CO, C3H8,

etc.
300 µm N.A.

2014
Leibniz Institute of

Photonic Technology
[57] 670 nm HCPCF H2, CH4 10, 20, 30 µm N.A.

2014 University of Bath [95] 1064 nm HCPCF H2 53 µm N.A.

2015
Fusion Science and

Technology
[96] 532 nm MLHCF H2 1 mm 10

2016
Ocean University of

China
[97] 532 nm HCF O2, N2 500 µm 60

2019
The Hong Kong

Polytechnic
University

[93] 1532 nm HCPCF H2 10 µm N.A.

2021
Chongqing
University

[67] 532 nm HCARF H2, CO, etc. 26 µm 7
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7.2. Applications in Liquid Detection

At present, trace detection of liquids is of great significance in the fields of industry,
agriculture, and medical treatment, such as monitoring of industrial wastewater discharge,
pesticide residues in crops, food additives, body fluid components, pharmaceutical content,
etc. It plays a very critical role in maintaining public health and safety and ensuring
people’s quality of life. However, most of the current liquid detection instruments are
large and expensive, and are not suitable for fast and convenient online detection. The
volume enhancement effect of HCF can realize efficient and rapid detection of Raman
spectroscopy of substances. LOF, MLHCF, and HCPCF have all made progress in liquid
Raman spectroscopy detection, as summarized in Table 4.

Table 4. Examples of liquid Raman spectroscopy with HCF.

Year Research Team Reference
Pump

Wavelength
Fiber Type Liquid

Core
Diameter

Enhancement

1997
Northwestern

University
[80] 632.8 nm LOF

Water, methanol,
ethanol, acetonitrile

250 µm N.A.

2001
Northwestern

University
[82] 532 nm LOF Water protein 50 µm 500

2011 University of Ottawa [58] 785 nm HCPCF Heparin 10.6 µm 90

2017
Leibniz Institute of

Photonic Technology
[53]

532, 676, 752
nm

HCPCF Ethanol 20 µm 10

2020 Nanjing University [10] 785 nm MLHCF Ethanol 125 µm 4.83

7.3. Application in Medicine

Biological liquids provide a wealth of information about human health. The HCF-
based Raman detection technology for detection of biological liquids can achieve applica-
tions in immunity and biochemistry. In 2017, Qi et al. reported a method using LOF to
measure the chemical concentration in clinical serum and urine samples based on Raman
spectra and absorption spectra in the near-infrared region [98]. The experimental setup is
shown in Figure 18. The LOF used therein has a length of 30 cm and an inner and outer
diameter of 600 µm and 800 µm, so the total volume is less than 0.1 mL. The laser power
at the entrance of the LOF is about 160 mW. This method can automatically analyze the
samples and predict the concentration of most samples within the accuracy range of the
clinical reference analyzer, which has a huge potential in biochemical medicine. In 2019,
Xiao et al. designed a device for detecting bisphenol A in blood and environmental samples
using the superior physicochemical properties of the HCARF and the two-dimensional
material black phosphorus. The detection limit increased by more than two orders of
magnitude compared to traditional devices [99]. In addition, Azkune et al. used a 66 µm
LOF to achieve the quantitative detection of low-concentration glucose, with a detection
limit as low as 0.0186 mol/L, proving that this method is suitable for detecting clinically
relevant glucose concentrations and, in the treatment of SGLT2 inhibitors, it has shown
great potential for urine glucose monitoring [100].
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Figure 18. The experimental device for detecting Raman spectra and absorption spectra using LOF.
Reprinted with permission from [98] © The Optical Society.

8. Prospect and Conclusions

This article summarizes the research of all-fiber online Raman sensors with hollow
core microstructured optical fibers. In comparison with other Raman signal enhancement
techniques, FERS has demonstrated attractive capabilities and great potential to achieve
rapid online Raman detection. Four different types of HCFs are reviewed in detail, showing
their configurations, theoretical analyses, fabrication, experimental results, and application
demonstrations for fast online Raman spectroscopy with significant signal enhancement.
The HCF detection method is used to make up for the weak Raman signal and the signal
enhancement is up to 10,000 times higher than that of direct detection. In addition, the
system can be used many times, is easy to clean and does not have residual crosstalk, and
the detection speed is as fast as a few seconds, so it is suitable for online real-time material
detection, such as for safety inspection, food detection, water quality detection, etc.

In the future, the all-fiber online Raman sensor with hollow core microstructured
optical fiber system has a lot of room for improvement in signal enhancement and usage
scenarios. In order to enhance the resolution of the Raman signal and reduce the back-
ground noise during detection, the hollow fiber detection technology can be combined
with other detection enhancement methods such as SERS, related Raman methods such as
stimulated Raman, and new fiber types. In terms of application scenarios, this technology
can be combined with microfluidic technology and installed in the detection part after sam-
ple pretreatment; it can also be combined with magnetic beads and external magnetic force
to achieve magnetic enrichment and purification. Combined with artificial intelligence and
machine learning to analyze spectral data, a complete set of sample detection procedures
can be realized.

Furthermore, recent innovations and continuous development of the laser technologies
with new wavelengths and time resolutions open up new opportunities for Raman sensors.
For example, UV Raman can effectively reduce the fluorescence interference in the Raman
signal. Nanosecond and picosecond lasers improve the time resolution of Raman spec-
troscopy and further expand the application range of Raman spectroscopy. In addition to
the qualitative and quantitative analysis of the substances mentioned in this article, Raman
spectroscopy technology has certain advantages in the fields of medical biology, molecular
microdynamics, archaeology, etc. Moving forward, with the further innovation and de-
velopment of experimental and theoretical methods, Raman spectroscopy technology will
become a powerful tool for biological and chemical technology and applications.
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Abstract: Specialty fibers have enabled a wide range of sensing applications. Particularly, with

the recent advancement of anti-resonant effects, specialty fibers with hollow structures offer a

unique sensing platform to achieve highly accurate and ultra-compact fiber optic sensors with large

measurement ranges. This review presents an overview of recent progress in anti-resonant hollow-

core fibers for sensing applications. Both regular and irregular-shaped fibers and their performance

in various sensing scenarios are summarized. Finally, the challenges and possible solutions are briefly

presented with some perspectives toward the future development of anti-resonant hollow-core fibers

for advanced sensing.

Keywords: specialty fiber; anti-resonant effect; hollow structure; sensing applications

1. Introduction

Optical fiber, as a transmission medium, has enabled the world to move into a rapid
and high-capacity communication age. Particularly, ultra-long distance transmission has
been made possible by ultralow propagation loss (~0.17 dB/km) of silica fiber [1]. Even
so, faster speed, larger capacity, and longer distance have become inevitable trends of
communication requirements, particularly concerning 5G and 6G. Thus, a promising
fiber is urgently needed to rival or exceed the conventional single-mode fiber (SMF) in
transmission performance. Fortunately, anti-resonant hollow-core fibers (AR-HCFs) have
the potential to achieve the aforementioned communication goals, due to their lowest
attenuation, optical nonlinearity, and chromatic dispersion over a broad bandwidth [2].
Thanks to breakthroughs at the specialty fiber manufacturing level over the past few years,
AR-HCFs have gradually become a research hotspot. However, the transmission loss of
AR-HCFs over long distances (>50 km) has not been addressed and this limits applications
in novel optical fiber communication systems. Therefore, most of the reported research
work concerning specialty fibers with hollow structures is concentrated on transmission
loss reduction.
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Recently, AR-HCFs with variously irregular cladding structures have been designed
and fabricated to reduce transmission loss, and the hollow-core nested anti-resonant node-
less fiber (HC-NANF) is the most common [3]. Figure 1 shows the gradually decreasing
transmission loss of AR-HCFs in the past five years. In 2015, Walter Belardi from the
University of Bath demonstrated the attenuation of hollow-core anti-resonant fiber (HC-
ARF) of 175 dB/km at 480 nm [4]. The year after, a hollow-core revolver fiber with a
double-capillary reflective cladding was reported by A. F. Kosolapov et al., which reduced
the transmission loss to 75 dB/km at 1850 nm [5]. In 2018, Wang et al. proposed a hollow-
core conjoined-tube negative-curvature fiber with a low transmission loss of 2 dB/km at
1512 nm and a <16 dB/km bandwidth spanning across the O, E, S, C, L telecom bands
(1302–1637 nm) [6]. Subsequently, based on HC-NANF, Thomas D. Bradley et al. achieved
lower transmission losses of 1.3 dB/km [7] and 0.65 dB/km [8] corresponding to the
transmission distance of 0.5 km and 1.2 km, respectively. Quickly, they reported that
using HC-NANF reached the currently lowest attenuation of 0.28 dB/km over the C and L
bands [9]. The transmission loss of HC-NANF is approaching the conventional SMF, which
is located in the same order of magnitude. Additionally, the nonlinearities of AR-HCFs are
3~4 orders of magnitude lower than SMF, resulting in ultralow dispersion. On the basis of
ultralow transmission loss and chromatic dispersion, Lumenisity limited experimentally
demonstrated that HC-NANF realized 10 Gbit dense wavelength division multiplexing
(DWDM) transmission over 10 km links [10]. Nevertheless, AR-HCF-based novel fiber
devices still have a long way to overcome the difficulties of ultra-long transmission dis-
tance. Moreover, AR-HCFs also face limitations of volume production and preparation
technology. Though AR-HCFs have unsolved issues in fiber communications, they have
shone in optical fiber sensing applications owing to their unique anti-resonant effect and
inline hollow-core platform.

     
 

 

 

Figure 1. Transmission loss of AR-HCFs in different years.

This article illustrates a comprehensive review of the recent advancement of AR-HCFs
for sensing applications. In the past five years, AR-HCFs have been widely employed
in the sensing of various physical parameters, including temperature, strain, curvature,
displacement, liquid level, and mechanical force, etc. All these measurands fully exploit the
intrinsic advantages of anti-resonant effects that can generate specific resonant wavelengths
over a broadband window. The sensitivity is then acquired by monitoring the shift or
intensity fluctuation of the specific resonant wavelength. Additionally, AR-HCF is also a
promising candidate for optofluidic applications because the hollow structure can offer a
platform for fluid–light interaction. Consequently, AR-HCFs have attracted more attention
for crucial applications in biomedical and biochemical fields, such as the detection of
antibiotics, bisphenol, nitrous oxide, methane, and acetylene. Particularly, multiple gas
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detection will have significant potential applications in the fields of petrochemical and
environmental protection, since AR-HCFs can act as a cell for gas–light interaction over
extended lengths. In view of the aforementioned superiorities, AR-HCFs could pave the
way for highly accurate, ultracompact, and practical sensing applications. In this text, we
present the state-of-the-art of AR-HCF-based sensing applications. Firstly, we introduce the
basic principle and some typical structures of AR-HCFs. Section 3 then focuses on recent
advancements in sensing applications. Finally, we provide an outlook of development
prospects and our related insights and viewpoints.

2. Principle and Various Structure of AR-HCFs

2.1. Principle of Light Propagation in AR-HCFs

In general, AR-HCFs features irregular silica cladding and an air core, which induces
a special light propagation path. Here, AR-HCFs obey the light-guiding mechanisms of the
anti-resonant reflecting optical waveguide (ARROW) [11], rather than the principle of total
internal reflection of SMF. ARROW exploits coherent reflections at the air–silica interface to
effectively guide the forward propagation light into the central hollow-core. To intuitively
reflect the light propagation in the AR-HCFs, the hollow-core capillary with regular silica
cladding is selected as the representative to describe the anti-resonant theory. As shown
in Figure 2a, hollow-core capillary with a length L is sandwiched by the two segments
of SMFs. The hollow-core capillary with regular ring cladding can be regarded as the FP
cavity along the radial direction. The light beams, I1 and I2, represent the first reflection of
their incident light at the air–silica and silica-air interface, respectively. Here, the incident
light of I2 is the refract light generated by the initial incident light. Then, the two beams I1

and I2 will form interference in the air core on the condition that the initial incident angle
θ meets the grazing incidence (θ~90◦). When the incident light of I2 reaches the phase
matching condition, it will leak out of the cladding. The leaked light is called resonant light,
similarly, the reflected part is AR light. In short, AR-HCFs exploit coherent reflections from
cladding to confine the guided light and propagate in the central air core. Thus, these light
transmission mechanisms reveal the basic principle of the AR effect in HCFs. In addition,
it is worth noting that the generation of the AR effect is limited by the length of the HCF.
Obviously, if L is short enough, the Fabry–Perot (FP) cavity formed by the two fusion
splicing interfaces dominates the whole transmission spectrum, as exhibited in Figure 2b.
With an increasing L, however, the FP effect will gradually be weak or disappear caused
by the increasing space loss. At this moment, nearly all of the light follows the ARROW
transmission mechanisms. It can be seen that a critical length exists between FP and AR
effect. The critical length Lc corresponds to the axial transmission length of beam I2, it can
be expressed as follows [12]:

Lc =
√

n2
0 + n2

2 − n2
1


 r√

n2
1 − n2

2

+
2d√

n2
1 − n2

0


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where n0, n1, and n2 represent the refractive index of air, fiber core of SMF, and cladding,
respectively. r and d denote the radius of the air core and the thickness of the ring cladding,
respectively. If the capillary length is longer than Lc, the AR effect will be excited in the
whole process. Otherwise, the sandwich structure only induces the FP effect. Figure 2b
shows that several resonant wavelengths with a periodic distribution that is located in the
AR effect-based transmission spectrum. According to the phase matching condition, the
resonant wavelength λr can be given as follows [13]:

λr =
2
(

d
√

n2
2 − n2

0

)

m
(2)

where m is the resonance order. All of the aforementioned statements about AR-HCFs
are based on the regular shape of the silica cladding, while most of the application scenes
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rely on an irregular structure to enhance the sensitivity. In view of diversified sensing
applications, the next part will accordingly introduce the various structure of AR-HCFs.

2 2
2 02

 

Figure 2. Schematic illustration of (a) optical pathways in the SMF–capillary–SMF structure and
(b) transmission spectra as the increase of capillary length. [Reprinted/Adapted] with permission
from [12] © The Optical Society.

2.2. Various Structures of AR-HCFs

In the past decade, AR-HCFs have experienced rapid development, mainly concentrated
on structure improvement. The simplest structure is the hollow-core capillary exhibited in
Figure 2a; thus, it is regarded as fundamental to exploiting novel structures. The optimization
progress can be generally divided into three stages. Firstly, the negative curvature core [14]
with a dense arrangement is introduced to surround the air core [15–18], as presented in
Figure 3a. Then, several capillary tubes are designed to suspend on the silica cladding to
form a negative curvature structure [19–30], as shown in Figure 3b. Finally, the suspended
capillary tubes are optimized to be nested structures, as displayed in Figure 3c,d. In this
way, the number of coherent reflections at the air–silica interface is increased and, thus,
confinement loss is reduced, which is the latest HC-NANF [31,32].
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2 02

 

Figure 3. Scanning electron micrographs (SEMs) of AR-HCFs. (a) [Reprinted/Adapted] with permission from [16] ©
The Optical Society. (b) © 2017 IEEE. Reproduced with permission from Hayes et al., J. Lightwave Technol. 35, 437–442
(2017) [22]. (c) © 2017 IEEE. Reproduced with permission from Jose E. Antonio-Lopez et al., IEEE Photonics Conference
(2017) [31]. (d) © 2020 IEEE. Reproduced with permission from Y. Hong, J. Lightwave Technol. 38, 2849–2857 (2020) [32].

All these AR-HCFs utilize the negative curvature effect in the surrounding region of
the central core to reduce attenuation and promote longer propagation distance, so they are
also referred to as negative curvature fibers (NCF). In other words, in most cases, AR-HCFs
focus the performance enhancement on the optimization of negative curvature structure.
In general, the performance of novel structures depends on significant indicator parameter
improvements after optimization. Accordingly, Table 1 lists several key parameters of
various AR-HCFs as contrasts.
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Table 1. Parameters in various AR-HCFs.

Type Core Diameter
Silica

Thickness
Transmission

Loss
Reference

Densely
arrangement

45.8 µm 0.51 µm 300 dB/km [15]

50 µm 0.28 µm 180 dB/km [16]

60 µm 1.4 µm 17 dB/km [18]

Suspended
capillary tubes

30 µm 0.44 µm 180 dB/km [19]

30 µm 0.83 µm 30 dB/km [21]

41 µm 0.545 µm 7.7 dB/km [26]

Nested
Suspended

tubes

25 µm 2.3 µm 75 dB/km [5]

~33 µm ~0.78 µm 2 dB/m [31]

~35 µm ~0.5 µm 6.6 dB/km [32]

Table 1 illustrates that the silica thickness is one or two orders of magnitude lower
than the core diameter. Here, the geometric size of the air core and silica cladding are
in accordance with the AR theory in Section 2.1. Meanwhile, it can be seen from Table 1
that the transmission loss of various AR-HCFs is gradually decreasing with optimization
stages approaching the nested topological structure. Indeed, the latest HC-NANFs based
on nested structures achieve low attenuation in wide bandwidth ranges, single-mode
transmission in hollow-core regions, and relatively long-distance propagation (~10 km) [10].
Currently, most sensing applications are limited by the aforementioned advantages, and,
on the contrary, they require high loss structure modification, multimode coexistence,
and micro or small size. It is obvious from Figure 3 that the most popular AR-HCFs
still concentrate on the type of suspended capillary tubes. On the one hand, they have
appropriate transmission loss values that can be satisfied in most sensing application
scenarios [33–39]. On the other hand, their distinct advantage is that they can offer a
versatile multichannel and lab-on-a-fiber platform [40–45]. As a consequence, the following
sections will emphasize the novel and advanced sensing applications based on the most
common AR-HCFs at present.

3. AR-HCF-Based Sensing Applications

Concerning the diversified sensing applications of AR-HCFs, not only can they be
defined as discrete specialty fiber sensing devices, but can also be treated as a versatile
platform for lab-on-a-fiber. The former is mainly used for common physical or chemical
measurand detection, which is also the most reported field. The latter pays more attention
to biomedical or online fluidic applications, which are relatively frontier research fields
for now. All of the mentioned sensing application mechanisms can be broadly classified
into two types, namely, special devices and versatile platforms. Thus, we will discuss the
AR-HCF-based sensing applications in the light of these classifications.

3.1. Special Device-Based Sensing Applications

Similar to the Bragg wavelength for fiber Bragg grating (FBG) [46–48] and loss peak for
long period grating (LPG) [49,50], the resonant wavelength is a remarkable characterization
for AR-HCFs. Accordingly, AR-HCFs can be also regarded as one of the functional fiber
sensing devices. As analyzed in Section 2.1, the unique AR effect can provide a series
of resonant wavelengths with the periodic distribution. The measurand sensitivity can
be acquired by interrogating the wavelength shift or intensity. In recent years, most
research works have reported sensing applications for generic parameters, including strain,
displacement, curvature, static pressure, temperature, liquid level, and mechanical force,
et al. Moreover, some modified structures based on AR-HCFs can achieve the simultaneous
measurement of dual or multiple parameters. Figure 4 provides a comprehensive review
of various sensing applications based on single- or double-layer AR effects.
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Figure 4. Special device-based sensing applications. (a) © 2016 IEEE. Reproduced with permission from R. Gao, J. Sel.
Top Quant. 23, 5,600,106 (2016) [51]. (b) © 2017 IEEE. Reproduced with permission from R. Gao, IEEE Photonic. Tech. L.
29, 857-860 (2017) [52]. (c) © 2015 IEEE. Reproduced with permission from S. Liu, J. Lightwave Technol. 33, 5239-5243
(2016) [53]. (d) [Reprinted/Adapted] with permission from [54] © The Optical Society. (e) © 2018 IEEE. Reproduced with
permission from D. Liu, J. Lightwave Technol. 36, 1583-1590 (2018) [55]. (f) Reproduced with permission [56]. Copyright
2020 MDPI. (g) [Reprinted/Adapted] with permission from [57] © The Optical Society.

Figure 4a shows that the inner capillary is coated with silver, and then wraps the
HCF [51]. This most common HCF agrees with the theory of Section 2.1, so it will form
an FP cavity in the cladding. The leaky mode of the HCF actually features the resonant
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wavelengths in the transmission spectrum. The initial leaky mode will be reflected back
into cladding with the capillary location movement because the covered part is transformed
to the silica–silver interface. Thus, the intensity of the resonant wavelength is sensitive to
the displacement, and it finally obtains a high sensitivity of 0.578 dB/µm. Likewise, as
shown in Figure 4b, HCF is inserted into the polymethyl methacrylate (PMMA) hollow-
core fiber [52]. This is a double-layer AR structure since the refractive index of PMMA is
between air and silica. The distinct difference between the single- and double-layer AR
structure is the free spectrum range (FSR), and the latter is larger than the former owing to
the longer optical path. The tensile strain will reduce the thickness of the PMMA resulted
in the optical path change, then the resonant wavelength will shift. Using this double-layer
AR structure, it achieves the strain sensitivity of 27.9 pm/µε. As shown in Figure 4c, the
HCF is used for liquid level monitoring [53], and the sensing mechanism is similar to that
in Figure 4a. The leaky mode intensity is influenced by the change of the surrounding
refractive index. More specifically, the contrast of resonant wavelength will increase or
decrease with the liquid level rising or falling. On the basis of this simple HCF structure,
a liquid-level sensitivity of 0.4 dB/mm has been realized. Furthermore, the temperature
cross-sensitivity is only 0.004 mm/◦C, which can be regarded as insensitive. It is apparent
that all the sensing mechanisms from Figure 4a to Figure 4c are based on the external
refractive index change. On the contrary, Figure 4d devotes to the inner refractive index
variation to induce the wavelength shift [54]. As displayed in Equation (2), the resonant
wavelength not only depends on the silica thickness and refractive index, but also the air
core refractive index. It exploits femtosecond laser drilling on the ring cladding to form a
microchannel, which keeps the air-core pressure equivalent to the external environment.
The manufactured part is placed into the airtight container, then the increasing pressure
will induce the air core refractive index change. The gas pressure sensitivity reaches
3.592 nm/MPa by the wavelength demodulation in the range of 0 to 2 MPa. It can be seen
from Figure 4a to Figure 4d, that they only cause a single parameter change in the whole
sensing process, and all of these structures transfer to the refractive index variation. While
temperature is treated as a sensing variable, which can simultaneously induce parameter
changes in multiple structures in the AR-HCFs. As shown in Figure 4e, HCF is applied
to high-temperature measurement attributed to the AR effect [55]. It is difficult to use
common multimode interference for high-temperature sensing because the employed high
order cladding modes have a nonlinearity variation with the temperature increasing. For
the HCF, the AR effect is only dependent on the geometric size and material refractive index.
Thereby, AR-HCFs have a linear relationship with temperature in a large dynamic range.
Figure 4e shows a high-temperature sensitivity of 33.4 pm/◦C with the working range
from room temperature to 1000 ◦C. The sensitivities of all the aforementioned structures are
determined by their own material properties. Figure 4f enhances the curvature sensitivity
assisted by coating the sensitive material [56]. After the polydimethylsiloxane (PDMS)
coated on the HCF, the mode confinement is reduced and bending losses are significantly
higher. By the external structure modifications, it acquires the curvature sensitivity of
−5.26 dB/m−1, which is several times higher than without PDMS coated. In addition,
the structure modifications can be also conducted by the special design of HCF. Figure 4g
illustrates a novel fiber with a single-hole twin eccentric core, which simultaneously has AR
effect and inline Mach-Zehnder interference (IMMI) functions [57]. In this case, the dual
or multiple parameters can be measured simultaneously based on different mechanisms
and without crosstalk. A curvature sensitivity of −1.54 dB/m−1 and the temperature
sensitivity of 70.71 pm/◦C is realized based on the AR effect and IMMI, respectively. The
listed seven examples reveal that the most common HCF mainly rely on the AR effect for
sensing at present.

In summary, AR effect-based HCFs have been widely used for all kinds of sensing
applications, covering solids, gas, and liquid. Among the AR-HCFs, some have been
used for practical applications. Nonetheless, the detection of most parameters is part of
mechanisms research, and, thus, remains at a laboratory stage.
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3.2. Versatile Platform Based Sensing Applications

The HCFs in 3.1 are relatively simple structures without negative curvature topological
configurations. This section introduces AR-HCFs with negative curvature structures. Here,
the dominant AR effect, like the Figure 4 examples, will still exist in the irregular hollow-
core region. The AR-HCFs in this section mainly exploit the multichannel structure for
fluidic sensing. In contrast to common HCFs, these AR-HCFs need to fill various gases,
liquids, or solid materials in the air channel to enhance the light–matter interaction. This
versatile platform can offer a promising route for compact, integral, and biocompatible
all-fiber multifunctional optofluidic devices for in-situ applications.

As shown in Figure 5a, light is guided inside an air core filled with the analyte gas, and
the AR-HCF serves as a low-volume and robust absorption cell. Laser-based gas sensors utilize
borosilicate fiber because the absorption wavelength of the monitoring nitrous oxide is located
at 5.26 µm. The feasibility of exploiting the eight-hole AR-HCF with 1.15 m length as a gas cell is
verified, and the minimum detection limitation (MDL) of 20 ppbv with 70 s signal interrogation
time is achieved [58]. Similarly, Figure 5b replaces the eight-hole negative curvature with
a nested nodeless structure for nitrous oxide sensing [59]. Compared with Figure 5a, the
whole length of AR-HCF is increased to 3.2 m, so the time and area of light–gas interaction is
accordingly enhanced. Finally, the experimental results show that the response time shortens
to 1s and the MDL decreases to ~5.4 ppbv. Figures 5a and 5b are used for single gas detection,
which is a waste of resources. In practical applications, most occasions require simultaneous
measurement of multi-component gas, for example, gas micro-leakage in a transformer.
As shown in Figure 5c, laser-based dual gas sensing of methane and carbon dioxide is
achieved by a length of 1m silica AR-HCF. The absorption wavelengths of these two
gasses are 3.334 µm and 1.574 µm, respectively, corresponding to the near- and mid-
infrared spectral region [60]. That is, the monitoring crosstalk between methane and
carbon dioxides can be well avoided, which paves the way for multi-component gas
detection. The experimental results show that the MDL of methane and carbon reaches
24 ppbv and 144 ppmv, respectively. From Figure 5a to Figure 5c, all the utilized AR-
HCFs retain the single-mode transmission in the air core region. In order to acquire lower
MDL, Figure 5d demonstrates a mode-phase-difference (MPD) photothermal spectroscopy
for acetylene detection [61]. In a 4-m-long AR-HCF, it supports LP01-like and LP11-like
transmission in a broadband. The photothermal effect induces variations of the dual-mode
refractive index. The MPD is sensitive to gas absorption and insensitive against the external
environment perturbation. The proof-of-concept realizes the MDL down to pptv. AR-HCFs
are treated as microcells to provide a gas–light interaction platform in the aforementioned
four examples. More importantly, AR-HCFs have a great potential for multi-component gas
simultaneous detection owing to the wide transmission broadband in the air core region,
nearly covering all molecule absorption lines. In addition to gas detection, AR-HCFs
are also attracting attention for their potential in liquid sensing. The distinct difference
of absorption spectroscopy measurements between gas and liquid is the different filling
medium. As shown in Figure 5e, the hollow-core region is filled with antibiotic, which will
cause the absorption of the guided light. Using a 1-m-long AR-HCF achieves the detection
of sulfamethoxazole (SMX) and sodium salicylate (SS) down to 0.1 µM (26 ppb) and 0.4 µM
(64 ppb), respectively [62]. Figure 5f conducts a proof-of-concept experiment of Raman
spectroscopy using ethanol, which provides an original idea for noninvasive biochemical
analysis [63]. In contrast to Figure 5e–g principally proposes a low-loss micro-machining
method for optofluidic applications [64]. They exploit the focused ion beam to mill the
cladding of AR-HCFs, and no additional loss is generated in the whole process. Once the
hole of the cladding is opened, it will shine new light on the inline optofluidic applications.
This method is similar to femtosecond laser drilling on the ring cladding in Figure 4d.
Both contribute to forming the inline channel. Figure 5h utilizes a 40-cm-long AR-HCF
to reach the MDL of 1.69 pM for bisphenol A detection [65], which is the experimental
verification for Figure 5f. The applications depicted in Figure 5a–h are all employed in
fluidic detection, including gas and liquid. While in Figure 5i, HC-NANF is wound into
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a coil to be integrated into a resonator fiber optic gyroscope [66]. This structure not only
breaks through the limitation of nonlinear influence, but also considerably improves spatial
mode purity. It is a promising candidate for civil aircraft navigation usage. In recent years,
some AR-HCF-based optofluidic applications have been used for practical applications
based on similar methods developed for microstructured fiber-based devices [67–72].

 

Figure 5. Versatile platform based sensing applications. (a) [Reprinted/Adapted] with permis-
sion from [58] © The Optical Society. (b) [Reprinted/Adapted] with permission from [59] © The
Optical Society. (c) Reproduced with permission [60]. Copyright 2020 MDPI. (d) Reproduced
with permission [61]. Copyright 2020, Springer Nature. (e) Reproduced with permission [62].
Copyright 2018 MDPI. (f) [Reprinted/Adapted] with permission from [63] © The Optical Society.
(g) [Reprinted/Adapted] with permission from [64] © The Optical Society. (h) Reproduced with
permission [65]. Copyright 2020, Elsevier. (i) [Reprinted/Adapted] with permission from [66] © The
Optical Society.
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4. Prospects and Conclusions

Enabled by the specialty fiber manufacturing industry, AR-HCFs have shown great
potential in optical fiber communication and sensing. AR-HCFs have very low transmis-
sion loss, optical nonlinearity, and chromatic dispersion over a broad bandwidth. They
also have intrinsic advantages of high sensitivity, compact structures, and robust operation.
All these remarkable advantages promote diversified sensing applications of AR-HCF.
As a functionalized device, it has been extensively used for common parameter sensing,
including solid, gas, and liquid. Meanwhile, as a versatile platform, it sheds new light on
optofluidic fields, mainly including gas micro-leakage, multi-component gas, pharmaceu-
tical substances, and tissue fluid detection. Particularly, the versatile platform has made
a significant contribution to providing a new route for photoacoustic spectroscopy (PAS)
or photothermal spectroscopy (PTS). With the rapid development of micro-machining
techniques, there have been substantial laboratory-stage research achievements, inspiring
hope for practical applications. Furthermore, it is believed that AR-HCF will become the
ultimate optical fiber once there has been a breakthrough in long-distance single-mode
transmission loss.
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Abstract: Long-range surface plasmon resonance (LRSPR), generated from a coupled plasmon

polariton in a thin metal slab sandwiched by two dielectrics, has attracted more and more attention

due to its merits, such as longer propagation and deeper penetration than conventional single-

interface surface plasmon resonance. Many useful applications related to light–medium interaction

have been demonstrated based on the LRSPR effect, especially in the sensing area. Here, we propose

and demonstrate an LRSPR-based refractive index sensor by using a SiO2-Au-TiO2 heterostructure,

in which a D-shaped honeycomb-microstructure optical fiber (MOF) is designed as the silica substrate

and then deposited with a gold film and thin-layer titanium dioxide (TiO2). By using the full-vector

finite-element method (FEM), this heterostructure is numerically investigated and demonstrated to

excite LRSPR without a buffer layer, which is usually necessary in previous LRSPR devices. Through

comprehensive discussion about the influence of structural parameters on the resonant wavelength,

the excitation of the LRSPR in the proposed heterostructure is revealed to be highly related to the

effective refractive index of MOF’s fundamental core mode, which is mainly determined by the

MOF’s pitch, the thicknesses of the silica web and the planar-layer silica. Moreover, the thin-layer

TiO2 plays an important role in significantly enhancing the resonance and the sensitivity to analyte’s

refractive index as well, when it is coated on the top of the Au film rather than between the metal and

waveguide. Finally, the proposed LRSPR sensor based on SiO2-Au-TiO2 heterostructure shows an

ultra-high wavelength sensitivity of 20,100 nm/RIU and the corresponding minimum resolution is as

low as 4.98 × 10−7 RIU. Thus, the proposed LRSPR device offers considerable potential for sensing

applications in biomedical and biochemical areas.

Keywords: SiO2-Au-TiO2 heterostructure; long-range surface plasmon resonance; microstructured

optical fiber; fiber sensor

1. Introduction

With the rapid development of multi-disciplinary science and technology in recent
years, optical measurement methods and tools play significant roles in many areas, especially
in chemistry, biology, medicine, and so on. As a representative, surface plasmon resonance
(SPR) based technology is receiving increasing attention thanks to its remarkably high
sensitivity and accuracy. Surface plasmon—also called surface plasmon polariton (SPP)—
refers to a quantum of charge density oscillations at the interface between a metal and a
dielectric, and propagates along the interface. It can be excited through photon–electron
coupling resonance, when the wave vector of incident light from the dielectric matches the
wave vector of SPP. From the light transmission point of view, such coupling resonance is
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accompanied by the energy transference from incident light to SPP, generating a narrow-
band resonant peak in the spectrum. The oscillations are very sensitive to any perturbation
of the metal’s boundary, especially when the thickness of metal layer is as thin as several
tens of nanometers. It indicates that the SPR-based devices are intrinsically suitable for
high-sensitivity detection [1–4].

For further enhancing their performance and functions, SPR-based devices with multi-
layer heterostructures arouse researchers’ considerable interest. For example, bimetallic
layers are widely proposed to improve the sensitivity and stability of SPR biosensors [5–7].
A layer made of metal oxide, such as indium tin oxide (ITO) [8], tin oxide (SnO2) [9],
titanium dioxide (TiO2) [10], hafnium oxide (HfO2) [11], tantalum oxide (Ta2O5) [12],
and so forth, is commonly used as an adhesive layer to strengthen the attachment of a
metal film on a substrate, or deposited on top of the metal layer to protect metal from
oxidization. Besides, some metal oxide films are demonstrated to have the capability to
enhance sensitivity [8,12–15], or can even be used as the sensing layer by means of lossy
mode resonance [16,17]. Moreover, 2D materials, such as graphene [18], molybdenum
disulfide (MoS2) [19], tungsten disulfide (WS2) [20] and so forth, provide more choice and
fascinating properties for SPR-based devices [20].

From the physics point of view, multi-layer structured systems extend the concept
of SPR to a broader realm. Considering a typical three-layer heterostructure, that is, a
dielectric–metal–dielectric system, SPP might be excited at both metallic–dielectric inter-
faces and interact with each other to give rise to two coupled modes, if the separation
between two interfaces is close to the decay length of single-interface SPP and the effec-
tive refractive indices of two dielectrics are comparable. Based on the symmetry of the
transverse electric field, these two coupled modes are distinguished as the symmetric
mode and the asymmetric mode [21]. Compared with the conventional single-interface
SPP, the symmetric mode features lower attenuation, longer propagating distance and
deeper penetration—termed long-range surface plasmon polariton (LRSPP) mode—while
the asymmetric one is denoted as short-range surface plasmon polariton (SRSPP) mode
due to its contrary characteristics. Hence, the devices based on long-range surface plasmon
resonance (LRSPR) promise to offer a better performance than conventional single-interface
SPR based devices for applications in biomedical or chemical measurement [21–24]. As for
the applications related to liquid analytes, a buffer layer (e.g., Teflon, Cytop, MgF2) with a
similar material refractive index (RI) to the analyte is usually necessary to balance the RI
gap between the analyte and waveguide and then facilitate the generation of LRSPR [25,26].
Alternatively, by properly designing the waveguide structure, some microstructured optical
fibers (MOFs) find another approach to achieving LRSPR excitation in a wide wavelength
range without a buffer layer [27].

In this paper, an LRSPR refractive index sensor based on a SiO2-Au-TiO2 heterostruc-
ture is proposed and theoretically investigated. This heterostructure is composed of a
D-shaped honeycomb-structure silica MOF coated with a thin-layer of Au and a TiO2
film sequentially. By designing the specialty MOF with a high air-filling-ratio cladding
and suitable core size, the effective refractive index (neff) of the fundamental core mode is
comparable with the material RI of aqueous analyte. Therefore, the LRSPP mode in the
proposed heterostructure is directly achieved without the assistance of an additional buffer
layer. Furthermore, the structural parameters, including the cladding pitch, the thicknesses
of silica web, the flatten silica layer, the Au layer and the TiO2 film, are discussed in detail.
Based on the wavelength interrogation method, the sensing performance of the different
heterostructures (i.e., SiO2-Au-TiO2 and SiO2-TiO2-Au) is compared within the analyte’s
RI range from 1.33 to 1.39. The results illustrate that the sensor based on the SiO2-Au-
TiO2 configuration has higher sensitivity and its maximum and average sensitivities reach
20,100 nm/RIU and 11,586 nm/RIU, respectively. The corresponding minimum resolution
is as low as 4.98 × 10−7 RIU.
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2. Structural and Theoretical Modeling

The cross-section of the proposed sensor is depicted in Figure 1a. The pure silica D-shaped
MOF plays the role as a substrate with a waveguide, in which the microstructured cladding
consists of five-layer hexagonal air holes with the honeycomb-structure arrangement and the
central air hole is replaced by a silica rod. This hexagonal-air-holes structure provides a very
high air-filling ratio. It not only significantly lowers the neff of the MOF’s core mode but also
reduces the optical field to spread in air-holes cladding, resulting in a strong interaction of
the light between the waveguide and metal film. The flattened side of the D-shaped MOF
can be treated as a very thin layer of silica and provides a planar surface, on which a layer of
gold and a very thin-film of TiO2 are coated sequentially. Gold is a commonly-used plasma
material in many SPR devices due to its high resonance shift capability and chemical stability.
The TiO2 film is deposited on the gold layer to increase the electromagnetic field extension
from the metal film to the analyte, enhancing the interaction of the evanescent wave with
the analyte [28]. It is noteworthy that most of the planar-layer silica connects with the air
holes directly, where the electromagnetic field tends to be partially reflected to the metal film
because of the considerable RI difference at the silica–air interface. To mimic the scenario
of practical sensing, the proposed device is surrounded by a liquid analyte which is usually
viewed as another dielectric layer.

(a)

(b)

Figure 1. (a) Cross-sectional schematic structure of the D-shaped LRSPR refractive index sensor with
SiO2-Au-TiO2 structure. (b) Diagram for the experimental setup for sensor characterization. Λ denotes
the pitch of MOF’s air-hole cladding; d denotes the thickness of silica web; tAu denotes the thickness
of gold film; tTiO2 denotes the thickness of the tin oxide film; tSiO2 denotes the thickness of the planar
silica layer; PML: perfectly-matched layer; OSA: optical spectrum analyzer.

The numerical simulation and analysis were implemented by using a full-vector finite-
element method (FEM), which was provided by COMSOL Multiphysics. As an example,
the initial model parameters included the MOF’s pitch size (Λ = 2600 nm), the thickness
of the silica web (d = 500 nm), the thickness of the planar-layer silica (tSiO2 = 150 nm), the
thickness of the gold layer (tAu = 70 nm), and the thickness of the TiO2 film (tTiO2 = 3 nm).
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The diameters of the MOF’s outer cladding, analyte and perfectly-matched layer (PML) are
respectively set to 36 µm, 40 µm, and 43 µm.

The background material of the MOF is fused silica, and the refractive index of SiO2 is
calculated by the following Sellmeier equation as mentioned in [29]:

nSiO2 =

√

1 +
0.691663λ2

λ2 − 0.004679
+

0.407943λ2

λ2 − 0.013512
+

0.897479λ2

λ2 − 97.934003
, (1)

where λ denotes the wavelength of the incident light and its unit is micrometer.
The complex dielectric permittivity of gold is described by the Drude–Lorentz model [30]:

εAu = ε∞ − ω2
D

ω(ω + iγD)
− ∆ε · Ω2

L(
ω2 − Ω2

L

)
+ iΓLω

, (2)

where ω is the angular frequency of transmitted light; ε∞, ωD, and γD stand for the permit-
tivity at high frequency, the plasma frequency and the damping coefficient, respectively;
ΩL and ΓL are the oscillator strength and the spectral width of the Lorentz oscillators,
respectively; ∆ε is a weighting factor. Their values are listed as follows: ε∞ = 5.9673,
ωD/2π = 2113.6 THz, γD/2π = 15.92 THz, ΩL/2π = 650.07 THz, ΓL/2π = 104.86 THz,
and ∆ε = 1.09 [31].

The refractive index of TiO2 can be defined by the given equation [3]:

nTiO2 =

√

5.913 +
2.441 × 107

(λ2 − 0.803 × 107).
(3)

The RI of air is fixed at 1.0, while that of the analyte keeps a constant value for wave-
length sweep and then changes from 1.33 to 1.39 for discussing the sensing performance.
The material RI of the PML is set to be the same as that of the analyte.

Regarding the feasibility of device fabrication, the specialty MOF can be fabricated by
the stack and draw technique, which is similar to the fabrication of a side-channel MOF [32].
Then, the planar surface for coating metal film can be exposed by fiber post-processing
methods, such as etching or side polish [33–37]. The deposition of Au and TiO2 films is
usually achieved by using thermal evaporation or sputtering techniques [2]. The practical
scheme for wavelength interrogation of the proposed LRSPR sensor could be similar to that
of the experimental setup for conventional SPR fiber sensors [35]. As shown in Figure 1b,
the D-shaped MOF with the LRSPR sensor head is spliced with two single-mode fibers
(SMFs) and is then connected with a broadband light source and an optical spectrum
analyzer (OSA), respectively. The output spectrum is recorded by the OSA, and then
transferred to a computer for data processing.

In order to achieve accurate enough results, the maximum element size of the meshes
in the TiO2 film and the gold layer are respectively set to be 1 nm and 10 nm, whereas the
mesh size in the silica web and MOF’s core are less than 50 nm. With frequency domain
mode analysis, a series of complex eigenvalues (Neff ) are simulated. Each eigenvalue
corresponds to a specific mode. The real part of a complex eigenvalue (Re[Neff]) represents
the effect refractive index (neff) of the corresponding mode, whereas its imaginary part
(Im[Neff]) determines the confinement loss α(λ) [30,36]:

α(λ) = 8.686 × 2π

λ
Im[Neff ]× 104 , (4)

where λ is the wavelength in micrometers.
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Based on the aforementioned method and the parameters of the example model, the
dispersion and confinement loss curves of the y-polarized core mode and LRSPP mode
are calculated and plotted in Figure 2a. The blue and red solid line curves stand for the
neff of y-polarized core mode and LRSPP mode, respectively. Moreover, the loss spectra of
the core mode and LRSPP mode are respectively illustrated as the red and blue dot curves.
From this figure, it is noteworthy that the dispersion curve of the core mode declines more
steeply than that of the LRSPP mode. This abnormal dispersion phenomenon is different
from that in conventional SPR devices and might be essentially related to the mode field
distribution of the LRSPP mode. The pictures shown in Figure 2c,f illustrate the electric
field distribution of the MOF’s core mode and LRSPP mode at the wavelength of 1900 nm,
respectively. For further in-depth analysis, the field distribution along y-axis of the LRSPP
mode is plotted as shown in Figure 2b. We find that most of electric field of the LRSPP
mode distributes in the analyte region. Thus, the neff of LRSPP mode will be close to
the material RI of analyte according to effective-medium theory [38,39]. It changes more
slowly than that of the MOF’s core mode, which is simultaneously determined by the
material dispersion of silica and the MOF’s waveguide dispersion [39]. Moreover, there
is a break around the wavelength of 1925 nm in their dispersion curves, in which the
avoided-crossing phenomenon occurs. As the pictures show in Figure 2c–e, the electric
field of the core mode is transferred step-by-step from the core region to the analyte with
the increment of wavelength, indicating a conversion from the core mode to the LRSPP
mode. On the other hand, the LRSPP mode is transformed into the core mode gradually as
the pictures show in Figure 2f–h. The attenuation spectrum consists of the confinement
loss of the core mode before the avoided-crossing point and that of the converted “core
mode” after the avoided-crossing point, as the blue dot curve shows in Figure 2a. It has
a narrow-band peak with a wavelength of 1925 nm, which corresponds to the strongest
mode coupling.

(c) (d) (e) (f) (g) (h)

(a) (b)

y－coordinate (μm)

Figure 2. (a) Dispersion relationship (solid lines) and attenuation spectra (dot lines) of the core mode (blue), LRSPP mode
(red). (b) The electric field profile along y axis of the LRSPP mode at 1900 nm. (c–e) and (f–h) are the electric field distributions
of the core mode and LRSPP mode at the wavelength of 1900 nm, 1925 nm and 1950 nm, respectively. They illustrate the
mode conversion around the avoided-crossing region. The red arrows in (c–h) denote the directions of electric field.
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Based on the wavelength interrogation method, the performance of the sensor can be
evaluated by the “so-called” wavelength sensitivity Sλ [40]:

Sλ =
∆λpeak

∆na
, (nm/RIU), (5)

where ∆λpeak is the resonant wavelength shift and ∆na is the variation of analyte RI.
Additionally, the resolution (R) and figure of merit (FOM) are widely used to further

evaluate the performance of SPR-based fiber sensors. They are respectively defined as
follows [41,42]:

R =
∆λmin

Sλ
, (RIU) (6)

FOM =
Sλ

FWHM
, (RIU−1), (7)

where ∆λmin for the minimum detectable wavelength of an OSA. It is usually set to
0.01 nm [42]; FWHM is the abbreviation of full width half maximum.

3. Discussion

By tracking the change of the LRSPR peak, the influence of the structural parameters
on the prosed sensor is analyzed in detail as follows. In order to maintain consistency,
except for the discussed parameter, other parameters are kept the same as those in the
example model in Section 2.

3.1. Influence of MOF’s Pitch on LRSPR

Firstly, the pitch Λ of the D-shaped MOF is increased from 2000 nm to 2600 nm with
the step of 200 nm, while the other parameters remain from the initial model. As shown in
Figure 3a, with the increases of pitch, the resonant wavelength shifts towards the longer
wavelengths. Actually, the core size is mainly determined by the pitch; the increase of
pitch is equivalent to the increase of the core diameter. Hence, the neff of the core mode at
each wavelength decreases accordingly, while the corresponding neff of the LRSPP mode is
hardly affected and still around the value of the analyte’s RI. This means that the phase-
matching condition can only be fulfilled at the longer wavelength if the MOF’s pitch is
increasing. By extracting the resonant wavelengths under different pitches and then fitting
linearly, as shown in Figure 3b, the dependence of the resonant wavelength on the MOF’s
pitch is highly linear.

(a) (b)

Figure 3. (a) The variation of loss spectrum with respect to different pitches of honeycomb structure cladding (d = 500 nm,
tSiO2 = 150 nm, tAu = 70 nm, tTiO2 = 3 nm, na = 1.33). (b) The resonant wavelength and the corresponding linear fitting
under different pitches of honeycomb structure cladding.
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3.2. Influence of Silica-Web Thickness on LRSPR

Secondly, how the LRSPR peak wavelength is affected by the silica-web thickness
d is evaluated by varying the thickness from 200 nm to 600 nm with a step of 100 nm.
With the increment of silica-web thickness, the resonant wavelength shifts to the longer
wavelength as shown in Figure 4a. Similar to the pitch, the influence of silica-web thickness
on the resonant wavelength is also related to the fiber’s core size. As silica-web thickness
increases, the core size will increase accordingly, resulting in the red shift of the LRSPR
peak. The tendency of the resonant wavelength with respect to the silica-web thickness is
almost linear, as shown in Figure 4b.

(a) (b)

Figure 4. (a) The variation of loss spectrum with respect to the change of the silica-web thickness (Λ = 2600 nm, tSiO2 = 150 nm,
tAu = 70 nm, tTiO2 = 3 nm, na = 1.33); (b) The dependence between the resonant wavelength and the thickness of the
silica web.

3.3. Influence of Planar-Silica Thickness on LRSPR

In our proposed model, the planar silica layer acts not only as the flat plane for deposit-
ing gold film, but also contributes to the LRSPR excitation. Figure 5a shows that the resonant
peak shifts to the shorter wavelength as the thickness of planar-layer silica decreases from
250 nm to 100 nm with a step of 50 nm. The wavelength of the resonant peak shows a linear
relationship with respect to the thickness of the planar-layer silica, as shown in Figure 5b.
The impact of the planar-silica thickness on the resonance can be attributed to the variation
of the MOF’s core size as well. In other words, when the thickness of the planar silica is
decreased but the MOF’s pitch and silica-web thickness are fixed, the core size will still
decrease accordingly, causing the blue shift of the LRSPR peak. Moreover, the FWHM
becomes larger as the thickness of the silica layer decreases, which means the FWHM can be
tuned by changing the thickness of the planar-layer silica.

(a) (b)

Figure 5. (a) The variation of loss spectrum with respect to the change of the thickness of planar-layer silica (Λ = 2600 nm,
d = 500 nm, tAu = 70 nm, tTiO2 = 3 nm, na = 1.33); (b) The relationship between the resonant wavelength and the thickness
of the planar-layer silica.
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3.4. Comparison between SiO2-Au-TiO2 and SiO2-TiO2-Au Heterostructures

In order to figure out how a thin-layer dielectric affects the LRSPR resonance, we
designed the device with different heterostructures: SiO2-Au-TiO2 and SiO2-TiO2-Au. They
are respectively denoted as S1 and S2 in short. In the first design, that is, S1, the Au film is
deposited on the surface of the planar-layer silica and then coated with a layer of TiO2 to
protect the metal film. In S2, on the contrary, the planar-layer silica of D-shaped fiber is
first coated with the TiO2 layer and then plated with the gold film. Here, the TiO2 layer
is considered an adhesive layer between the waveguide and gold film to enhance the
attachment of the metal film on waveguide surface. For the convenience of comparison, the
parameters of the waveguide are fixed as follows: Λ = 2600 nm, d = 500 nm, tSiO2 = 150 nm.

As shown in Figure 6a,c, both these heterostructures can be used to excite LRSPR,
but the resonant wavelengths in S1 and S2 show a different tendency. By increasing
the thickness of the TiO2 layer from 0 to 11 nm, the resonant wavelength of the LRSPR
sensor made of the S1 structure shifts towards the shorter wavelengths as shown in
Figure 6b, whereas the LRSPR peak wavelength of the S2 configuration moves to the
longer wavelength, as shown in Figure 6d, when the TiO2 layer is becoming thicker. Based
on effective medium theory, the TiO2 layer can be treated as a part of a waveguide in
the S2 configuration. It will help to increase the neff of the core mode since the material
RI of TiO2 is higher than that of SiO2 for the same wavelength. This indicates that the
resonance occurs at longer wavelengths as the thickness of the TiO2 layer increases. On
the contrary, the contribution of the TiO2 layer lies in increasing the neff of LRSPP mode
in the S1 heterostructure, pushing the phase matching towards the shorter wavelength.
Moreover, the amplitude of the resonant peak in the S1 structure is enhanced as well with
the assistance of the TiO2 layer.

Figure 6e,g illustrates the influence of the Au-film thickness on the LRSPR in two
heterostructures. As shown, the resonant peaks in both S1 and S2 configurations shift very
slightly when the thickness of Au film is increased from 50 nm to 80 nm. Their corresponding
dependence of the peak wavelength is no more than 1 nm when the thickness of the Au
film varies 10 nm. From the device fabrication point of view, the requirement of the coating
process for the proposed sensor will not be as critical as it is for conventional SPR devices.
Meanwhile, as the the thickness of the Au film increases, the resonance coupling between
the upper and lower parts of the gold layer is weakened, leading to the decrement of the
FWHM and amplitude in both heterostructures.

A further comparison of sensing performance between S1 and S2 heterostructures is
addressed by following the variation of their resonant peak wavelengths under different
analytes. The thicknesses of the Au film and the TiO2 layer are set to 70 nm and 3 nm,
respectively. By increasing the analyte’s RI from 1.33 to 1.39, as shown in Figure 7a, the
resonant peaks of both heterostructures undergo blue shifts. However, it is apparent that
the wavelength shifts in S1 are larger than those in S2. This indicates that the sensor based
on the S1 heterostructure has a higher sensitivity to ambient RI than does the S2 based
sensor. Their average sensitivities within the RI range from 1.33 to 1.39, as the linearly
fitting curves show in Figure 7b, are about 11,586 nm/RIU and 10,639 nm/RIU, respectively.
The corresponding average resolutions are about 8.63 × 10−7 RIU and 9.40 × 10−7 RIU,
respectively, based on Equation (6).

Additionally, their wavelength sensitivities are recalculated piecewise based on
Equation (5), as the bar chart shown in Figure 8a. Both of them increase monotonically
for higher RI interval. The maximum sensitivity reaches 20,100 nm/RIU for S1 based
sensor, while that of S2 based sensor is about 15,500 nm/RIU. The corresponding minimum
resolutions are about 4.98 × 10−7 RIU and 6.45 × 10−7 RIU, respectively. The LRSPR sensor
based on SiO2-Au-TiO2 heterostructure is found with a superior performance as a RI sensor.
Its FWHM and FOM are calculated and plotted in Figure 8b. In the Figure, the FWHM
is defined as the average of the FWHMs of adjacent two resonant peaks as shown in red
curve and the corresponding FOMs are drawn as well and shown as the blue curve. The
highest FOM is of 374 RIU−1, achieved in the RI range of 1.33–1.34.
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(a)

(c)

(e)

(g)

(b)

(d)

(f)

(h)

S1 S1

S1 S1

S2 S2

S2 S2

Figure 6. (a–d) The variation of loss spectrum and the corresponding peak wavelength with respect to the change of the
thickness of TiO2 film in S1 and S2, respectively (Λ = 2600 nm, tSiO2 = 150 nm, d = 500 nm, tAu = 70 nm, na = 1.33).
(e–h) The variation of loss spectrum and the corresponding peak wavelength with respect to the change of the thickness of
gold film in S1 and S2, respectively (Λ = 2600 nm, tSiO2 = 150 nm, d = 500 nm, tTiO2 = 3 nm, na = 1.33).
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(a)

(b)

Figure 7. (a) The variation of loss spectrum of two heterostructures with respect to the change of the
analyte’s RI. (b) The wavelength sensitivities to analyte’s RI for S1 and S2 heterostructures.

3.5. Sensing Performance Comparison with Previous LRSPR-Based Fiber Sensors

Finally, the performance of the proposed LRSPR sensor is compared with those recently-
reported LRSPR-based fiber sensors. As shown in Table 1, the LRSPR sensor proposed in this
work exhibits a very competitive performance. It has advantages such as higher sensitivity,
higher FOM and lower resolution.

Table 1. Comparison of the performance of the proposed sensor with recently reported LRSPR sensors.

Description RI Range Sλ (nm/RIU) Resolution (RIU) FOM (RIU−1) Ref.

GK570/silver in hollow fiber 1.4772–1.5116 12,500 0.8 × 10−5 150 [43] (Experiment)
Liquid-core PTFE-based POF 3 1.325–1.35 16,750 5.97 × 10−6 310.6 [4] (Simulation)
H-shaped MOF with DMDW 1.33–1.39 7540 1.3 × 10−5 280 [44] (Simulation)
D-type LRSPR sensor with high Q 1.33–1.38 3500.6 2.86 × 10−7 107.52 [45] (Experiment)
Dual-channel fiber with Au/TiO2 1.39–1.43 13,200 7.58 × 10−6 363 [28] (Simulation)
Gold-and MgF2-Coated RI sensor 1.32–1.38 27,959 3.70 × 10−5 – [46] (Simulation)
This work 1.33–1.39 20,100 4.98 × 10−7 374 (Simulation)
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Figure 8. (a) The wavelength sensitivities of S1 and S2 heterostructures in each step of analyte’s RI;
(b) The calculated FWHWs and FOMs of S1 and S2 in each step of analyte’s RI.

4. Conclusions

In summary, an LRSPR sensor based on a SiO2-Au-TiO2 heterostructure on a D-shaped
MOF is proposed and numerically investigated. The specialty D-shaped silica MOF is
designed with a honeycomb structure, which is arranged with hexagonal air holes and a
solid silica core. By means of advanced fiber fabrication and post-processing techniques,
part of the cladding is removed and then a plane silica surface is generated due to surface
tension during the fiber drawing. Then, the planar surface of the D-shaped MOF is
coated in a layer of Au film followed by a thin-layer TiO2 film, forming the SiO2-Au-TiO2
heterostructure. In this heterostructure, a strong LRSPR is achieved when the neff of the
fundamental core mode is comparable with the material RI of the analyte. Based on a
series of detailed discussions about the structural parameters, the resonant wavelength
is highly related to the MOF’s core size but is affected trivially by the thickness of the
Au film. Furthermore, through the comparison between SiO2-Au-TiO2 and SiO2-TiO2-Au
heterostructures, the former shows higher wavelength sensitivity with the analyte’s RI
varying from 1.33 to 1.39. Its maximum and average sensitivities reach 20,100 nm/RIU
and 11,586 nm/RIU, respectively. The corresponding minimum resolution is as low as
4.98 × 10−7 RIU. Finally, compared with the LRSPR based RI sensor reported recently, our
design is characterized by high sensitivity and low resolution. Therefore, the proposed
LRSPR sensor might find significant potential for high-sensitivity detection in biomedicine
and biochemical fields.
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Abstract: The efficient incoupling of light into particular fibers at large angles is essential for a

multitude of applications; however, this is difficult to achieve with commonly used fibers due to low

numerical aperture. Here, we demonstrate that commonly used optical fibers functionalized with

arrays of metallic nanodots show substantially improved large-angle light-collection performances at

multiple wavelengths. In particular, we show that at visible wavelengths, higher diffraction orders

contribute significantly to the light-coupling efficiency, independent of the incident polarization, with

a dominant excitation of the fundamental mode. The experimental observation is confirmed by an

analytical model, which directly suggests further improvement in incoupling efficiency through the

use of powerful nanostructures such as metasurface or dielectric gratings. Therefore, our concept

paves the way for high-performance fiber-based optical devices and is particularly relevant within

the context of endoscopic-type applications in life science and light collection within quantum

technology.

Keywords: fiber optics; plasmonic gratings; nanodot; light collection

1. Introduction

Over the past half century, optical fiber has revolutionized modern telecommunication
technology and industry from various perspectives [1–3]. Up to today, optical fiber re-
search still represents a major scientific field within the optics community with applications
ranging from highly efficient bio-sensor devices [4–7] to broadband light sources [8–10].
However, suffering from a small numerical aperture (e.g., the NA of single-mode fiber 28
(SMF-28) is only 0.14 at λ = 1550 nm), the light collection efficiency of commonly used
step-index fibers is insufficient for many applications and cannot satisfy the demands of
emerging applications such as wide-field endoscopes [11] or quantum photon probes [12].
To address this challenge, we have recently introduced a universal approach for improv-
ing the light-incoupling ability of optical fibers through integrating plasmonic nanodot
arrays [13] and dielectric concentric rings [14] on end faces of SMF-28. Through exploiting
different diffraction orders, this leads to significant improvements in coupling efficiency,
especially at very large angles at infrared wavelengths. In the present work, we extend
the spectral range of this concept and experimentally demonstrate a significant improve-
ment of light-coupling efficiencies across a wide incident angle interval (30° < θ < 85°) at
selected visible and infrared wavelengths. We specifically choose 550 nm as one of the
excitation wavelengths to investigate the coupling concept at such a short wavelength,
whereas the measurements at 1650 nm serve as a reference. Note that, theoretically, at
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any individual wavelength within the spectral range (i.e., from 550 nm to 1650 nm), the
coupling efficiencies can be improved by our approach.

The structure targeted here is schematically illustrated in Figure 1a. Here, an SMF-28
fiber tip functionalized by an array of hexagonally arranged gold nanodots is excited
by either a p- or a s- polarized beam (indicated by a green arrow) under an incident
angle of θ (wavelength λ). The grating deflects a certain amount of transmitted power
to a defined diffraction order (for example, the −1st order is illustrated in Figure 1a
by a dark red arrow). The diffracted light couples to the fiber modes, leading to an
enhancement of the light-coupling efficiencies at angles that otherwise show little coupling
efficiency in case of a fiber with an unstructured interface. The incoupling efficiency η is
defined here as η(θ) = Pout/Pin, where Pout and Pin are the fiber output and input powers,
respectively (see labels ‘Pout’ and ‘Pin’ in Figure 1a). Note that, in the following, we use the
normalized incoupling efficiency defined as ηnorm(θ) = η(θ)/η(θ = 0◦) to clearly highlight
the increases in value enabled by the nanostructures.

Figure 1. A schematic (a) illustrating the concept of the nanoarray-assisted fiber-based light collection
at incoupling angles of θ. (b,c): The scanning electron microscopy (SEM) images of gold nanodot
array (D: 480 nm, Λ1: 1.9 µm, Λ2: 1.7 µm) located at the core section of an SMF-28. In (b), the orange
shadow denotes the fiber mode area.

2. Theoretical Toy Model Analysis

For understanding the light-coupling process from a semi-quantitative perspective,
we utilize a strongly simplified one-dimensional scalar model [15] to describe the coupling
efficiency/incident angle dependence η = η(θ) at a fixed wavelength. The model is based
on the electric field integral between the fundamental fiber mode (HE11-mode) and the
exciting wave just below the nanostructure that is partially generated by the nanodot
grating (the model is depicted in Figure 2a). In the case of SMF-28, the HE11 mode can be

approximated by a Gaussian profile (E ≈ exp( x2

w2 )) due to the weak guidance approxima-
tion, and the excitation field is assumed to be a plane wave (wavelength λ, wavenumber
k0 = 2π/λ). Note that, as mentioned above for theoretical analysis, we normalize the
coupling efficiency to its value at perpendicular incidence ηnorm(θ) = η(θ)/η(θ = 0◦).
As the first step, we defined the coupling strength Cb(θ) parameter to characterize the
coupling into a fiber with no nanostructure:

Cb(θ) ∼ cos θ

∣∣∣∣
∫ ∞

−∞
e
−x2

w2 eikx xdx

∣∣∣∣
2

(1)
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where kx is the projection of wavenumber k0 along the x-axis (kx = k0 sin θ). The normalized
coupling efficiency of the bare fiber ηb(θ) is then defined as ηb(θ) = Cb(θ)/Cb(0).

By placing a plasmonic nanodot array (interdot distance (pitch) Λ) on the fiber facet,
the corresponding nth diffraction order modifies the projection of the wave vector on the
x-axis, and thus replaces kx by (kx + nG) (lattice vector G = 2π

λ ). Therefore, the coupling
strength Cg(θ) is changed to:

Cg(θ) ∼ cos θ

∣∣∣∣
∫ ∞

−∞
e
−x2

w2 ∑
n

anei(kx+nG)xdx

∣∣∣∣
2

(2)

Here, the coefficients an represent the relative amplitudes of the diffracted waves. The
summation covers all possible diffraction orders in the medium below the grating including
the non-diffracted wave (n = 0). As a result of this modification, the nanograting-enhanced
coupling efficiency follows the equation ηg(θ) = Cg(θ)/Cg(0). Note that, for the shortest
wavelength used in this work (λ = 550 nm), both −1st and −2nd orders (i.e., n = −1 or
n = −2) contribute to efficiency enhancement, while for λ = 1650 nm only the −1st order
(i.e., n = −1) is relevant. In addition to the two mentioned wavelengths, the toy model
suggests that nanograting enhanced light-incoupling concept should principally work for
any wavelength within the demonstrated spectral range.

Figure 2. A theoretical model (a) of fiber light-coupling efficiencies for calculations at wavelengths of
550 nm (b) and 1650 nm (c), respectively. The dashed vertical lines in (b,c) correspond to additional
enhancement position calculated by the grating equation.

The theoretical efficiencies ηnorm(θ) at λ = 550 nm and λ = 1650 nm are plotted in
Figure 2b,c, respectively. For the coefficients of the diffracted waves, we have used an

= 0.1, which are estimated by the amount of scattered power which is in the order of
the filling factor of the grating taking into account the distribution of the power across
four diffracted waves. Note that the toy model represents a coarse approximation of the
experimental circumstances and should only be qualitatively compared to experimental
results. In each diagram, the black curve represents bare fibers, which all fail to operate
beyond angles of 20° (η < 10−6). In addition to the maximum value at normal incidence
(θ = 0°), nanostructure-enhanced fibers exhibit substantially improved incoupling efficien-
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cies particularly at the angles labeled as ‘−1st’ and ‘−2nd’ (refer as local maxima), in which
the overall amplitude is close to the order of 10−4. It is notable that different pitches (green
line: Λ1 = 1.9 µm, orange line: Λ2 = 1.7 µm) could modify the line shape of η and thus lead
to an additional degree of freedom to vary the local maxima. For instance, in the case of
the short wavelength (λ = 550 nm), the maximum of the −2nd peak for Λ = 1.9 µm (green
line in Figure 2b) is located at around 35°, while for the Λ = 1.7 µm the counterpart (orange
line) of this maximum approaches 40° (see the vertical dashed lines in Figure 2b).

As shown in ref. [13], the angles of maximal incoupling are related to the lattice
constants of the grating and can be approximated by a diffraction order equation, which is
given by θ = arc sin(−nλ

Λ
) [16] and in particular includes the diffraction order n. For the

short wavelength (λ = 550 nm), two maxima from two diffraction orders (−1st (n = −1)
and −2nd (n = −2)) induce a substantial improvement in incoupling efficiency, while only
the −1st order contributes to the case of the long wavelength (λ = 1650 nm), as already
shown in ref. [13]. This effect is clearly visible from the diffraction order equation: the
shorter wavelength contributes two values of incidence angle θ (λ = 550 nm, Λ1 = 1.9 µm,
θ−1st ≈ 17° and θ−2nd ≈ 35°), whereas only one value of θ exists for the identical incidence
scenario for the long wavelength (λ = 1650 nm, Λ1 = 1.9 µm, θ−1st ≈ 60°).

Here, we would like to point out that the SMF-28 exhibits higher-order modes at
λ = 550 nm, which would demand including the respective modes in the theoretical
model. However, our simple analytical model (Figure 2) shows good agreement with
experimental data hereafter despite the mode differences. This is partially because the
power fraction of fundamental mode dominates, and the higher modes have no major
influence on the line shape of the light-incoupling efficiency. Therefore, we believe this
simplified model is valuable in revealing the overall characteristics of the light-incoupling
process for the configuration investigated here and the errors caused by the multimodeness
are sufficiently small.

3. Implementation and Characterization Setup

The array of hexagonal nanodots (lattice constant Λ1 = 1.9 µm and Λ2= 1.7 µm,
scanning electron microscopy (SEM) images presented in Figure 1b,c) are fabricated on a
cleaved end face of an SMF-28 using of modified electron beam lithography (more manu-
facturing details can be found in ref. [13]). The nanodots have diameters and thicknesses of
D = 480 nm and t = 40 nm, resulting in a plasmonic resonance at around λ = 1440 nm with
the full width at half maximum (FWHM) of 200 nm (a measured transmission spectrum is
provided in ref. [13]).

The coupling efficiencies have been measured at various incidence configurations
using a laser source (NKT Photonics SuperK Compact) together with several polarizers
(Thorlabs), focusing lenses (Thorlabs) as well as power detectors (Thorlabs). More details
to the typical setup are provided in ref. [13]. Note that, due to the detection limit of the
powermeter used, several points could not be detected for θ > 50°.

4. Experimental Results

The measured data at λ = 550 nm and λ = 1650 nm are presented in Figure 3a–d,
overall showing a strong impact of the nanodot array on incoupling efficiency. In general,
for both wavelengths the coupling efficiencies of nanostructure-enhanced fiber have been
improved to the maximum of about 10−4 at large incidence angles (i.e., from 20° to 85°),
while the distributions of local maxima strongly vary depending on wavelength and pitch.
In addition to the value maximum at normal incidence (θ = 0°), two less-distinguished
local maxima emerge at around θ = 20° and θ = 50° for λ = 550 nm (more obvious for the
green dots), while only one local maximum (around 50°) was observed for λ = 1650 nm.
This agrees with the theoretical model where both −1st and −2nd diffraction orders con-
tribute at shorter wavelengths, while only the −1st order is relevant when the pitch value
approximates the operation wavelength. Once again, the local maximum position of all
four figures can be predicted by the simple formula θ = arc sin(−nλ

Λ
), which are indicated
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as color-coded dashed lines in Figure 3. The local maxima position mismatch between
experiments and model predictions can be attributed to beam excitation differences (Gaus-
sian beam in experiment while the plane wave excitation in toy model) and fluctuations
of fabricated nanodot grating. Note that the line shape of the incoupling efficiency does
not depend strongly on the incidence polarization. Additionally, we have carried out an
additional efficiency measurement at 650 nm, resembling the data at 550 nm. Specifically,
the overall efficiencies are improved at angles of 30° and 55°, indicating the involvement of
both first and second diffraction orders.

Figure 3. Experimental coupling efficiencies at wavelengths of 550 nm (a,b) and 1650 nm (c,d) under
various incidence occasions (wavelength, angle, polarization, pitch condition, etc.). The vertical
dashed lines situated at different incoupling angles have been obtained from the grating equation
(i.e., θ = arc sin(−nλ

Λ
)) and the two colors refer to varied pitch configurations (green: Λ1 = 1.9 µm,

orange: Λ2= 1.7 µm).

5. Conclusions

Even though optical fibers have been used to great success in a multitude of areas,
collecting light under large angles within different spectral regimes remains a key challenge
with commonly used fibers due to low numerical aperture. To meet this requirement, we
demonstrate in this work that optical fibers functionalized with arrays of metallic nanodots
located on the core of the fiber substantially improve light-collection performance at mul-
tiple wavelengths, extending the spectral domain of operation towards the visible. We
experimentally demonstrate a nanostructure-mediated enhancement of the light-coupling
efficiencies at large incident angles (from 30° to 85°) at two selected wavelengths (550 nm to
1650 nm), while nanostructure implementation relies on modified electron beam lithogra-
phy. The overall improvement lies within the order of 10−4, which can be improved in the
future by optimization of disk diameter and thickness, while the the additional maximum
in the angle spectrum at visible wavelengths is related to an additional diffraction orders.

Our concept represents a generic approach to increase light-coupling efficiencies
and can easily be further improved by using high-performance nanostructures such as
metasurfaces [17,18]. Note that commonly used multimode fibers have typical numerical
apertures of at NA = 0.5 [19], yielding maximum incoupling angles of θ = 30°. This
is substantially smaller than what can be achieved with our concept, emphasizing the
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importance of nanostructure-mediated incoupling. Therefore, we strongly believe that the
concept of light incoupling through nanostructures will have great impacts in various fields
of research and applications including bioanalytics (e.g., collection of Raman signals [20]),
life science (e.g., in vivo endoscopy [21]) or quantum technology (e.g., collection of light
from single emitters [22]). We would like to emphasize that particular applications that
require incoupling at large angles would benefit from the presented concept (e.g., in vivo
imaging).
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Abstract: In recent years, multicore fiber (MCF) has attracted increasing interest for sensing applica-

tions, due to its unique fiber structure of multiple parallel cores in a single fiber cladding, which offers

a flexible configurable platform to establish diverse functional fiber devices for sensing applications.

So far, a variety of discrete fiber sensors using MCF have been developed, among which one of the

major categories is the MCF grating sensors. The most distinct characteristic of MCF that differs from

the normal single mode fibers is that the off-center cores of a MCF are sensitive to bending, which is

caused by the bending induced tangential strain in off-center waveguides through either compression

or stretching. The bending sensitivity has been widely developed for bending/curvature sensing

or measuring physical parameters that are associated with bending. In this paper, we review the

research progress on MCF-based fiber grating sensors. MCF-based diverse fiber grating sensors will

be introduced, whose working principles will be discussed, and various types of applications of the

MCF grating sensors will be summarized. Finally, the challenges and prospects of MCF grating for

sensing applications will be presented.

Keywords: multicore fiber; fiber Bragg grating; long period grating; fiber grating sensors

1. Introduction

In recent years, multicore fiber (MCF) technology has been extensively investigated
for applications spanning optical fiber transmission, sensing and laser [1–6], etc. Thanks
to the promotion of bandwidth requirement in the field of optical fiber communications,
the MCF-based space-division multiplexing technique has developed rapidly in the last
decade as a promising solution to increase the transmission capacity per fiber [7], which
has substantially facilitated the development of MCF manufacturing and the relevant
optical components. On the other hand, since multiple spatial cores of the MCF allow for
independent parallel optical transmission within a single fiber, the unique MCF also turns
out to be a flexible configurable platform that allows to develop diverse functional fiber
devices and systems for sensing applications.

Multicore fiber contains more than one core in a single fiber cladding, whose core
numbers and their spatial distributions can be flexibly designed in terms of the tolerance of
inter-core crosstalk. Some common core arrangements of MCF include hexagonal struc-
ture [8], square lattice structure [9], ring structure [10], and linear array structure [11],
etc. On the other hand, MCF can be manufactured with homogeneous or heterogeneous
fiber cores, depending on the used material compositions of the cores, i.e., the cores of
a homogeneous MCF have identical refractive index profiles, while those of the hetero-
geneous MCF are not the same. Currently, most of the MCFs are weakly-coupled MCFs,
whose core-to-core pitch is deliberately set to be large (generally >30 um) in order to avoid
high crosstalk between adjacent cores [12]. As a result, the weakly-coupled MCFs can
transmit optical signals independently in different spatial cores. In addition, some effective
fiber structure designs have been proposed to suppress inter-core crosstalk, including the
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trench-assisted cladding structure and the air-hole-assisted cladding structure [2,13], etc.
However, in contrast, strongly coupled MCFs have also been developed recently, whose
cores are much closer to each other in comparison with the weakly coupled MCFs. This
kind of MCF supports super-modes transmission [14], which is therefore also considered as
a form of multimode fiber. In a MCF-based optical system, one of the most critical optical
components is the multiplexer/de-multiplexer (fan-in/fan-out), which is used to achieve
optical coupling between each core of the MCF and the single mode fibers (SMFs). The
proposed schemes include free space lens coupling [15,16], waveguide coupling [17], and
etched or tapered fiber bundle coupling [8,18–21], etc.

Multicore fiber possesses some outstanding advantages, including multiple indepen-
dent spatial channels, all-solid cores, small size and compact, excellent mechanical robust
properties, etc. Specifically, different from the situation in the normal SMFs, where the
cores are located in the fiber center, i.e., the strain neutral axis, the off-center cores of MCF
are sensitive to bending, since fiber bending will generate tangential strain in off-center
positions of the waveguide. The bending sensitivity has been used to develop various
bending/curvature sensors, as well as to measure some other physical parameters that
are associated with bending, e.g., vibration, acceleration, flow velocity of liquid and gas,
etc. MCF sensors can be divided into two categories, i.e., distributed fiber sensors and
discrete fiber sensors [22,23]. On one hand, MCF-based distributed fiber sensors have
shown unprecedented performance that allows for distributed curvature and 3-D shape
sensing [24]. In addition, MCF space-division multiplexed system configurations also turn
out to be effective solutions of many critical problems in conventional distributed sensors,
e.g., addressing the intrinsic cross-sensitivity issue in Brillouin distributed sensors [25,26],
enabling large dynamic range and ultra-high measurement resolution simultaneously [27],
achieving multi-parameter sensing [28,29], as well as extending the sensing range and fre-
quency measurement range [30,31], etc. On the other hand, so far, a variety of discrete fiber
sensors using MCF have been developed, which can roughly be categorized into two types,
including the MCF grating sensors and the MCF interferometric sensors. MCF gratings
sensors are one of the major categories of MCF discrete sensors, where fiber gratings are
written in the cores of MCF. In addition, the multi-core structure of the MCF provides an
excellent platform to fabricate in-fiber spatially integrated interferometers by means of
splicing with other fibers or tapering, as well as using the fan-in/out coupler [32–34], etc.,
as shown in Figures 1 and 2, respectively.

–

–

 

Figure 1. MCF sensor fabricated with tapering. (a) The cross-section image of the MCF. (b) Schematic
diagram and operation principle of the Michelson-type multipath interferometer. (c) MCF-MI
structure under microscope. (d) Spherical end face of MCF under microscope. Reprinted with
permission from Ref. [34] © 2016 Optica Publishing Group.

In this paper, we review the research progress of fiber grating sensors that are using
multicore fibers. Firstly, the unique bending sensitivity in off-center cores of MCF will be
introduced in Section 2. Then, the advances in MCF-based fiber Bragg grating (FBG) sensors,
tilted fiber Bragg grating (TFBG) sensors, and long-period grating (LPG) sensors will be
summarized thoroughly, which will be presented in Section 3, Section 4, and Section 5,
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respectively. Section 6 will discuss the challenges and future prospects of MCF grating
sensors. Finally, a conclusion will be given in Section 7.

Figure 2. MCF Michelson interferometer sensor fabricated by using the fan-in/out coupler. Reprinted
with permission from Ref. [33] © 2018 Optica Publishing Group.

2. Bending Sensitivity in Off-Center Cores of MCF

There has been increasing interest in developing various MCF grating sensors, includ-
ing MCF-based FBG, TFBG, and LPG sensors, etc. It is well-known that SMF-based fiber
grating sensors have been widely used for measuring temperature and strain, etc. The
fiber core of SMF is located on the strain neutral axis, so theoretically FBG that is inscribed
in the central core of a SMF is not sensitive to bending, as bending will not give rise to
strain to the FBG. While in a bent MCF, as shown in Figure 3, the cores on the outer side
of the neutral plane will be stretched, and the cores on the inner side of the neutral plane
will be compressed, as a result fiber bending will give rise to tangential strain in off-center
cores [24,31,35]. The fiber gratings written in the off-center cores of MCF will thus be
sensitive to bending, due to fiber bending induced strain. By using the unique bending
sensitivity, MCF has been widely used for bending sensing and relevant applications.

Figure 3. Schematic diagram of a bent MCF with a bending radius of R. The inner side cores will be
compressed, while the outer side cores will be stretched. As a result, bending will generate different
local tangential strains in distinct spatial cores. Adapted with permission from Ref. [31] © 2018 IEEE.
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Let us take a seven-core fiber as an example, as shown in Figure 4 [36]. Fiber bending
induced local tangential strain in MCF can be quantitatively determined, as given by [24,35]

εi = −di

R
cos(θb − θi) (1)

where di is the distance of core i to the fiber center, R is the bending radius (κ = 1/R), θb is
the bending angle which is defined to be the angular offset from the local x-axis to the local
fiber bending direction, and θi is the angular position of core i, i.e., the angle from local
x-axis to a specific core i. It is worth noticing that for the central core d = 0, so it can be inferred
from Equation (1) that fiber bending will not generate strain in the central core of MCF.

  = − −




   = − =

   = −





Figure 4. The transversal spatial distribution of cores of a seven-core fiber, showing the definitions of
some important geometrical parameters. Reprinted with permission from Ref. [36] © 2016 Optica
Publishing Group.

3. MCF-Based Fiber Bragg Grating Sensors

The first demonstration of bending sensing using fiber Bragg gratings in MCF was
reported by Gander et al. [37]. Since fiber bending will give rise to local tangential strain in
off-center cores, assuming that two cores are in the bending plane, then the strain difference
between the two cores is determined by

∆ε = ε1 − ε2 =
2d

R
(2)

Note that this fiber bending induced tangential strain in off-center cores will lead to
the shift of Bragg wavelengths of FBGs, as a result the difference in Bragg wavelength
between two adjacent gratings written in different cores can be used to retrieve the local
curvature, as governed by

∆λB = λB(1 − pε)∆ε (3)

where pε is the effective photo-elastic coefficient. Equation (3) indicates that the Bragg
wavelengths difference is proportional to the strain difference ∆ε, and thus the curvature.
Therefore, curvature can be obtained from the measurement of two FBGs. The benefit of
the MCF-based curvature sensor is that it is temperature-independent, because the two
FBGs in the MCF have almost identical temperature sensitivities.
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By using a pair of FBGs in two cores of the MCF, it is only able to measure a one-axis
bending, while in order to measure a two-axis bending, two pairs of orthogonal FBGs in
three cores are required [38], e.g., cores 1–3 in Figure 5a, where the difference between the
wavelength shifts in each grating pair reveals the differential strain and hence the curvature.
For a specific azimuthal placement of the four-core fiber, bending sensitivity of the FBGs
has been calibrated by bending the fiber in the horizontal and vertical (i.e., x and y) planes
separately. The Bragg wavelength differences between the two core pairs (i.e., cores 1 and
2, cores 2 and 3) are plotted in Figure 5b,c, respectively [38].
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Figure 5. (a) The cleaved face of the four-core fiber. (b,c) are the measured wavelength difference
versus applied curvature for x-axis and y-axis bending with a linear least-square fit: (b) pairing of
cores 1 and 2; (c) pairing of cores 2 and 3. Adapted with permission from Ref. [38] © 2003 Optica
Publishing Group.

Note that by using the two pairs of FBGs, their wavelength difference can be described
by a matrix in terms of curvature κx and κy, as given by

[
∆λ12
∆λ23

]
=

[
∆λ0

12
∆λ0

23

]
+

[
p q
r s

][
κx

κy

]
(4)

where ∆λ0
12 and ∆λ0

23 are the constant absolute wavelength difference between FBGs, p, q,
r, and s are the calibrated response coefficients of FBGs along the two bending axes. Inverse
matrix transformation can then be performed to determine the relative bending in the x
and y axes, so two-axis curvature measurement is achieved.

The result indicates that the responses of FBGs under different bending angle are
distinct. As a matter of fact, it can be inferred from Equation (1) that the curvature sensitivity
(wavelength shift vs. curvature variation) of an outer core should be angular position
dependent, which is subject to a cosinoidal function with respect to the angular offset
between the fiber core and the bending direction, i.e., θb − θi. The offset angle dependence
of the curvature sensitivity of the off-center core has been investigated, whose experimental
setup is shown in Figure 6a [39]. The setup allows to adjust the curvature of the sensing
fiber, as well as to rotate the fiber with about 2◦ angular accuracy. Here, the curvature κ of
the sensing fiber is governed by [39,40]

sin
(

Lκ

2

)
=

(L − ∆L)κ

2
(5)

where L is the initial length between the two fixed ends of the fiber without bending and
∆L is the movement distance of the adjustable stage.
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Figure 6. (a) Experimental setup of the proposed curvature sensor; (b) theoretical definition of the
bending orientation angle; (c) schematic diagram of a curved fiber when the bending angle is 270◦;
(d) Bragg wavelength shifts versus curvature for the two FBGs at different bending angles. The inset
shows the wavelength fluctuations of the central FBG at different bending angles over the curvature
range from 0 to 1.896 m−1. (e) Relationship between the curvature sensitivity of FBG in the off-center
core and the experimental bending orientation angle. Adapted with permission from Ref. [39].

As shown in Figure 6b, a heterogeneous seven-core fiber was used in the experiment,
while only one outer core and the central core have been used for characterization. A
schematic diagram of the curved fiber with 270◦ bending angle is presented in Figure 6c.
By rotating the fiber, a different bending angle (i.e., the angular offset) with respect to the
selected fiber core can be generated, note that the initial state is trivially considered to be
0◦; meanwhile for each applied bending angle, the Bragg wavelength shifts under different
curvatures were measured, and the result is plotted in Figure 6d. It is observed that for
each specific bending angle, the Bragg wavelength shift of FBG in the outer core is linear to
the curvature of the sensing fiber, and different bending angle leads to distinct curvature
sensitivities. In contrast, as shown in Figure 6d, the Bragg wavelengths of FBG in the
central core remain almost unchanged under different curvature, so it turns out that it is not
sensitive to bending, because the FBG is located on the strain neutral axis of the fiber. Using
the measurement results of Figure 6d, the obtained curvature sensitivities of FBG in the
off-center core as a function of the bending angles is presented in Figure 6e. It verifies that
the curvature sensitivity of FBG in the off-center core varies with the relative bending angle.
Specifically, as indicated by Equation (1), it follows a cosinoidal (or sinusoidal) function
with respect to the bending angle, and a period of 360◦. Since the FBG in the central core is
insensitive to fiber bending, it can be used to compensate the effects of temperature and
externally applied axial strain.

The bending angle dependence of the curvature sensitivity of a specific off-center core
has been investigated in a twin-core few-mode fiber (TC-FMF) [41]. As shown in Figure 7,
each core of the TC-FMF supports LP01 and LP11 modes. While three resonance peaks
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were observed in the FBG reflection spectrum of the TC-FMF, which result from the LP01
mode resonance, LP01–LP11 mode cross-coupling resonance, and LP11 mode resonance,
respectively. The bending response of one resonance peak has been investigated by rotating
the fiber from 0◦ to 360◦ with a step of 15◦, and the measurement was then repeated for
some different curvatures of the sensing fiber. The result is shown in Figure 8a. It indicates
that for a specific fiber curvature, the resonance wavelength varies periodically with respect
to the bending angle, which matches well with the inference of Equation (1). The curvature
sensitivities (wavelength shift vs. curvature variation) can then be calculated from the
measurement result, which is shown in polar coordinate in Figure 8b. The result indicates
that the curvature sensitivity reaches to the maximum when the bending angle is 0◦ (or
360◦) and 180◦, which is because the used sensing fiber core is located in the bending plane
and bending caused strain is the maximum in this case, as inferred from Equation (1); while
the curvature sensitivity is zero when the bending angle is 90◦ and 270◦, which is because
the used sensing fiber core is located in the strain neutral axis plane in this case, as a result
bending will not give rise to strain in the fiber core.

–

 

bend direction angle θ is the angular offset between the fiber bend plane and the axis connecting 
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Figure 7. Schematic diagram of a curved twin-core few-mode fiber with bending radius of R, where
bend direction angle θ is the angular offset between the fiber bend plane and the axis connecting core
A and core B. The inset shows the microscopic image of the TC-FMF. Adapted with permission from
Ref. [41] © 2017 IEEE.
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Figure 8. (a) Resonant wavelength of one peak in the reflection spectrum of TC-FM FBG as a function
of the bend direction angle under different bend curvatures. (b) Bend sensitivities of the TC-FM FBG
in different bend directions. Adapted with permission from Ref. [41] © 2017 IEEE.

The bending responses of all the three resonance peaks have also been compared.
For a given bending direction, different bending radii were applied to the sensing fiber,
meanwhile the reflection spectra were recorded, respectively, as shown in Figure 9a. The
wavelength shifts of the three peaks as a function of the curvature are shown in Figure 9b.
The linearly fitted curvature sensitivities are −36.26, −37.41, and −36.35 pm/m−1, respec-
tively. Therefore, it turns out that there is no large difference between the resonance peaks
in terms of the response of fiber bending.
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Figure 9. Bend response of the TC-FM FBG with different bend curvatures. (a) Reflection spectra
evolution of the TC-FM FBG with different bend curvatures. (b) Wavelength shift of the three
resonance peaks in the reflection spectra of the TC-FM FBG as a function of bend curvature. Adapted
with permission from Ref. [41] © 2017 IEEE.

The curvature sensitivities of FBGs in all the off-center cores of a seven-core fiber have
also been characterized [42], as shown in Figure 10. For a given curved MCF with bending
angle θb, as each outer core has different angular position θi, i.e., their relative angle offsets
to the bending direction are distinct, the outer cores have different curvature sensitivities.
While because the six outer cores are arranged hexagonally, the curvature sensitivities are
actually the same with 60◦ offset in the polar coordinate between two adjacent outer cores.

 

 
Figure 10. Bend sensitivities for the six outer-core FBGs in the seven-core fiber plotted for vari-
ous bend directions (from 0◦ to 360◦). Reprinted with permission from Ref. [42] © 2018 Optica
Publishing Group.

In addition to the silica fiber, polymer optical fiber (POF) has also been investigated
for bending sensing [43]. As shown in Figure 11a, the POF has off-center cores, in which
Bragg grating is inscribed. Using the experiment setup shown in Figure 11b, bending
was then applied to the sensing fiber along four directions, i.e., 0◦, 90◦, 180◦, and 270◦,
and the measured wavelength shifts as a function of the curvature is shown in Figure 11c.
The fiber core is compressed along the 0◦ bending direction, and it is stretched along the
180◦ bending direction. While fiber bending should not give rise to strain in the fiber core
along 90◦ and 270◦ bending directions, since the fiber core is in the neutral plane, and the
wavelength shift of FBG along these two bending directions is assumed to be caused by
misalignment of the fiber axis or a slight twist of the POF during measurement. The benefit
of polymer fiber is that it has a smaller Young’s modulus and its failure critical strain is
much larger in comparison with the silica fiber, so it has potential in the bending sensing
applications that have very small bending radius.
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Figure 11. (a) Microscope image of the polymer fiber cross-section marked with the orientations;
(b) schematic of the experimental setup for characterizing the FBG-based sensor. R is the bend radius
and h is the displacement; (c) wavelength shifts of the eccentric polymeric FBG against curvatures at
four different orientations. The symbols show the experimental data and lines depict the best-fit lines.
Adapted with permission from Ref. [43] © 2010 IEEE.

It is realized that the most prominent advantage of FBG in MCF is that it allows for
bending measurement, which is a unique characteristic that the FBG does not possess in the
core of a normal SMF. As a matter of fact, FBG in MCF has also enabled the measurement
of parameters that are associated with bending, e.g., transverse loading, acceleration,
vibration, flow velocity of liquid and gas, etc.

For example, it is observed that when transverse loading is applied to an MCF, the
reflection spectrum of FBG in the MCF will split due to transverse stress induced birefrin-
gence [44], as shown in Figure 12a, and it turns out that the splitting is a function of the
applied loading, as shown in Figure 12b. It can be observed that the peak splitting of FBG
is also angular position dependent for a given loading, because transverse stress is the
largest around the cladding edge along the diameter that is aligned with the loading axis
i.e., cores 1 and 3 in Figure 12b, and it is the lowest in the cores that are far from the loading
axis, i.e., cores 2 and 4 in Figure 12b.

smaller Young’s modulus and its failure critical strain 

 

Figure 12. Birefringence-induced peak splitting due to increasing loading. Adapted with permission
from Ref. [44] © 2004 Optica Publishing Group.

In fact, the orientation of transverse loading can also be retrieved from the measure-
ment of FBG peak splitting in MCF. Because transverse loading induced birefringence is
different at different angular positions, as a result the peak splitting of FBGs in different
fiber cores is distinct as well, as is shown in Figure 12b. Therefore, the load angle relative to
the cores can be found from the ratio of the Bragg peak splitting between pairs of cores [45].
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This has been demonstrated by using FBGs that were inscribed at the same axial position
in all cores of a four-core fiber, whose cores are arranged at the vertices of a square. Specifi-
cally, a parameter α that defines the ratio of peaking splitting coefficients (i.e., the slope of
peaking splitting versus loading at a specific angle) of two adjacent cores is used to deduce
the orientation of loading, as given by

α =
d∆λi

dF
/

d∆λj

dF
(6)

where ∆λi and ∆λj are the peak splitting of FBGs in two neighboring cores, F is the applied
loading. The dependence of splitting coefficients ratio on loading angle is presented
in Figure 13, where both the theoretical curve and experimental data are shown, and
measurement was carried out by using two cores with 90◦ separation, i.e., cores 1 and 2 in
the inset of Figure 13.
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Figure 13. Theoretical curve (solid curve) and experimental data (points) for the stress difference ratio of
two cores at 90◦ separation. Reprinted with permission from Ref. [45] © 2005 Optica Publishing Group.

Making use of the fiber bending induced differential strain between the FBGs in a four-
core fiber, pitch and roll sensing has also been demonstrated [46]. As shown in Figure 14a,
the four-core fiber was supported at one end and a small mass was attached to the other
end of the fiber, so a cantilever is formed. The free end of the fiber trends to be curved due
to gravity, thus, in this case the fiber bending induced differential strains between opposite
grating pairs are determined by the orientation of fiber in pitch (in the vertical plane) and
roll (azimuth) with respect to gravity. Specifically, the roll angle can be acquired from the
ratio of the strain differences between two orthogonal core pairs, e.g., core pairs (1, 2) and
(2, 3), as shown in the inset of Figure 14a. Moreover, the pitch angle can be achieved from
the magnitude of the differential strain between pairs [46]. The measurement result of pitch
and roll is shown in Figure 14b.

FBGs in a four-core fiber have also been used for dynamic two-axis curvature mea-
surements by making use of the bending induced differential strain in off-center cores of
the MCF [47]. For this application, in order to achieve dynamical strain measurement,
arrayed waveguide grating (AWG) was used to interrogate the Bragg wavelength of the
FBG by monitoring the optical power of different AWG channels, and then the ratio of the
power in these channels was used to infer the grating wavelength, which permits strain
measurement dynamically at kilohertz frequency.
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Figure 14. (a) Sensing fiber mounted in rotary stage; in this case the pitch angle is set at 45◦. The inset
shows the used four-core fiber in this experiment; (b) experimental results from pitch (θ) and roll (ϕ)
measurements. x = λ1 − λ2, y = λ2 − λ3 are the differential Bragg wavelength shifts (in nm with
offset removed) between orthogonal pairs (1, 2) and (2, 3) of MCF gratings. Data are plotted for θ = 0◦,
30◦, 45◦ (ϕ range 0–540◦) and θ = 60◦, 75◦ (ϕ range 0–360◦). Adapted with permission from Ref. [46].

Note that the strain difference between two gratings in the MCF can be used to
determine the radius of curvature R in the plane of the cores, as governed by

R =
d

ε1 − ε2
(7)

where d is the distance between the cores and εn is the strain in the nth core. Therefore,
the curvature in two dimensions can be obtained by using two orthogonal FBG pairs. As
shown in Figure 15a, FBGs were written co-located in the cores of the MCF, and three
cores have been used in the experiment. The MCF containing the FBGs was inserted into a
stainless steel tube, and a cantilever was formed by clamping the tube at one end. A high
speed camera was used to capture the displacement of the end of the cantilever during
cantilever vibration at 28 Hz frequency; so that it can be used to compare with the result
that was measured by the FBGs. Figure 15b presents the measured deflections by both the
FBGs in MCF and the camera along x-axis and y-axis directions, showing good reliability.
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Figure 15. (a) Cross-section of the MCF. (b) Upper plot, x-deflection measured by MCF FBGs (solid
curve) and camera (x). Lower plot, y-deflection measured by sensor (solid curve) and camera (o).
Adapted with permission from Ref. [47] © 2006 Optica Publishing Group.
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Based on the measurement of differential strain using FBGs in a four-core fiber, dis-
placement sensing of the tunnel has also been demonstrated [48]. As shown in Figure 16, in
order to measure displacement of the tunnel, the orientation calibrated MCF was mounted
on two tunnel sections, as shown in Figure 16b, where FBGs are inscribed co-located in
the cores of MCF. Figure 16c shows the schematic diagram of the displacement sensor. As
explained previously, measurements of two orthogonal FBG pairs can be used to determine
the two-axis curvature, and then the bending plane as well. For small deflection, once
the curvature at a known position along the fiber cantilever is obtained, it can be used to
determine the translational displacement δ, as governed by [48]

w′′ (x) = 12
δ

L2 (
1
2
− x

L
) (8)

where w(x) is the displacement of the cantilever at a point x along the cantilever of length
L, and w′′ (x) is the second derivative of w.
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Figure 16. (a) Cross-section of MCF used in this experiment; (b) cantilever containing MCF attached
to tunnel lining; (c) FBG pairs act as curvature sensors—the curvature is determined from the strain
difference between the gratings; (d) experimental results from translation tests. Adapted with
permission from Ref. [48].

The measurement of differential response between FBGs in a four-core fiber has also
been developed for acceleration sensing [49]. The accelerometer consists of a short fiber
cantilever with FBGs inscribed in the fiber cores near the clamping point, as shown in
Figure 17a, where the inset shows the used four-core fiber. An epoxy mass is attached to the
fiber end of the cantilever, as shown in Figure 17b, which helps to increases the sensitivity
of the sensor.
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Figure 17. (a) Schematic diagram of the MCF cantilever-based accelerometer, the inset shows the
four-core fiber used in the experiment; (b) the packaged acceleration sensor; (c) acceleration response
of MCF accelerometer between 30 and 200 Hz. Adapted with permission from Ref. [49].
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Using the same principle that has been explained previously, the measured differential
strain between two adjacent FBG is used to determine the curvature (1/R) in the plane of
the two cores, and by using two orthogonal pairs of cores, two-axis curvature measurement
can be achieved. Then, acceleration a can be calculated once curvature is determined, as
governed by [49]

a =
EI

m(x − l)
· 1

R
(9)

where E is the Young’s modulus, I is the second moment of area of the fiber, m is the end
mass, x is the distance of the measurement position from the clamp, and l is the length of
the fiber cantilever. The measurement result of acceleration is shown in Figure 17c. On the
other hand, it is worth mentioning that the frequency response of the sensor is also related
to the cantilever length l and the fiber mass M, as given by [49,50]

f ∝

√
3EI

Ml3 (10)

Therefore, the frequency response of the MCF-based accelerometer can be adjusted by
changing the fiber length and the end mass that is attached to the fiber end. In addition,
FBGs in a twin-core fiber have also been used for an acceleration sensor [51], but since two
cores (one core is located in the fiber center) can only determine the curvature in a one-
dimensional plane, it can be used as a one-axis accelerometer. While, using several FBGs
simultaneously in multiple cores of seven-core fibers, two-dimensional accelerometers have
been demonstrated, which are capable of measuring the vibration azimuthal angle as well
as the acceleration simultaneously [52,53].

What is more, based on the same principle of the MCF accelerometer, MCF and
multifiber inclinometers have also been developed [54,55]. As shown in Figure 18, the
inclinometers are made of MCF or multifiber bundle cantilevers, in which FBGs are in-
scribed in the fiber cores, and a phase generated carrier demodulation technique has been
used to extract the differential phases between the FBGs [56,57]. The differential strain
measurements of FBGs in three cores (e.g., cores A–C in Figure 18b) can be used to retrieve
the bending orientation and bending radius [58], which is then used to calculate the incli-
nation through a transform equation that is derived from the calibration procedure [54].
In addition, fiber Bragg gratings in a seven-core fiber have also been developed in a two-
dimensional inclinometer, which is able to measure the azimuthal angle and the inclination
angle simultaneously [59].

 

–

Figure 18. (a) The packaged MCF inclinometer. (b) Core geometry of the MCF. Bend direction denotes
the direction of positive radii of curvature (end of the fiber points down). Neutral bend axis defines
the plane of bending. The cores are labeled with their respective core radii and angular offsets from
0◦. Figure reproduced from Ref. [54] © 2009 SPIE.
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Utilizing the bending sensitivity of off-center cores of the MCF, parametrical fiber
three-dimensional (3D) shape sensing has been widely investigated in recent years [60]. The
technology relies on the measurement of fiber bending induced strains in multiple cores
originally through axially co-located discrete FBGs arrays, then the obtained differential
strains are used to retrieve the local bending angles and bending radii along the fiber
length, and by using these parameters eventually the overall shape of the MCF can be
parametrically reconstructed by solving the Frenet–Serret equations [35,61]. Figure 19
shows an example of MCF enabled shape sensing by using this technology [62]. In order to
ensure high shape reconstruction accuracy, the sensing fiber needs to contain high density
FBGs arrays, e.g., typically 1 cm spacing [62]. In this case, the interrogation of the Bragg
wavelengths of the FBGs is unable to be accomplished by the traditional optical time-
domain reflectometry (OTDR) technique due to its bad spatial resolution, i.e., in the order
of meters. On the other hand, the wavelength-division multiplexed FBG arrays scheme
suffers from finite bandwidth of the light source, which results in very limited multiplexing
numbers of FBGs. Therefore, normally the high density FBGs arrays in MCF are measured
by using the optical frequency-domain reflectometry (OFDR) technique [62,63], since it can
offer up to micrometers spatial resolution.

–

 

Figure 19. An example of multicore fiber enabled shape measurement. Figure reproduced from
Ref. [62] © 2005 SPIE.

It is worth mentioning that when FBG arrays are used to measure the local strains
in cores of the MCF, the spatial resolution of strain measurements is determined by the
interval of two adjacent FBG groups. As mentioned previously, the interval is typically
1 cm, which might be still insufficient. The sparse discrete sets of strains that are used
for shape reconstruction might lead to accumulated large angular error, which rapidly
reduces the accuracy of the retrieved shape. Therefore, it turns out that localization of strain
with higher spatial resolution is preferred. This can be done by measuring the intrinsic
Rayleigh backscattering signals through OFDR, then strain can be retrieved by calculating
the cross-correlation of two sets of Rayleigh measurements [64–66]. What is more, in order
to increase the signal-to-noise ratio (SNR) of measurement, continuous weak fiber Bragg
gratings can be inscribed in the cores of MCF along the whole fiber length [67–69].

As a matter of fact, the sensing fiber may also have an arbitrary twist along the fiber
length, so in addition to bending, fiber twist will also give rise to additional strain in the fiber
cores, which might cause error in shape reconstruction of the sensing fiber [70,71]. Therefore,
fiber twist induced strain needs to be separated from the overall strain measurement in
MCF. In order to be able to measure fiber twist, a kind of helical MCF with permanent
twisted off-center cores and a straight central core has been developed [72–77]. As an
example, Figure 20 presents the schematic diagram of a helical seven core fiber [77], in
which continuous weak fiber Bragg gratings have been written in the cores of MCF along
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the whole fiber length during the fiber drawing process, so it allows for a fiber twist effect
compensated strain measurement with high SNR, which will be very helpful for shape
sensing. In fact, in addition to fiber twist, the error of core position as well as inaccurate
placement of the FBGs within each cross-section of the MCF will also eventually decrease
the accuracy of shape reconstruction [78,79]. Moreover, it is found that the parameters of
FBG length, fiber geometry, photo-elastic coefficient, etc., also have an impact on the shape
reconstruction accuracy [80,81].

–

–

–

 

a wing’s shape in flight
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Figure 20. (a) End-view image of a seven-core fiber with coating removed; (b) twisted multicore fiber
schematic showing UV transparent coating (right). Bare glass region (left) shown to highlight twisted
multicore continuous gratings. Adapted with permission from Ref. [77] © 2017 IEEE.

In fact, it is realized that precise fully 3D shape sensing using MCF is complicated
and difficult, because the angular error will accumulate along the fiber length during
shape reconstruction, so the technology is highly dependent on the accuracy of strain
measurement and the localization resolution of strain, while MCF enabled curvature
sensing turns out to be easier and reliable. So far, multipoint two-dimensional curvature
sensing using discrete FBG arrays in MCF [82,83], as well as distributed curvature sensing
using the Brillouin optical time domain analysis (BOTDA) technique in MCF have been
demonstrated with high accuracy [24]. As for the application fields, MCF enabled curvature
and shape sensors have shown great potential in many industrial applications [60], e.g., for
real time sensing of a wing’s shape in flight, and for medical instruments such as a catheter
or robotics that can be integrated into minimally invasive surgery systems [84–87], etc.

Here, it is worth mentioning that writing gratings in MCF turns out to be more
complicated than in SMF, due to the geometric difference in spatial position between cores
of the MCF, which adds some technical challenges in fabrication, e.g., due to the lens effect
of the fiber, the grating strength may have variations between cores, and it may also lead
to different transmission/reflection profiles of the FBGs [39,62,76,88–91]. Currently, the
most widely used way to write gratings in MCF is to use UV light irradiation, and this
method will normally bring in gratings in all cores of the MCF. However, in order to achieve
selective FBG inscription in any specific core of a MCF, a femtosecond laser writing method
can be used [41,92–94]. In addition, the small spot direct ultraviolet writing technique has
also been used to achieve FBG inscription into individual cores of a seven-core fiber [95].

In addition to the widely developed applications for bending and shape sensing, FBGs
in MCF have also been used for measuring temperature, strain, and refractive index [96–99],
etc. Efforts have also been made for the demodulation of FBG in MCF. For example, a
broadband source with a sinusoidal spectrum has been used to interrogate the wavelength
of FBGs in MCF [100], which transforms the wavelength shift of FBGs into the variation in
reflected power, thus, providing a fast wavelength measurement method. The microwave
photonics filtering (MPF) technique has also been used to measure the wavelengths of
FBGs in MCF, which retrieves the curvature of fiber by monitoring the notch frequency
shift of the MPF, offering a high resolution curvature measurement solution [101]. On the
other hand, it is worth mentioning that similar functionality to MCF has been achieved
by using a fiber bundle that is composed of multiple single mode fibers, in which FBGs
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have been inscribed, and they have been used to measure inclinometer [55], curvature and
temperature [102], as well as 2D flow velocity [103], etc.

4. MCF-Based Tilted Fiber Bragg Grating Sensors

In addition to the conventional FBG, tilted fiber Bragg grating (TFBG) has also been
written in MCF. As shown in Figure 21, inter-core crosstalk induced by TFBG has been
observed in a seven-core fiber [104], including forward transmission crosstalk and back-
ward reflection crosstalk. As an example, Figure 21b shows the measured transmission
spectrum, crosstalk, and back crosstalk between core 1 and core 3. The experimental result
also indicates that the magnitude and direction of fiber bending, as well as the external
refractive index have an impact on the inter-core crosstalk, which might be used for sensing
applications. For example, the inter-core crosstalk caused by TFBG in MCF has been used
for temperature and surrounding refractive index sensing [105]. The result shows that for
refractive index sensing, the higher the tilted angle the higher the sensor sensitivity.

–

–

–

 
Figure 21. (a) Schematic diagram of the MCF with TFBG inscribed, showing inter-core crosstalk
induced by TFBG; (b) transmission spectra of inscribed TFBG, crosstalk, and back crosstalk between
cores 1 and 3. Adapted with permission from Ref. [104] © 2017 Optica Publishing Group.

Tilted fiber Bragg gratings in 4-core fibers have also been used to develop refrac-
tometers [106]. Thanks to the reduction in the core-surrounding medium distance in the
multicore fiber, higher sensitivity can be achieved in comparison with their counterparts
in SMF. Particularly, a plasmonic sensor-based refractometer was demonstrated using
gold-coated TFBG in the 4-core fiber, which brought a 10fold sensitivity increase, showing
great potential for biosensing applications. However, it is worth mentioning that so far the
number of investigations on the MCF-TFBG sensor is still very low, which is much less
than that of the MCF based FBG sensors and LPG sensors. It is believed that MCF will
enable more TFBG based sensing applications in the future.

5. MCF-Based Long Period Grating Sensors

Long period gratings (LPGs) have also been inscribed in MCFs [107–111]. Similar
to the characteristic of FBG in MCF, LPG in MCF is also bending sensitive, owing to the
reason that fiber bending will give rise to tangential strain in off-center positions of the
fiber. The bending dependence of LPGs in a seven-core fiber has been characterized, as
shown in Figure 22 [108]. The seven-core fiber contains six outer cores that are arranged
in a hexagonal pattern and a central core. The resonant wavelength shift of each LPG as a
function of curvature is presented in Figure 22a, where the fiber is placed at the straight
position. The bending angle dependence of the resonant wavelength under a constant
curvature of 1.25 m−1 has also been measured, as shown in Figure 22b, which shows
sinusoidal response curves, owing to the angular dependence of the strain caused by fiber
bending. It is also worth mentioning that LPG in MCF is also found to be sensitive to
torsion [108].
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Figure 22. (a) Wavelength shift with the curvature magnitude. (b) Wavelength shift with curvature
direction at a constant curvature of 1.25 m−1. Adapted with permission from Ref. [108] © 2018 IEEE.

LPGs in a three-core fiber have also been used to develop a two-dimensional mi-
crobend sensor [109]. As shown in Figure 23, the three-core fiber consists of one central
core and two outer cores with isosceles triangle arrangement and 120◦ angular offset. LPGs
with different periods have been written in the two outer cores, therefore, different resonant
wavelengths are obtained, as shown in Figure 23. The resonant wavelength shift of the
two LPGs as a function of curvature under different bending angles has been measured,
as shown in Figure 23c [109]. It is then proposed that the calibrated result can be used to
estimate a coordinate system whose x- and y-axis are the resonant wavelengths of the two
LPGs, respectively, as shown in Figure 23d. Therefore, the coordinate can be used to infer
the bending angle. Quantitatively, this is achieved by calculating a matrix. As has been
mentioned previously, since the curvature sensitivity si (obtained from Figure 23c) of LPG
in the MCF follows a sinusoidal response curve, which can be fitted by

si = yi + Ai sin(θ − θi), i = 1, 2 (11)

where θ is the bending angle, and the other parameters can be determined by experiments.
Then, curvature C and bending angle θ can be obtained by calculating the matrix

[
∆λ1
∆λ2

]
= C ·

[
y1 + A1 sin(θ − θ1)
y2 + A2 sin(θ − θ2)

]
(12)

where ∆λ1 and ∆λ2 are the resonant wavelength shifts of the two LPGs.
LPGs in a seven-core fiber have also been used for external refractive index sensing,

where the surface of MCF is partially coated by a thin film SnO2 layer [110]. In addition
to the widely used UV irradiation method, LPGs have also been generated in a heteroge-
neous seven-core fiber through electrical arc discharges by using a commercial fiber fusion
splicer [111]. The LPGs in heterogeneous cores have been used for strain and temperature
discriminative sensing.
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Figure 23. (a) Schematic diagram of the LPFGs in the three-core fiber; (b) measured transmission
spectra of the LPFG1 and LPFG2; (c) measured resonance wavelength as a function of curvature for
different orientations; (d) bending vector sensing coordinate system. Adapted with permission from
Ref. [109] © 2017 Optica Publishing Group.

6. Discussion

Thanks to the unique structure of multicore fiber, which contains multiple cores in a
single fiber cladding, multicore fiber turns out to be an excellent platform with unprece-
dented advantages that allows to develop diverse functional lab-on-fiber devices, with
much better flexibility and diversity than the normal single mode fiber. So far, multicore
fibers have been used to fabricate various in-fiber integrated devices and sensors, e.g., a
variety of MCF gratings and interferometers. Particularly, owing to the bending sensitivity
in off-center cores, multicore fibers have opened up a new field of sensing applications, i.e.,
bending and 3D shape sensing. A summary of various multicore fiber sensors is presented,
as shown in Table 1.

Despite the exciting developments and bright future of multicore fiber sensors, there
are still some critical issues that need to be addressed. Firstly, it remains a technical
challenge to manipulate an individual core in the multicore fiber due to the restriction
imposed by the geometric structure and lens effect of the fiber, e.g., it is difficult to write
fiber gratings or fabricate interferometers with different properties in distinct cores in
co-located positions of a multicore fiber. In order to enable lab-on-fiber application, high-
precision core-selective fabrication technology is required in the future. Secondly, though
MCF has been widely developed for bending and shape sensing, it requires calibration
of the original azimuthal angle that is used for reference. Unfortunately, high precision
position calibration is difficult due to the small size of the fiber. The angular deflection
of the original fiber placement turns out to be one of the major factors that cause error
in bending sensing. In addition, another problem is the low bending sensitivity of fiber
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gratings, as a result it is difficult to retrieve small curvature change, especially when the
bending radius is large, which also leads to large error in shape reconstruction. Therefore,
it is necessary to improve the sensitivity of bending measurement. This may be done
by using a MCF that has a larger distance from the off-center core to the fiber center, as
inferred from Equation (1), i.e., the longer the distance, the higher the bending sensitivity. In
addition, instead of using fiber gratings, other high sensitivity sensing techniques can also
be employed in bending and shape measurement, e.g., phase-sensitive optical time-domain
reflectometry (ϕ-OTDR) [112], etc. However, it should be pointed out that the meter-scale
spatial resolution of ϕ-OTDR is not comparable with that of FBG. Finally, it is worth
mentioning that, comparing with the traditional widely used curvature sensing scheme
employing optical fiber modal interferometers [113], MCF grating-based curvature sensors
have the merits of being compact, robust, and having excellent mechanical strength, but
their curvature sensitivity may not be comparable with some of the modal interferometer-
based curvature sensors.

Table 1. Summary of different multicore fiber sensors.

Type of Sensor Application Principle/Feature Refs.

MCF-based
FBG sensor

Bending/curvature sensing
Fiber bending causes differential response in

different cores
[37–39,41–43,
82,83,100,101]

Transverse loading sensing Transverse stress causes birefringence change [44,45]
Vibration sensing Fiber bending causes output power change of FBGs [47]

Displacement sensing Displacement causes fiber curvature change [48]
Acceleration sensing Fiber bending causes differential strain in different cores [49–53]
Inclinometer sensor Fiber bending causes differential strain in different cores [54,55,59]

3-D shape sensing Differential strain in different cores
[35,60–62,64,68,

71,73,74,77–
81,84–87]

Temperature, strain sensing Temperature and strain sensitivity [96,97]
Refractive index sensing Using etched multicore fiber [98,99]

MCF-based
TFBG sensor

Temperature, curvature and
refractive index sensing

Inter-core crosstalk, surface plasmon resonance [104–106]

MCF-based
LPG sensor

Bending sensing Fiber bending causes wavelength shift of LPGs [107–109]

Refractive index sensing
Fiber surface is partially coated with a thin film

SnO2 layer
[110]

Temperature, strain sensing Temperature and strain sensitivity [111]

MCF-based
distributed
fiber sensor

Curvature and 3-D shape sensing Measuring the differential strain using BOTDA technique [24]
Temperature and strain
discriminative sensing

Hybrid Raman and Brillouin sensor, or using
heterogeneous multicore fiber

[25,26]

High performance distributed
fiber sensing

Large dynamic range and ultra-high measurement
resolution simultaneously

[27]

Multi-parameter sensing
Using a hybrid sensing system, e.g., DTS and DAS,

simultaneously
[28,29]

Distributed vibration sensing
MCF interferometer enables wide frequency

measurement range
[30,31]

7. Conclusions

In this review, a comprehensive survey of research progress on multicore fiber grating
sensors was presented. Several key aspects of the achievements using the multicore fiber
in fiber grating sensing systems are summarized, including multicore fiber-based fiber
Bragg grating sensors, tilted fiber Bragg grating sensors, and long period grating sensors.
In addition to the traditional sensing applications, e.g., measuring temperature, stain, and
refractive index, etc., the unique bending sensitivity in off-center cores of MCF has been
widely developed for bending/curvature sensing or measuring physical parameters that
are associated with bending, e.g., transverse loading, acceleration, vibration, flow velocity
of liquid and gas, and 3D shape, etc. Thanks to the structure of multiple parallel cores in
MCF, it shows unprecedented advantages in allowing to develop diverse functional lab-on-
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fiber devices, and it is believed that multicore fibers will enable more exciting applications
in the future.
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Abstract: In this paper, we review the characteristics of critical wavelength (CWL)-existed fiber-

optic Mach–Zehnder interferometers (MZIs), including special few-mode fibers and microfibers,

and their sensing applications in physical, chemical, and marine fields. Owing to the existence of

CWL in the transmission spectra, the in-line MZIs show some specific characteristics. The closer the

peak/dip wavelength to the CWL, the larger the wavelength shift or the related sensitivity when

the interferometer is under testing. Meanwhile, CWL shifts monotonically with the variations in

measurands, such as temperature (in the air or seawater), axial strain, water pressure, surrounding

refractive index, etc., when they are applied to the sensing fibers. These characteristics of the CWL-

existed in-line MZIs make them appealing solutions for fabricating various interferometric sensors,

with the advantages of large measurement range, high sensitivity, multiparameter sensing, etc.

Theoretical and experimental studies on the properties of the CWL-existed in-line MZIs are reviewed

and discussed in this paper.

Keywords: fiber-optic sensors; few-mode fiber; microfiber; Mach–Zehnder interferometer; critical

wavelength

1. Introduction

Fiber-optic in-line Mach–Zehnder interferometers (MZIs) have the advantages of high
sensitivity, compact size, flexible structure, immunity to electromagnetic interference, and
durability in harsh and corrosive environments and, therefore, have been intensively stud-
ied and applied in physical, chemical, and marine sensing fields, to monitor a considerable
variety of essential parameters [1–5]. An in-line MZI can be constructed by splicing a piece
of few-mode fiber (FMF) between two pieces of single-mode fibers (SMF)—termed SFS
structure [6–15]—or replacing the FMF with the multimode fiber (MMF) [16–21], two-core
fiber [22], thin-core fiber [23], no-core fiber [24], photonic crystal fiber [25] and few-mode
microfiber [26–36], where offset fusion splicing [37], fiber taper [38], and collapsed splic-
ing [39] are often used in the fabrication.

A typical in-line MZI shows periodic interference fringes. The interference peaks/dips
in the periodically changed transmission spectrum exhibit the same behavior, i.e., shifting in
the same direction, with the same sensitivity, when monitoring sensing parameters. In this
case, when such a sensor system is being applied to detect any particular parameter through
monitoring the wavelength variations of a specific interference peak/dip or intensity
variations at a particular wavelength, some critical issues will limit the veracity of the
sensor performance: (1) multivalue outputs and limited measurement range induced by
overlapping of adjacent peaks/dips; (2) limitations in multiparameter applications caused
by the uniformity of the interference fringes and their wavelength sensitivity.

However, in the transmission spectra of some in-line MZIs, a critical wavelength
(CWL) may appear in the operating wavelength range. At the CWL, the wavelength
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response period seen is infinite in the transmission spectrum. This interference fringe,
which shows the least dependence on wavelength, is defined as the achromatic fringe [26].
In fact, the CWL is the wavelength at which the two interference modes’ group velocities
equal each other. Therefore, the propagation constant difference in the two interference
modes changes nonlinearly with wavelength and turns around at CWL. In this way, the
CWL is also called the dispersion turning point (DTP).

The CWL-existed in-line MZIs exhibit intriguing characteristics that researchers have
thoroughly studied and applied in a wide range of sensing fields: (1) The peak lying closest
to CWL at each side has its maximum spacing from the adjacent peak. Thus, compared
with periodically changed interference fringes, the CWL is easy to identify in the trans-
mission spectrum. Moreover, the CWL is exclusive at the operating wavelength range,
which becomes an excellent candidate for measuring various parameters, especially in
large-range measurement. (2) The interference peak/dip closest to the CWL has the maxi-
mum wavelength sensitivity among all the interference peaks/dips. (3) The interference
peaks/dips on each side of the CWL shift to opposite directions under sensing parameter
variations. The characteristics of the CWL and the interference peaks/dips have been
proved with competitive advantages in large-range measurement [7,8,30], high wavelength
sensitivities of interference peaks/dips [10,28–33,35,36], and co-located multiparameter
sensing [9,11]. With these advantages, the CWL-existed in-line MZIs have been reported
in sensing parameters of axial strain, curvature, displacement, surrounding refractive
index, temperature, relative humidity, static pressure, chemical solution concentration, etc.,
according to the particular circumstances. Difference fibers such as liquid-core fiber, MMF,
FMF, and few-mode microfibers are employed in these CWL-existed in-line MZIs.

In this paper, we provide a simple but overall review of the developments and recent
progress on CWL-existed in-line MZIs and their sensing applications. In Section 2, the
generation of the CWL is explained. In Section 3, we review the wavelength sensitivity
characteristics of the interference peaks/dips lying near the CWL and their applications in
sensors. The large-range measurement sensors employing CWL detection are reviewed in
Section 4. Lastly, in Section 5, some conclusions and prospects are given.

2. Theoretical Analysis of the Transmission Characteristics of the CWL-Existed
in-Line MZIs

CWL has been experimentally observed in different kinds of in-line MZIs employing
MMFs [17–20], FMFs [6–15], liquid-core fibers [40], tapered few-mode microfibers [25–35],
highly birefringent (HB) fibers [41] or birefringent side-hole fibers [42]. The mode inter-
ferences in these CWL-existed in-line MZIs are mainly between the fundamental mode
and the first circularly symmetric high-order mode or the first antisymmetric high-order
mode and between two orthogonal (x and y) polarization modes. The schematic diagram
of the sensor system is shown in Figure 1. Compared with mode interference, where the
polarization-dependent light is included, the in-line MZI with two circularly symmetric
modes interference provides merits of stability and polarization independence [43]. As an
example, in this section, we use an SFS structure reported by our group in references [6–14],
in which the LP01 and LP02 mode interferences were employed, to explain the transmission
characteristics of the CWL-existed MZIs theoretically.

–

– –

𝑡01 = 𝑃01/𝑃𝑖𝑛 𝑡02 = 𝑃02/𝑃𝑖𝑛 𝐿FMF
𝑇 = 𝑃𝑜𝑢𝑡𝑃𝑖𝑛 = 𝑡012 + 𝑡022 + 2𝑡01𝑡02𝑐𝑜𝑠(𝜑(𝜆))𝜑(𝜆) = Δ𝛽 ∙ 𝐿FMF Δ𝛽

Δ𝛽Δ𝛽 Δ𝛽

Figure 1. Schematic of the critical-wavelength-existed in-line Mach–Zehnder interferometer measure-
ment system.
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Figure 2 shows the cross-section structure of the FMF and the schematic diagram of the
SFS structure. The relative refractive index difference is defined as ∆nco/cli = (nco/cli − n0)/n0,
where the nco/cli and n0 are the refractive indices of the core/ith inner cladding and pure silica
of the FMF, respectively. FMF is specially designed with five layers and a W-shaped refractive
index difference profile. Therefore, at the operational wavelength planned, the FMF supports
only the LP01 and LP02 modes propagating in the fiber under well-centered splicing [44].

–

 

– –

𝑡01 = 𝑃01/𝑃𝑖𝑛 𝑡02 = 𝑃02/𝑃𝑖𝑛 𝐿FMF
𝑇 = 𝑃𝑜𝑢𝑡𝑃𝑖𝑛 = 𝑡012 + 𝑡022 + 2𝑡01𝑡02𝑐𝑜𝑠(𝜑(𝜆))𝜑(𝜆) = Δ𝛽 ∙ 𝐿FMF Δ𝛽

Δ𝛽Δ𝛽 Δ𝛽

Figure 2. (a) Geometrical structure and relative refractive index difference profile of the few-mode
fiber; (b) the SMF–FMF–SMF (SFS) structure. The insets are simulated mode field distributions of
the LP01 mode propagating in SMF and the LP01 and LP02 modes propagating in FMF at 1550 nm
wavelength using the finite element model. SMF: single-mode fiber; FMF: few-mode fiber.

The LP01 and LP02 modes propagating in the FMF are excited by the fundamental
mode LP01 in input SMF. The interference between the LP01 and LP02 modes is transmitted
by output SMF. The ratios of optical power transferred to the LP01 and LP02 modes in the
FMF from input SMF are t01 = P01/Pin and t02 = P02/Pin, and calculated as 81% and 11.5%,
respectively. The transmission, T, through the SFS structure with LFMF-length FMF is given
by [15] as follows:

T =
Pout

Pin
= t2

01 + t2
02 + 2t01t02cos(ϕ(λ)) (1)

where ϕ(λ) = ∆β·LFMF is the phase difference between LP01 and LP02 modes. ∆β is the
propagation constant difference between LP01 and LP02 modes.

With the parameters of FMF given in Figure 1, a finite element model is established
to simulate the relationship between the ∆β and wavelength, which is depicted as a
dashed line in Figure 3. The calculated transmission spectrum combining Equation (1)
and the simulated value of ∆β is shown as a solid line in Figure 3, where the physical
length of the employed FMF is 50 cm. Because the dispersion of ∆β exhibits nonlinear
behavior and has a maximum, corresponding to the value of CWL in the transmission
spectrum at the operational wavelength, the wavelength response period at CWL is
infinite. Moreover, the periods of interference fringes closest to CWL from both sides
reach a maximum. As shown in Figure 3, numbering from the peak that lies closest to
CWL from each side, the peaks that are located on the higher wavelength side of CWL
(i.e., within the region from CWL to 1580 nm) are denoted as PH, 1, PH, 2,. . . , respec-
tively. Peaks located on the lower wavelength side of CWL (i.e., within the region from
1530 nm to CWL) are denoted as PL, 1, PL, 2,. . . , respectively. The interference dips are
also numbered in the same way.
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 Δ𝛽 𝐿FMF  =  5℃
– – –

–

𝜀)
Δ𝜆ΔT = − (∂(Δ𝛽)∂T + Δ𝛽 ∙ α) (𝜕(Δ𝛽)∂𝜆 )−1

Δ𝜆Δε = − (Δ𝛽 + 𝑘022𝛽1𝛽2 (𝛾(𝑛04Δ𝛽 + (𝑛𝑐𝑜4 − 𝑛04)(𝛽1𝑏1 − 𝛽2𝑏2))
+ 𝑉𝛿 (𝛽1 ∂𝑏1∂V − 𝛽2 ∂𝑏2∂V ))) (𝜕(Δ𝛽)∂𝜆 )−1

Figure 3. The simulated curve of the propagation constant difference ∆β of LP01 and LP02 modes
propagating in the few-mode fiber, and the transmission spectrum of the SFS structure (LFMF = 50 cm)
under the temperature of 25 ◦C versus wavelength.

With the achromatic fringes in the transmission spectrum, multiple sensing indicators
are provided in the sensors employing CWL-existed in-line MZIs, including monitoring
wavelength shifts in CWL [6–8,18,40], PH, 1/DH, 1, PL, 1/DL, 1 [9–11,15,17,28–36], and inten-
sity variations [12] at a specific wavelength or wavelength ranges. Studies in CWL-existed
in-line MZIs show that utilizing CWL shifts or other monitoring parameters listed above,
the CWL-existed in-line MZIs can provide competitive advantages over conventional peri-
odically changed interferometers in the applications of large-range measurement, co-located
multiparameter sensing, and high-sensitivity sensing. Moreover, the theoretical study of
wavelength sensitivities of interference fringes offers a direction for mode interferometers
to maximize their peak wavelength sensitivities.

3. Characteristics of Interference Peaks/Dips in the CWL-Existed in-Line MZIs and
Their Applications

In a CWL-existed transmission spectrum, the interference peaks/dips, especially those
lying closest to CWL on both sides, exhibit essential characteristics different from the
typical periodically changing fringes. These differences were experimentally observed by
Salik et al. [15] and Zhou et al. [17]. However, theoretical analysis was not presented. The
wavelength sensitivities of the interference fringes under temperature, axial strain, static
pressure, and surrounding refractive index (SRI) variations were further theoretically and
experimentally studied in Refs. [10,11,28–30,32,36], which are reviewed in this section.

3.1. Characteristics of Interference Peaks/Dips in the CWL-Existed SFS Structures

For the CWL-existed SFS structure employing the FMF shown in Figure 2, because
the geometrical structure and relative refractive index difference profile of the FMF are
determined, the temperature, axial strain, and static pressure wavelength sensitivities of the
interference peaks/dips are governed by the wavelength separations between the measured
wavelengths and the CWL. The temperature (T), axial strain (ε), and static pressure (P)
wavelength sensitivities can be written as follows [11,13]:

∆λ
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where β01 and β02 are the propagation constants of the LP01 and LP02 modes, respectively.
α = (1/LFMF)(∂LFMF/∂T) = 5.1 × 10−7/◦C is the thermal expansion coefficient for pure
silica [20]. γ = ρ12 − ν(ρ11 + ρ12) and δ = ν

(
n2

co − n2
0

)
+ (γ/2)

(
n4

co − n4
0

)
. ρ11 = 0.12,

ρ12 = 0.27 are strain-optic coefficients for fused silica, respectively [45]. ν = 0.17 and
E = 78 GPa is the Poisson ratio and Young’s modulus for pure silica, respectively [46].
k0 = 2π/λ is the free space wave vector. rco is the core radius of the FMF. n1 and n2 is the
effective refractive index of the LP01 and LP02 modes propagating in the FMF, respectively.

V = k0rco

√
n2

co − n2
0 is the normalized frequency of the FMF. βi and bi (i = 1, 2) is the

propagation constant and normalized propagation constant of LP0i mode, respectively, and
can be represented as

β2
i = k2

0

(
n2

0 + bi

(
n2

co − n2
0

))
(5)

The wavelength sensitivity curves under temperature, axial strain, and static pressure
are calculated and depicted in solid curves in Figure 4a–c, together with the experimental
results. From Equations (2)–(5) and Figure 4, the wavelength sensitivities of interference
fringes in the spectrum of the SFS structure with CWL can be summarized as follows:

(1) The interference peaks/dips lying on the different sides of the CWL shift to opposite
directions under temperature, axial strain, and static pressure variations. For example,
when temperature increases, there is a blueshift for peaks on the lower wavelength
side of the CWL (i.e., within the region from 1500 nm to the CWL), while for peaks
on the longer wavelength side of the CWL (i.e., within the region from the CWL to
1580 nm), there is a redshift. The experimental transmission spectra of the SFS
structure under temperature variations are shown in Figure 4d, which agrees well
with the calculation results.

(2) The wavelength sensitivity of the interference peak is only related to the wavelength
spacing between the measured wavelength and the CWL. The LFMF used in the SFS
sensor and the sensing parameters pre-applied to the FMF section may change the
wavelength separation between the peak wavelength and the CWL. Thus, the varia-
tion in wavelength separation will affect the corresponding wavelength sensitivity of
the measured peaks, as shown in Figure 4a–c. The experimental results show close
agreement with the simulated curves.

(3) As the peak wavelength value approaches the CWL value, i.e., λ/λCWL → 1 , the
wavelength sensitivity increases significantly, as shown in Figure 4a–c, from both the
theoretical and experimental points of view. However, the mathematically derived
infinitely high sensitivity at the CWL has no practical meaning because ∂(∆β)/∂λ = 0
at CWL from the theoretical analysis, and an infinite length of FMF is needed in ex-
periments to minimize the wavelength spacing between the wavelength of PL, 1/PH, 1,
and the CWL, which is unpractical in applications.

Because the wavelength sensitivities of interference peaks and CWL are different under
sensing parameter variations, the SFS structure can be applied in multiparameter sensing
by simultaneously measuring the shift in CWL and interference peaks. Simultaneous mea-
surements of temperature and axial strain [9] have been studied by detecting wavelength
shifts in PH, 1 and PL, 1, taking advantage of their highest wavelength sensitivities among
all of the peaks on the right and left sides of the CWL, respectively.

To further improve the sensitivity performance, a cascaded CWL-existed SFS struc-
ture was proposed by our group, which has been applied in static water pressure and
temperature sensing [11]. Figure 5 shows the schematic diagram and transmission spectra
under different static water pressures of the cascaded SFS structure. Vernier effect was
adopted to magnify the wavelength sensitivities of interference peaks. The free spectrum
range of the envelope in the superimposed transmission spectra varies with wavelength
and reaches the maximum when approaching the envelope critical wavelength (CWLE).
Therefore, the envelop peaks, PEL, 1 and PEL, 2, are easy to identify. A maximum static
water pressure sensitivity of 4.072 nm/MPa and temperature sensitivity of 1.753 nm/◦C
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is achieved using this sensing approach, which is more than 7 times larger in terms of
the wavelength sensitivity than those reported in sensors using a single CWL-existed SFS
structure [14]. This cascaded CWL-existed SFS static-pressure sensor can be applied in
marine pressure sensing with temperature compensation by simultaneously measuring the
envelope peaks PEL, 1 and PEL, 2.

  

  

Figure 4. Characteristics of interference fringes in the transmission spectra of the CWL-existed SFS
structure: (a) temperature wavelength sensitivities of interference fringes; (b) axial strain wavelength
sensitivities of interference fringes; (c) static pressure wavelength sensitivities of interference fringes;
(d) transmission spectra of the SFS structure (LFMF = 50 cm) under temperature variations.

 

–

𝜆𝑁Δ𝜆𝑁Δ𝑆𝑅𝐼 = 𝜆𝑁𝐺 𝜕(∆𝑛𝑒𝑓𝑓)𝜕𝑛𝐺 = 𝑛𝑔𝐻𝐸11 − 𝑛𝑔𝐻𝐸12 𝑛𝑔 = 𝑛𝑒𝑓𝑓 − 𝜆𝑁𝜕(𝑛𝑒𝑓𝑓)/𝜕𝜆𝑁Δ𝜆𝑁/Δ𝑆𝑅𝐼

Figure 5. (a) Diagram of the cascaded SMF–FMF-SMF(SFS) structure; (b) experimental transmission
spectra of the cascaded SFS structure under static water pressure variations; (c) wavelength shifts in
PEL. 1 and PEL. 2 under static water pressure and temperature variations. Reprinted with permission
from ref. [11]. Copyright 2020 IEEE.
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3.2. Characteristics of Interference Peaks/Dips in the CWL-Existed Few-Mode Microfiber
in-Line MZIs

The few-mode microfiber interferometer fabricated by tapering a normal-sized optical
fiber to the diameter of several micrometers is widely applied in SRI sensing using the
evanescent waves propagating in the microfiber section. Wei et al. [28] proposed a few-
mode microfiber interferometer designed at the CWL. They explored the SRI sensing
properties of tapered microfiber interferometers in a gaseous medium, where the SRI
changes around 1. The nonadiabatic few-mode microfiber is tapered from a standard SMF.
The fundamental HE11 mode and the high-order HE12 mode are excited and propagate in
the uniform waist region, as shown in Figure 6.

–

 

𝜆𝑁Δ𝜆𝑁Δ𝑆𝑅𝐼 = 𝜆𝑁𝐺 𝜕(∆𝑛𝑒𝑓𝑓)𝜕𝑛𝐺 = 𝑛𝑔𝐻𝐸11 − 𝑛𝑔𝐻𝐸12 𝑛𝑔 = 𝑛𝑒𝑓𝑓 − 𝜆𝑁𝜕(𝑛𝑒𝑓𝑓)/𝜕𝜆𝑁Δ𝜆𝑁/Δ𝑆𝑅𝐼

Figure 6. (a) The microscopic view of the tapered optical microfiber; (b) the origin (black) and the fast
Fourier transform (FFT)-filtered (red) transmission spectra of the tapered few-mode microfiber sur-
rounded by air; (c) the simulated mode profiles of HE11 and HE12 modes. Adapted with permission
from [28].

For a particular interference peak/dip with the peak/dip wavelength of λN , the SRI
wavelength sensitivity is written as follows [28,47]:

∆λN

∆SRI
=

λN

G

∂
(

∆ne f f

)

∂n
(6)

where G = nHE11
g − nHE12

g is the difference between the group effective index of HE11 and

HE12 modes. The group effective index can be calculated by ng = ne f f − λN∂
(

ne f f

)
/∂λN .

Therefore, with known material and diameter parameters of the uniform microfiber section,
the term ∆λN/∆SRI increases dramatically as the value of G approaches zero, which
corresponds to the CWL point. Moreover, the interference peaks/dips lying on each side of
the CWL shift to opposite wavelength directions under SRI variations. These conclusions
agree well with the wavelength sensitivity study of CWL-existed SFS structure. The
calculated wavelength sensitivity curves of SRI under different microfiber diameters are
shown in Figure 7. By measuring the peak wavelength separation of DL, 1 and DH, 1, a
maximum sensitivity of −69,984.3 nm/RIU (“−“ denotes blue wavelength shifts) around
the air refractive index is obtained in experiments. The temperature influence on the gas
RI sensor is also reported, and the measured temperature sensitivities of DL, 1 and DH, 1
are −2.134 nm/◦C and 1.899 nm/◦C, respectively. Thus, the cross-sensitivity of the gas
refractive index sensor is 5.763 ×10−5 RIU/◦C.
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diameter of ~4.8 μm. Meanwhile, 

Figure 7. The surrounding refractive index sensitivities of interference fringes around CWLs at
different waist diameters of microfibers. Adapted with permission from Ref. [28].

With the merits of excellent sensitivity performances and simple fabrication processes,
few-mode microfibers have been further studied and applied in various SRI-related sens-
ing parameters. Guan et al. [29] thoroughly investigated the sensitivity of a two-mode
microfiber MZI as a function of SRI. Since Equation (7) can be rewritten as

∆λN

∆nSRI
= λN

1
Γ


 1

∆ne f f

∂
(

∆ne f f

)

∂nSRI


 (7)

where Γ = 1 − λN/∆ne f f ·∆ne f f /∂λ is a dispersion factor that characterizes the effect of
index difference variations with wavelength, ∆ne f f /∂λ. Since the whole term in the bracket
was negative [48], the sign of Γ is crucial in determining the SRI sensitivity sign. CWL
exists at the point where the sign of the SRI sensitivity changes. The simulated dispersion
factors Γ and ∆λN/∆nSRI as functions of the fiber diameter is shown in Figure 8. The
numerical simulation revealed that two CWLs exist as the microfiber diameter decreases.
Experiments were conducted to study the wavelength sensitivities of interference fringes
around both CWLs. At the second CWL, an ultrahigh SRI sensitivity of approximately
95,836 nm/RIU with the microfiber diameter of 1.87 µm was achieved around the SRI of
air. Wang et al. [33] applied the few-mode microfiber MZI in marine fields by measuring
sodium nitrate in seawater. They achieved the wavelength sensitivity of 5.98 pm/ppm
using DL, 1, corresponding to the SRI sensitivity of 50,396.09 nm/RIU. CWL was also
observed in Z-shaped few-mode microfibers between the interference of HE11 and HE21
modes [34]. The SRI sensitivity of 1.46 × 105 nm/RIU was experimentally achieved around
the refractive index of water.

°C °C℃

 

ΓFigure 8. (a) Schematic diagram of the taper-based in-line MZI; the inset presents calculated intensity
profiles of the interference two modes, HE11 and HE12, respectively; (b) simulated dispersion factor Γ

and (c) RI sensitivity as functions of the fiber diameter. Adapted with permission from Ref. [29].
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Zhao et al. [32] demonstrated an ultrasensitive sensor for SRI and temperature mea-
surement by employing a CWL-existed two-mode microfiber. An ultrahigh SRI sensitivity
of 24,209 nm/RIU around 1.3320 and a high-temperature sensitivity of −2.47 nm/◦C were
experimentally achieved by a microfiber with a waist diameter of ~4.8 µm. Meanwhile, the
CWL-existed microfiber was coated with a polydimethylsiloxane (PDMS) layer to increase
the temperature sensitivity to about 8.33 nm/◦C. To further increase the measurement range
of the interference dips, they [30] proposed a fiber Bragg grating (FBG) cascaded microfiber
in-line MZI operating at the CWL and applied it in seawater temperature measurement, as
shown in Figure 9a. The FBG resonant dip, located in the achromatic fringe region, works
as a rough measurement tool to identify the temperature measurement ranges. Meanwhile,
the interference dip closest to the CWL with the highest sensitivity among all the inter-
ference dips was employed to measure the water temperature once the rough range was
determined. The two-mode microfiber MZI was packaged in PDMS to increase temperature
sensitivity. The transmission spectrum of the FBG-cascaded two-mode microfiber MZI in
PDMS package is shown in Figure 9b. With the aid of FBG, the temperature measurement
range could be enlarged from ~2 ◦C to ~36 ◦C, with a temperature sensitivity of ~38 nm/◦C,
as shown in Figure 9c.

°C °C℃

Γ

 
Figure 9. (a) Schematic of the polydimethylsiloxane (PDMS)-packaged two-mode microfiber for
temperature measurement; (b) the transmission spectrum of the PDMS-packaged two-mode mi-
crofiber MZI cascaded with FBG; (c) cooperation of the FBG resonant dip and the interference dips
(DL, 1 and DH, 1) lying on each side of the CWL in temperature measurement. Reprinted with
permission from Ref. [30]. Copyright 2020 Elsevier.

Apart from using nonadiabatic tapers to fabricate the few-mode microfibers by taper-
ing a standard SMF, other special fibers were employed to increase the sensor performance
and redshift the cutoff wavelength of the high-order mode in the microfiber. In 2020,
Wang et al. [31] proposed a CWL-existed in-line MZI by tapering a ring-core two-mode
fiber. Quasi-adiabatic transition tapers were fabricated to provide HE11 and HE21 modes
with continuous mode evolutions to the microfiber section. The two modes launched
into the fiber were collected at the fiber output. A CWL was observed when the tapered
two-mode microfiber was immersed in a liquid environment. The SRI sensitivities of
79,283.7 nm/RIU and −48,772 nm/RIU were reported, respectively, by detecting the right
and left interference dip closest to CWL, i.e., DL, 1 and DH, 1. Thus, a maximum sensitivity
of 128,055.7 nm/RIU was achieved by measuring the wavelength separation variations
between these two interference dips. This CWL-based two-mode microfiber was further
applied in an immunoglobulin G (IgG) level measurement. The limits of detection of
10 fg/mL of IgG in phosphate-buffered saline solution were achieved in the experiments.
Luo et al. [36] reported a refractive index sensor fabricated by tapering a single stress-
applying fiber (SSAF), where a stress-applying part was introduced into the fiber cladding
to engineer the cladding material index. The SSAF-based two-mode microfiber could sig-
nificantly reduce the sensitivity of the group effective refractive index difference between
the two interference modes—HE11 and TE01. Therefore, the operation bandwidth of the
two-mode microfiber can be broadened to 500 nm, compared with that of conventional
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SMF-based two-mode microfiber with the same diameter operating at CWL. By detecting
the wavelength separation changes between DL, 1 and DH, 1, a maximum sensitivity of
30,563 nm/RIU was reported in the refractive index measurement range of 1.3212~1.3216.

The interference fringes in the transmission spectrum of a CWL-existed few-mode
microfiber structure can also be applied in vibration measurement. Luo et al. [35] demon-
strated a highly sensitive vibration sensor using a CWL-existed two-mode microfiber MZI
and packaging it in a rectangular through-hole cantilever beam. By detecting the inter-
ference dip near the CWL, the maximum axial-strain sensitivity reached −45.55 pm/µε.
This structure was also applied in acceleration sensing experiments, where the acceleration
sensitivity of the sensor was 0.764 V/g at 45 Hz.

The sensors employing the CWL-based in-line MZI structures and measuring the
wavelength shifts in the interference peaks/dips closest to the CWL on both sides are
listed in Table 1. Compared with SFS structures, the few-mode microfibers exhibit higher
sensitivity in temperature, axial strain, acceleration, and surrounding refractive index
measurements. However, the taper structures and ultrasmall waists of the microfibers
may cause structural fragility. Therefore, the microfibers and the taper regions should
be packaged carefully to guarantee robustness in applications. During experiments, the
noise induced by temperature fluctuations and axial strain in the packaging process should
also be considered. The CWL-based in-line MZIs have advantages in that the CWL and
interference fringes near the CWL exhibit different wavelength sensitivities under the same
measurement and variation. Thus, the temperature- and strain-induced noises can be
compensated by simultaneously detecting two or three peaks/dips.

Table 1. Performance comparisons of different CWL-existed in-line MZI sensors.

Structure Sensor Application Maximum Sensitivity Refs.

Few-mode fiber Curvature −0.745 nm/m−1 [6]

Few-mode fiber Axial Strain 43 pm/µε [10]

Few-mode fiber Temperature 704 pm/°C [10]

Cascaded few-mode fiber temperature 1.753 nm/°C [11]

Cascaded few-mode fiber Static pressure 4.072 nm/MPa [11]

Few − mode microfiber with a diameter of 2 µm Refractive index around 1 −69,984.3 nm/RIU [28]

Few − mode microfiber with a diameter of 1.87 µm Refractive index around 1 95,836 nm/RIU [29]

Few − mode microfiber with a diameter of 3.57 µm Sodium nitrate in seawater 5.98 pm/ppm [33]

Z-shaped few-mode microfiber Refractive index around 1.333 1.46 × 105 nm/RIU [34]

Few-mode microfiber coated with PDMS Temperature 38 nm/°C [30]

Few-mode microfiber tapered by a ring-core two-mode fiber Refractive index around 1.333 128,055.7 nm/RIU [31]

Few-mode microfiber tapered by a single stress-applying fiber Refractive index around 1.3212 30,563 nm/RIU [36]

Few − mode microfiber with a diameter of 2.2 µm Axial strain −45.55 pm/µε [35]

Few − mode microfiber with a diameter of 2.2 µm Acceleration 764 mV/g [35]

4. Characteristics of the Achromatic Fringe in CWL-Existed in-Line MZIs and
Their Applications

In the transmission spectrum of a CWL-existed in-line MZI, achromatic fringes are
different from the periodically changing interference fringes and, therefore, are easy to
identify. Because the achromatic fringe shifts monotonously with sensing parameters, CWL
detection sensors can be applied in large-range measurements. This section reviews a
demodulation method of the CWL and sensing applications employing CWL detection.

4.1. Detection Scheme of CWL in the SFS Sensing Structure

The demodulation method of the CWL in the transmission spectrum and its advan-
tages, compared with the traditional interference peak detection, is explained in Ref. [8],
using an etched SFS structure in SRI detection. Figure 10 shows the simulated transmission
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spectra, the shift in CWL, and the wavelength shift in peak/dip located closest to the
CWL on each side under different SRIs. The peaks/dips in both sides of CWL will move
toward the CWL with increasing SRI. If SRI is measured by monitoring the wavelength
shift in peaks/dips lying around the CWL, the peaks/dips will end at CWL with only a
small measurement range of SRI, as shown in Figure 10. Therefore, traditional interference
peak/dip wavelength detection methods limit the measurement range significantly.

℃

μm − με
μm

 𝑑𝐹𝑀𝐹 21.3 μm, 𝐿𝐹𝑀𝐹Figure 10. The simulated results of the etched SFS structure (dFMF = 21.3 µm, LFMF = 20 cm):
(a) the transmission spectra under the SRIs of 1.350, 1.355, and 1.360; (b) wavelength shifts in the
critical wavelength and interference peaks/dips on each side of the critical wavelength.

Since the peaks and dips in the transmission spectrum are nearly symmetrically
distributed on both sides of CWL, to avoid difficulties in identifying CWL from achromatic
fringes, we can obtain CWL from Equation (8) by averaging the wavelength of PH, 1, DH, 1,
PL, 1, and DL, 1, written as

λCWL =
λPH, 1 + λDH, 1 + λPL, 1 + λDL, 1

4
(8)

The shift in CWL with SRI is calculated from Equation (8) above, and the results
are given in Figure 10b. Compared with the change in first peak or dip wavelengths
simultaneously plotted in Figure 10b, the CWL changes monotonically with SRI in a large
measurement range, with unambiguous demodulation of SRIs. Thus, the CWL detection
sensors can effectively solve the overlapping spectrum problem and provide large sensing
ranges in applications.

4.2. Sensing Applications of in-Line MZIs Based on CWL Detection

The advantages of the CWL detection method in large-range measurement are first
experimentally observed in temperature detection. Tripathi et al. [18] spliced a section
of MMF between two sections of SMF (SMS) and observed a CWL in the transmission
spectrum at 1318 nm. The experiments showed that the CWL shifted monotonously with
temperature from 25 ◦C to 1100 ◦C. Martincek et al. [40] employed a liquid-core optical
fiber, which consisted of a fused silica cladding and a core with medicinal oil, to increase the
temperature sensitivity of the CWL. The maximum temperature sensitivity of the measured
CWL was −56 nm/◦C, around 24 ◦C. The transmission spectra of the liquid-core fiber with
temperature variations are shown in Figure 11.
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𝜆𝐶𝑊𝐿 = 𝜆𝑃H,1 + 𝜆𝐷H,1 + 𝜆𝑃L,1 + 𝜆𝐷L,14
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Figure 11. Shift in the CWL in MZI employing the liquid-core fiber shown on measured spectra for
temperatures of 28.2, 27.5, and 26.2 ◦C. Reprinted with permission from Ref. [40]. Copyright 2011
Elsevier.

Our group theoretically studied the characteristics of the CWL in the transmission
spectrum of an SFS structure and applied the SFS structure in the large-range measurement
of SRI [8], curvature [6], and displacement measurements [7]; the sensing ranges achieved
1.316~1.44 at 1550 nm, 0~125 m−1, and 0~350 mm, respectively, as shown in Figure 12.

 

— —

Figure 12. The wavelength shifts in CWL and sensor structures employing the few-mode fiber in
the SFS structure; (a) experimental (marks with error bars) and calculated results of CWL shift with
SRI variations. Reprinted with permission from ref. [8]. Copyright 2017 IEEE. (b) calculated and
experimental results of CWL shift with equivalent curvature. Reprinted with permission from ref.
[6]. Copyright 2016 IEEE.; (c) schematic diagram of the experiment setup of the displacement sensor
employing SFS structure; (d) the experimental and the theoretical results of the CWL changes in
the sensor and the theoretical equivalent curvature of FMF in the helix coil (dashed line) versus
displacement. Reprinted with permission from ref. [7]. Copyright 2016 IEEE.
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5. Conclusions

In this paper, we reviewed the transmission characteristics of CWL-existed in-line
MZIs. The detection of the CWL in the transmission spectrum provides a solution to the
overlapping problem in conventional MZIs with periodically changing interference fringes.
Moreover, the interference peaks/dips on each side of the CWL shift in opposite directions.
Their wavelength sensitivities increase significantly when peak wavelengths approach
the CWL, which provides a solution for fiber-optic MZIs to enhance their sensitives by
designing the operational wavelength near the CWL. Therefore, taking full advantage of
the CWL-existed transmission spectrum, these in-line MZIs can be developed into several
different sensors, including large-range measurement sensors, multiparameter sensors, and
high-sensitivity sensors, to satisfy the requirements in practical applications.
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Abstract: Specialty fibers have introduced new functionalities and opportunities in distributed fiber

sensing applications. Particularly, Brillouin optical time domain analysis (BOTDA) systems have

leveraged the unique features of specialty fibers to achieve performance enhancement in various

sensing applications. This paper provides an overview of recent developments of the specialty

fibers based BOTDA technologies and their sensing applications. The specialty fibers based BOTDA

systems are categorized and reviewed based on the new features or performance enhancements. The

prospects of using specialty fibers for BOTDA systems are discussed.

Keywords: specialty fibers; Brillouin optical time domain analysis; BOTDA; distributed fiber sensor;

photonic crystal fiber; strain and temperature sensing

1. Introduction

Novel specialty optical fibers with engineered materials or specially designed struc-
tures have enabled new opportunities to explore novel functionalities and applications.
One of the successful applications is in the Brillouin optical time domain analysis (BOTDA)
systems, which has emerged as a fast-developing distributed fiber sensor technology for
measuring temperature and strain in the past two decades. The capability of distributed
strain and temperature measurement and the benefits of a fiber optic sensor system have
made the BOTDA systems a favorable solution for long term structural health monitoring
(SHM) and assessment of infrastructure. The correlation of strain data and structural
health assessment have been investigated and implemented for practical SHM applica-
tions, such as damage detection of operating tunnels-based cross-section curvature [1],
blade structural fatigue damage of wind turbine [2], structural crack identification and
early detection [3], etc. A few examples of field significant applications in the real word
are presented in [4], including SHM monitoring in civil infrastructures, such as bridges
and railways, geotechnical structures monitoring and pipeline monitoring, etc. Design
considerations of BOTDA systems could be from the interrogator to address the technology
challenges and meet the performance requirements in spatial resolution, sensing range and
dynamic measurement, which are well summarized in several reviews [5–9]. Alternatively,
the design can be from the perspectives of fibers or fiber cables. In particular, the explo-
ration of different stimulated Brillouin scattering (SBS) materials and their applications are
thoroughly reviewed in [10]. The perspectives of fiber manufacturers on fiber materials and
their effects on the Brillouin scattering properties and system designs are presented in [11].
The research and application regarding optical fiber cables for Brillouin distributed sensing
are reviewed in [12], showing successful exploitation of the Brillouin sensing technique
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using appropriate fiber cable designs. Moreover, post-processing using image processing
techniques [13] or machine learning techniques have been reported to improve sensor
performance without hardware modification [14].

This paper intends to provide a comprehensive review on the different sensing fea-
tures and performance enhancements provided by the specialty fibers that are used in
BOTDA systems. This paper will cover new developments that were reported after the
previous papers, which presented specialty fibers in Brillouin based sensing systems [11,15].
The principle of BOTDA technology is introduced in Section 2, followed by a discussion of
the specialty fiber based BOTDA with enhanced sensing capability and performance in
Section 3. Firstly, the sensor performance enhancements and breakthroughs are introduced,
such as latest breakthroughs in Brillouin amplifications in gas filled hollow-core fibers,
sensitivity enhancement and suppression of polarization noise. Secondly, the discrimi-
native sensing of temperature and strain using several techniques are reviewed. Thirdly,
multiplexed sensing systems of BOTDA and other distributed fiber sensor (DFS) technolo-
gies are reviewed. Fourthly, distributed sensing of other parameters, such as curvatures,
pressure and salinity, etc., are reviewed. Lastly, the prospects of using specialty fibers for
BOTDA systems are discussed in Section 4.

2. Principle of BOTDA Technology

Typical BOTDA systems are based on Brillouin interaction between a pulsed pump
and a counter-propagating continuous wave (CW) probe (Figure 1). The probe wave is
amplified through SBS process when the frequency difference between the pulsed and
the CW light is turned to the Brillouin frequency of the fiber [16]. The probe power is
measured as a function of time, which is translated to a distance-dependent information to
derive local Brillouin gain. The local Brillouin frequency shift (BFS) at each point of the
fiber is derived from reconstruction of the Brillouin gain spectrum (BGS) by a frequency
sweep with every frequency detuning around the Brillouin frequency. Both temperature
and strain contribute to BFS variations.
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Specialty fibers such as PCFs and hollow-core fibers contain holey structures, which
provide an ideal platform to integrate with high gain SBS medium to boost the overall
Brillouin amplification. Peculiar Brillouin scattering features of specialty fibers are lever-
aged to improve the sensor performance of BOTDA systems, such as polarization noise
suppression, enhancement of sensitivity, etc. The temperature-compensated distributed
strain measurement, or discriminating the response from temperature and strain, is a key
challenge in the BOTDA solutions. To overcome this challenge, various specialty fibers
have been introduced to the BOTDA solution, such as photonic crystal fibers (PCFs), few
mode fibers (FMFs) and multicore fibers etc., which are reviewed in this paper. In addition,
multiplexed distributed sensing that consists of the BOTDA technology and other DFS
technology, e.g., Raman optical time domain reflectometry (R-OTDR) or phase-sensitive
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optical time domain reflectometry (ϕ-OTDR), are reported based on multi-core fibers via
spatial multiplexing. The aforementioned opportunities have generated substantial interest
and driven the advancement of the specialty fiber based BOTDA systems with favorable
features and performance enhancements as reviewed in the next section.

3. Reviews on Specialty Fiber Based BOTDA Technology

Through the design of optical fiber structures and engineering of the optical fiber
materials, specialty fibers have offered abundant opportunities in bringing new features,
functionalities in fiber devices and enabling new applications. In BOTDA systems, the
Brillouin gain spectrum can be customized and optimized through the selection of fiber ma-
terials and the design of optical and acoustic waveguide properties in specialty fibers [11].
In this section, a comprehensive review of the specialty fiber based BOTDA with enhanced
sensing capability and performance is presented.

3.1. Sensor Performance Enhancements and Breakthroughs

PCF provides a flexible platform to engineer the optical and acoustic waveguide
properties to achieve enhanced or reduced Brillouin gain. Brillouin gain in PCFs can be
significantly increased by using high Brillouin gain materials as fiber materials or infiltrat-
ing high Brillouin gain materials, such as gases, into the holey structure of the PCF. The
Brillouin scattering properties and the BGS can be influenced by fiber configurations, fiber
material designs and the dopants into the silica glass [11]. The Brillouin gain coefficients of
a chalcogenide glass microstructured single mode fiber (SMF) was 100 times larger than
fused silica [17]. More recently, a gas-filled hollow-core PCF has demonstrated highly
nonlinear Brillouin gain, which scales with the square of the gas pressure and achieved
a strain-free high performance distributed temperature sensing [18,19]. On the contrary,
solid core PCFs have demonstrated reduced Brillouin gain and a three-fold increase of
the Brillouin threshold power with a uniform all-silica fiber. They could be exploited for
suppression of Brillouin scattering [20]. Anti-resonant hollow-core fibers exhibited at least
three (five if evacuated) orders of magnitude weaker Brillouin scattering compared with
conventional SMFs, paving the way to explore ultra-low noise applications for quantum
information processing and optical communication [21].

In addition to fiber design and material engineering, the fiber sensing cable design
and fiber coatings play a significant role in optimizing the Brillouin distributed fiber
sensor performance [12]. For example, SMF with single-layer and double-layer polymer
coatings have been used to demonstrate enhanced hydrostatic pressure sensitivities through
pressure-induced strain measurement based on Lame formula. The pressure sensitivity is
enhanced by increasing the outer coating radius or decreasing the outer coating Young’s
modulus and Poisson’s ratio. The maximum pressure sensitivity of the double-coated SMF
is about five times higher than the single-coated SMF [22]. Similarly, enhanced temperature
sensitivity can be achieved by putting optical fibers into suitable coatings [23,24].

Polarization effects on the SBS in PCFs have demonstrated interesting properties. In
small core single mode PCFs, a higher SBS threshold of 3 dB is observed due to unin-
tentional birefringence as a result of the asymmetry in the fiber structure geometry as
well as the large index contrast. In addition, strong polarization dependance of Brillouin
gain has been reported. In particular, the SBS has a strong dependence on pump polar-
ization. The minimum and maximum SBS are 3 dB different and 90◦ apart. For lower
powers below threshold, the transmission presents a 180◦ polarization periodicity due to
polarization dependent losses (PDL). For higher powers above threshold, the transmis-
sion shows a 90◦ polarization periodicity such as SBS as PDL becomes negligible [25]. A
large-controlled birefringence could be introduced in these fibers to suppress SBS effect for
potential applications that are limited by SBS.
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3.2. Discriminative Sensing of Temperature and Strain

Discriminative sensing of temperature and strain is an important and desirable capa-
bility in BOTDA systems because the optical fiber and its BGS are subject to changes in
both parameters. Besides the usage of two independent fibers [26], various approaches
have been proposed and demonstrated for achieving this purpose, including approaches
to form a sensor matrix, and other approaches based on a combination of using Brillouin
scattering and other parameters.

The below sensor matrix (Equation (1)) can be used to describe the sensing system,
where the CT1,2 and Cε1,2 represent the temperature and strain coefficients, ∆νB_peak1,2
represent the central frequency shifts of the Brillouin spectra peaks. By solving the inverse
matrix problem, distributed measurement of the temperature change ∆T and the strain
change ∆ε along the fiber can be calculated.

[
∆νB_peak1
∆νB_peak2

]
=

[
CT1 Cε1
CT2 Cε2

][
∆T
∆ε

]
(1)

The sensor matrix can be realized by exploiting the multi-peak feature of the BGS of
the dispersion compensating fiber [27], dispersion shifted fiber [28] and specialty fibers,
which is due to different acoustic modes or/and different optical modes.

Ideally, by solving the inverse matrix of Equation (1), the temperature change ∆T and
the strain change ∆ε along the fiber can be calculated. The ability of accurately inverting
the matrix determines measurement performance. Some sensor matrices can result in
a larger error. For example, when using LEAF, the BFS-temperature/strain coefficients
between different Brillouin peaks are very small, and solving the equations produces
large errors [14,29]. The condition number (CN) of a matrix A is defined cond(A) =
‖A‖‖Aˆ(−1)‖, where ‖·‖ could be any of the norms of A. In this Section, 2-norm is used
to calculate cond(A) [30]. A larger CN results in a larger upper bound of the relative
error [30]. Thus, a smaller CN of the sensor matrix is desirable in the sensor system. The
calculated CN of the sensor matrices for the different techniques is used to provide an
intuitive comparison of the measurement accuracy between the different techniques and are
listed in Table 1. As can be seen, two techniques by using different fiber deployment [26],
and the PM-PCF in the temperature range from 5 ◦C to 80 ◦C [31] have much smaller
CNs than other techniques or other temperature ranges of the same configuration [31],
indicating better achievable measurement accuracy with a smaller value of upper bound of
the relative error.

Table 1. Summary of reported approaches to achieve discriminative sensing using specialty fibers.

Approaches Specialty Fiber Type
Temperature Coefficient
CT (MHz/°C)

Strain Coefficient
Cε (MHz/µε)

CN of the Sensor Matrix

Multi-peak BGS due
to multiple acoustic
modes

PCFs with a partially
germanium-doped core
[32,33]
Peak 1 0.96 0.048
Peak 2 1.25 0.055 346

Large effective area fiber (LEAF) [29] 260 (peak1 BFS, peak1 BGS)
Peak 1 BFS 1.18 0.055 270 (peak2 BFS, peak2 BGS)
Peak 1 BGS linewidth −0.111 −0.00059 2580 (peak1 BFS, peak2 BFS)
Peak 2 BFS 1.2 0.055 260 (peak1 BFS, peak2 BGS)

Peak 2 BGS linewidth −0.118 −0.00091
270 (peak1 BGS, peak2 BFS)
836 (peak1 BGS, peak2 BGS)

Multi-peak BGS due
to multiple optical
modes

Circular core few mode fiber
(FMF) [34]
LP01 1.0169 0.05924 221
LP11 0.99099 0.04872
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Table 1. Cont.

Approaches Specialty Fiber Type
Temperature Coefficient
CT (MHz/°C)

Strain Coefficient
Cε (MHz/µε)

CN of the Sensor Matrix

Multi-peak BGS due
to multiple acoustic
modes and optical
modes

Elliptical core FMF [35] 96 (LP01–P1, LP01–P2)
LP01-P1 1.242 0.0613 107 (LP11e–P1, LP11e–P2)
LP01-P2 1.278 0.0364 1133 (LP01–P1, LP11e–P1)
LP11e-P1 1.287 0.0658 119 (LP01–P1, LP11e–P2)

LP11e-P2 1.501 0.0484
88 (LP01–P2, LP11e–P1)
538 (LP01–P2, LP11e–P2)

Multiple core/fibers

Different fiber deployment [26] 1.2 ± 0.2 0.054 ± 0.7 44

Dual core fiber [36]
95Core 1 0.971 0.0532

Core 2 0.9593 0.0729

Multicore fiber (MCF) [37] 380
Central core 1.08 0.0485
Outer core 1.03 0.0517
MCF with heterogeneous cores [38]
Central core 1.05 ± 0.0095 0.0485
Outer core 1.15 ± 0.0343 0.0485 501

BFS and
birefringence

Polarization-maintaining photonic
crystal fiber (PM-PCF) [31]
Birefringence −40 ◦C to −15 ◦C: 27.4 −0.154 −40 ◦C to −15 ◦C: 495

−15 ◦C to 5 ◦C: 8 −15 ◦C to 5 ◦C: 115
5 ◦C to 80 ◦C: 0 5 ◦C to 80 ◦C: 7

BFS 1.15 0.049

BFS and
fluorescence

Erbium-doped optical fiber [39]
28,303Fluorescence intensity ratio 5.6 × 10−4/◦C 0

BFS 0.87 0.0479

Athermal/atensic
optical fibers

Highly Ge dope fibers [40] 0.07 0.0214 Not applicable

The reported approaches to achieve discriminative measurement of temperature and
strain or single parameter sensing measurement using specialty fibers are summarized
in Table 1, based on the principles of multiple acoustic modes, multiple optical modes,
multiple cores/fibers, BFS and other parameter such as birefringence or fluorescence, and
athermal optical fibers. The temperature and strain coefficients of reported approaches are
listed in Table 1.

Multi-peak BGS due to multiple acoustic modes: Firstly, the non-zero overlapping between
multiple acoustic modes and fundamental optical mode field gives rise to multi-peak
features on the Brillouin gain (loss) spectrum in PCFs [41]. The strain and temperature
coefficients of each peak are different, enabling the discriminative sensing of two physical
parameters, based on PCFs with a partially germanium-doped core as shown in Figure 2
(multi peaks are indicated by the letters a, b, c, d, e) [32,33]. Multi-peak BGS was also
reported for a highly nonlinear PCF with a Ge-doped core and triangularly arranged by
the F-doped buffer. However, this fiber structure does not exhibit distinct temperature and
strain dependence for different peaks in the BGS and is not desirable for discriminative
sensing [42]. For large effective area fiber (LEAF), such as that which has a triangle
refractive index profile, the overlapping of the first three acoustic modes are comparable to
the optical effective area, resulting in a multi-peak BGS. Unlike SMFs, the LEAF exhibited
an observable BGS linewidth variation with strain due to greater waveguide contribution.
Simultaneous detection of temperature and strain were achieved by monitoring the central
frequency shift and the linewidth of the first two peaks [29].
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Multi-peak BGS due to multiple optical modes: Secondly, the optical fiber with multiple
optical modes to interact with the fundamental acoustic mode, such as few-mode fiber
(FMF), is another promising candidate for discriminative sensing based on different optical
mode properties including different effective refractive indices, chromatic dispersion and
losses. The Brillouin scattering for various linear polarized modes will create different BGSs
and the corresponding BFSs will have different temperatures and strain coefficients [15]. A
circular core-FMF based BOTDA was used to demonstrate the discriminative distributed
measurement of temperature and strain [34]. The free-space mode launcher was used to
generate specific spatial modes from the spatial light modulator (SLM) as shown in Figure 3.
The BFS for LP01 and LP11 mode were measured and showed estimated temperature and
strain sensitivities that were (1.0169 MHz/◦C, 0.05924 MHz/µε) and (0.99099 MHz/◦C,
0.04872 MHz/µε), respectively.
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Figure 3. (a) Schematic diagram of a free-space mode launcher. (b) SLM phase patterns and the
corresponding spatial modes. CL: collimating lens, M1/M2: turning mirror, HWP: half-wave plate,
PBS: polarization beam splitter. (Reprinted/Adapted) with permission from [34] © The Optical
Society.

Multi-peak BGS due to multiple acoustic and optical modes: More recently, an elliptical-
core FMF based Brillouin optical time domain reflectometry (BOTDR) was reported to
achieve distributed temperature and strain measurement, levering the multiple Brillouin
peaks from the interaction between both higher-order optical modes (LP01 and LP11 mode)
and higher-order acoustic modes. Optimum sensing performance can be achieved by
choosing proper optical-acoustic mode pairs [35]. This scheme of using selected higher-
order optical and modes and higher-order acoustic modes in the elliptical-core FMF offers
an alternative approach to achieve temperature and strain discrimination in BOTDA,
requiring a configuration of the selective mode launcher.

Multiple core/fibers: Thirdly, using different optical fibers or different optical fiber
cores is another approach to produce BFS with different thermal and strain coefficients
for simultaneous measurement of temperature and strain. In [26], the optical fibers are
deployed with the configuration that the first half of the sensing is tightly bonded to
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the structure to be monitored, which is sensitive to both strain and temperature, and the
second half is loosely deployed and collocated to sense the temperature only. Optical
fibers with dual core structure [36,43] have been reported for distributed Brillouin sensing
applications. Through appropriate designing of the fiber core profile, the strain and
temperature coefficients of the two sensing fiber cores are different, forming the sensing
matrix equation (Equation (1)) and enable discriminative sensing of both parameters.
By measuring the BGS in two cores (the central core and one of the outer cores) of a
seven-core multicore fiber (MCF), the BFS in these two cores show different strain and
temperature coefficients, suggesting the feasibility of using MCF based Brillouin sensing
for discriminative distributed measurement of temperature and strain [37].

Further improvement can be achieved by optimizing the material and the structure of
the MCF to enlarge the difference from the cores [11,37]. MCF with heterogeneous cores as
shown in Figure 4 is reported to show ~70 MHz BFS difference between the central core
and the outer cores, which are made from different preforms. The experimental results
showed the heterogeneous cores have enlarged difference in the temperature sensitivities
and indistinguishable strain sensitivities, enabling a simultaneous and discriminative dual
parameter measurement [38]. Distributed bending sensing application deduced from strain
measurements of the MCF based Brillouin sensors are explored subsequently [44].
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BFS and birefringence/fluorescence: The fourth approach is through simultaneous mon-
itoring two independent physical parameters of BFS and the fiber birefringence or fluo-
rescence. The birefringence is characterized through the measurement of the diffraction
spectrum of the dynamic acoustic grating generated in SBS, or Brillouin dynamic grat-
ing (BDG). The combination of BFS and the birefringence was firstly explored using
polarization-maintaining fiber (PMF), reporting a discrimination accuracy of 3 µε and
0.08 ◦C [45]. Compared with the conventional PMF, polarization-maintaining photonic
crystal fiber (PM-PCF) acquires fiber birefringence from the non-circular core in the all-silica
holey cladding structure, thus inherently possessing much less temperature sensitivity.
Discriminative measurement of strain and temperature using the configuration as depicted
in Figure 5, is achieved by monitoring the BFS and BDG of the PM-PCF for the temperature
range of −40 ◦C to 80 ◦C and the strain range of 0–800 µε. In addition, leveraging the
weak temperature sensitivity of the fiber birefringence in the temperature range from
5 ◦C to 80 ◦C, temperature-insensitive strain measurement is possible by using the BDG
measurement alone [31]. Combination of BFS and fluorescence are used to demonstrate
discriminative strain and temperature measurement in erbium-doped optical fiber [39].

Athermal/atensic optical fibers: If complete discrimination of temperature and strain
measurement is not required, an optical fiber with immunity to one parameter is desirable
for single sensing parameter measurement. It has been shown in Figure 6 that highly Ge
doped fibers presented negligible temperature dependence, and the temperature coefficient
even decreased to zero when removing the fiber coating, paving the way to develop
athermal optical fibers for temperature-free Brillouin strain sensing [40]. Likewise, optical
fibers that are insensitive to strain or atensic fibers can be designed and developed for
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strain-free Brillouin temperature sensing [11]. However, these approaches to develop
athermal or atensic fibers through fiber material composition optimization suffer from a
significant reduction of the sensitivity to strain or temperature and in the Brillouin gain [11].
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3.3. Multiplexed Distributed Sensing Systems of BOTDA and Other Distributed Fiber
Sensor Technologies

This section is focused on the reported work of specialty fibers in hybrid distributed
sensing systems based on Brillouin scattering phenomena, e.g., BOTDA or BOTDR, and
other DFS technologies based on Raman or Rayleigh scattering phenomena. For example,
utilizing the space-division multiplexed (SDM) system configuration, MCF represent a
desirable platform to develop a compact system to multiplex different distributed sensing
techniques. A recent review paper introduced the research progress of MCF based hybrid
distributed fiber sensor systems [46].

Hybrid Brillouin-Rayleigh sensing: Firstly, hybrid Brillouin-Rayleigh sensing systems
have been reported to achieve simultaneous dual parameter measurements of temperature
and strain, providing benefits of improved data processing and analytics for distance com-
pensation and accuracy enhancement [47]. Standard optical fibers are used in the reported
hybrid sensing system. The BFS and Rayleigh frequency shifts are measured to decouple the
strain and temperature based on the following two equations, e.g., Equations (2) and (3):

∆vB = C11∆ε + C12∆T (2)

∆vR = C21∆ε + C22∆T (3)

∆vB and ∆vR are the shift of the Brillouin and Raman gain spectrum, respectively. The
strain and temperature coefficients are denoted by C11 and C12 in Brillouin sensing system;
C21 and C22 in Rayleigh sensing system, respectively. Subsequently, a more compact system
of the hybrid Brillouin-Rayleigh sensing system through SDM configuration based on the
MCF is reported for distributed temperature sensing as shown in Figure 7. Two spatially
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separated sensors of BOTDA and Φ-OTDR are realized in the central core and outer core,
respectively. Distributed temperature sensing using the 1.565 km MCF was demonstrated
to achieve 2.5 m spatial resolution, large measurement range (10 ◦C) by BOTDA, and 0.1 ◦C
small temperature variation detection by Φ-OTDR with ~0.001 ◦C resolution [48].
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Hybrid Brillouin-Raman sensing: Hybrid Raman/Brillouin optical time domain reflec-
tometry/analysis (RODTR and BOTDR or BOTDA) configurations using standard optical
fibers are reported to realize distributed sensing of temperature and strain. The tempera-
ture measurement is determined by Raman based sensor without other cross-sensitivity
from strain. Based on the temperature measurement, the strain measurement is computed
and discriminated from both a strain and temperature dependent Brillouin frequency shift
in the BOTDR sensor [49]. Recent advances of the hybrid Raman and Brillouin sensing
systems have been reviewed, presenting promising techniques based on pulse coding to
address the challenges of the tradeoff between the sensing distance and spatial resolution in
the hybrid sensing system [50]. To address the incompatibility of input power requirement
for hybrid ROTDR and BOTDR in standard single mode fibers, an MCF based hybrid
ROTDR and BOTDR is reported for discriminative and distributed sensing of temperature
and strain using a single laser source, shared pump generation devices and separate inter-
rogation fiber channels (Figure 8). The reported system achieved worst temperature and
strain resolutions about 2.2 ◦C and 40 µε, respectively, in a 6 km sensing range with a 3 m
spatial resolution [51]. The research progress of MCF based hybrid distributed fiber sensor
systems is reviewed in [46].
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3.4. Distributed Sensing of Other Parameters

Curvature sensing: The dependence of the BFS on longitudinal strain variations (com-
pression/elongation) is exploited to develop distributed curvature sensing using an optical
fiber. Since the first sensing demonstration with an SMF (BFS ~ 1.6 MHz for a 1.5 m of
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SMF winded around a rod of 25 mm diameter [52]), different optical fibers have been
investigated. Among them, a few-mode fiber was used to improve the sensitivity (~5 time
for a radius curvature of 0.8 cm) and to extend the range of curvature measurements (ra-
dius curvature from 0.7 cm to 3.4 cm) [53]. MCF was successfully used for demonstrating
curvature radius and orientation measurements (with a BFS sensitivity of 2.06 MHz/m−1)
by correlating the difference of BFS between the central core and outer six cores, paving the
way to full 3D shape determination using an optical fiber [44]. The interest of an RCF, with
an inner and outer core diameter of 7.38 µm and 15.14 µm, respectively, and a ∆ncore-cladding
~0.0131, was demonstrated for measuring distributed small curvature radius by exploiting
its excellent bending loss resistance (α < 0.01 dB for a radius of 0.5 cm) in comparison to an
SMF that suffers from macro-bending losses (α > 10 dB). In addition to a higher sensitivity
than SMFs (with BFS ~ 32.9 MHz for a radius of 0.5 cm), the RCF enables distributed
curvature sensing without temperature or axial strain sensitivity by measuring its Brillouin
gain variation [54], as shown in Figure 9.
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Figure 9. (a) Optical microscope image of the cross section of an RCF, (b) schematic illustration of
strain applied in a bent fiber, (c) illustration of distributed curvature measurements by winding
the RCF around different rod diameters, (d) measured Brillouin gain along the RCF including four
sections where the RCF is winded. (e) Estimation of the curvature from BFS or Brillouin gain
measurements versus temperature variations. Reproduced from [54], with the permission of Chinese
Laser Press Publishing.

Pressure sensing: PM-PCF composed of only silica and air, which exhibits a very low
thermal sensitivity, was used for hydrostatic pressure sensing by measuring the birefrin-
gence changes through exciting and probing the BDG (with a differential pulse-width pair
Brillouin optical time domain analysis, DPP-BOTDA) [55]. A linear dependence of the
Birefringence BFS difference of about 199 MHz/MPa has been measured for hydrostatic
pressure from 0 to 1.1 PM with a measurement error of 0.025 MPa.

Characterization of Fiber-Optic Parametric Amplifier (FOPA) and nonlinear optical fibers:
FOPA gain that relies on strict phase-matching conditions imposed by the four-wave mixing
process was measured along the length of the highly non-linear fiber by using BOTDA
in a novel scheme where the parametric amplification acts on the BOTDA pump [56].
The fluctuation measurements of the zero-dispersion wavelength (ZDW) along the highly
nonlinear fiber of a FOPA was also demonstrated (with ZDW fluctuations as low as 0.02 nm
along 200 m of the fiber and 2 m longitudinal resolution) [57,58]. These demonstrations
offer new possibilities for precisely characterizing the chromatic dispersion along highly
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nonlinear fibers, i.e., including local fluctuation, which is a key parameter for numerous
nonlinear optic applications.

Salinity measurement: A PM-PCF with a polyimide coating was used to demonstrate
salinity measurements based on BOTDA and BDG [59]. This coating shrinks in contact
with a NaCl solution. A frequency shift is measured with BDG-BOTDA corresponding
to a birefringence variation from modification of the hydrostatic pressure applied on the
PM-PCF by the coating depending on the salinity concentration. Linear NaCl sensitivity
from 30.1 MHz/(mol/L) to 139.6 MHz/(mol/L) have been reported for different coating
thickness ranging from 5 µm to 20 µm, respectively, with a maximum salinity accuracy of
0.072 mol/L (considering a measurement uncertainty less than 10 MHz). This demonstra-
tion with a spatial resolution of 15 cm enables distributed salinity sensor with both high
accuracy and high resolution.

Refractive index measurements of liquid: The parameters previously presented are mea-
sured by sensing the dependence of the BFS on strain variations applied on the fiber. The
linear dependency of the BFS to the effective index of the propagated light into the fiber
was exploited for sensing the refractive index of a liquid surrounding a side-polished
optical fiber [60]. The fraction of evanescent field interacting with the liquid along the
side-polished section of 3 cm was further increased by depositing a thin film with high
refractive index (SU-8 photoresist, n = 1.56), leading to a refractive index sensitivity of the
BFS about 293 MHz/RIU around n = 1.40. The measurements were realized with a high
spatial resolution BOFDA apparatus.

Monitoring dihydrogen diffusion: The diffusion of dihydrogen (H2) within an SMF was
demonstrated with BOTDA measurements. The dependence of the BFS to H2 concentration
in the silica was reported with a rate of approximately 0.21 MHz/%H2 [61]. Simultaneous
Rayleigh and Brillouin backscattering measurements during H2 diffusion have enabled
to decorrelate the BFS induced by a refractive index variation and by a linear increase of
acoustic velocity of about 5.2 (m/s)/(%mol H2) with H2 concentration in silica [62]. Further
studies are developed to increase the BFS sensitivity to H2 concentration by inserting
palladium particles (H2 sensitive material) into specialty optical fibers [63].

4. Prospects and Conclusions

The flexibilities and functionalities of the specialty optical fibers have demonstrated
great potential in sensor performance enhancement and application development for
BOTDA systems. In this review, several key aspects of the achievements using the spe-
cialty fiber in BOTDA systems are summarized, including the Brillouin gain amplification
through the integration of highly nonlinear gas medium into the hollow-core fiber, novel
polarization properties of specialty fiber based BOTDA systems, sensitivity enhancements
by specially coated optical fibers, discriminative sensing of temperature and strain, multi-
plexed distributed fiber sensing systems of BOTDA and other systems, and novel sensing
parameters enabled by specialty fibers. It is believed that specialty fibers are becoming an
important design and implementation considerations of the BOTDA system for distributed
sensing applications. In addition, the developments of specialty fibers specially designed
for a sensing application, by optimizing the topology (core shape, number of modes, multi-
cores) and by associating material properties (silica/air, gas, highly Ge-doped) such as
multi-material fibers, will offer new prospects for further enhancing the performance of
BOTDA systems in growing applications areas such as the oil and gas industry, power
industry, construction industry, transportation industry and security monitoring [9].
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Nomenclature

The symbols used in the manuscript are listed in the table below.
Symbols Description
∆νB_peak1,2 The central frequency shifts of the Brillouin spectra peaks
CT1,2 Temperature coefficients of the Brillouin peak 1, 2, respectively
Cε1,2 Strain coefficients of the Brillouin peak 1, 2, respectively
∆T Temperature change
∆ε Strain change
∆vB The shift of the Brillouin gain spectrum
∆vR The shift of the Raman gain spectrum
C11 Strain coefficient of the Brillouin sensing system
C12 Temperature coefficient of the Brillouin sensing system
C21 Strain coefficient of the Raman sensing system
C22 Temperature coefficient of the Raman sensing system
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Abstract: Specialty fibers have introduced new levels of flexibility and variability in distributed fiber

sensing applications. In particular, distributed acoustic sensing (DAS) systems utilized] the unique

functions of specialty fibers to achieve performance enhancements in various distributed sensing

applications. This paper provides an overview of recent preparations and developments of specialty-

fiber-based DAS systems and their sensing applications. The specialty-fiber-based DAS systems

are categorized and reviewed based on the differences in scattering enhancement and methods of

preparation. The prospects of using specialty fibers for DAS systems are also discussed.

Keywords: specialty fibers; distributed acoustic sensing; DAS; distributed fiber sensor; scattering

enhancement fiber

1. Introduction

The identification of the internal properties of a medium is an important way to
understand nature and explore the world, which can be obtained using both direct and
indirect measurements. Regarding acoustic waves, the transmission form of sound travels
in different directions with the help of various media in the environment. Therefore,
the internal properties of the medium can be recognized by measuring and tracking the
information carried by the acoustic field [1–3]. In recent years, acoustic sensing technology
has been widely used in the analysis of material properties at different scales, such as in
geological structure detection [4], resource exploration [5], structural health monitoring [6],
and perimeter security [7].

Acoustic sensors allow people to analyze media through acoustic information. With
the increases in the range and scale of acoustic detection, the demand for distributed
high-capacity acoustic sensors is also expanding. Furthermore, distributed acoustic sens-
ing (DAS) has become a research hotspot because of its advantages in terms of anti-
electromagnetic interference, high sensitivity [8], and the small volume and light weight of
the systems. DAS is a rising acoustic sensing technology that uses passive optical fibers
as the transmission and sensing medium at the same time, squeezing information from
optical fiber Rayleigh backscatters to achieve acoustic detection in the surrounding environ-
ment. Most DAS systems are based on phase-sensitive optical time domain reflectometry
(ϕ-OTDR), since the phase change in Rayleigh backscattered light has a linear relationship
with the acoustic wave acting on the optical fiber [9].

Common DAS systems usually use a single-mode fiber (SMF) as the sensing fiber.
However, with such fibers the Rayleigh backscattered light is extremely weak and the
signal-to-noise ratio (SNR) of the optical sensing signal is low, which leads to a poor SNR
of the demodulation phase signal in DAS systems based on ϕ-OTDR [10]. In addition,
since a laser pulse with a narrow linewidth and high coherence is injected into the fiber, the
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interference between the Rayleigh scattering points in one pulse will produce interference
cancellation, resulting in coherent fading of the backscattered light, forming a “dead zone”
on the sensing fiber [11]. In recent years, in order to solve the defects of the poor SNR
values and the sensitivity of phase demodulation in SMF-DAS systems, many suppression
technologies for noise have been studied, such as coherent fading, while at the same time
the complexity and cost of the systems has increased, leading to sacrifices in terms of the
response frequency band and sensing distance [12–18]. Furthermore, it is also important to
enhance the performance of the sensing fiber itself. The development of a specialty fiber
for DAS technology will have broad prospects.

This paper intends to provide a comprehensive review of the different sensing features
and performance enhancements provided by the specialty fibers that are used in DAS
systems. The principle of the DAS technology is introduced in Section 2, followed by a
discussion of the specialty-fiber-based DAS system with enhanced sensing capability and
performance in Section 3. Firstly, two types of specialty fibers are introduced, a continuous
scattering-enhanced (CSE) fiber and discrete scattering-enhanced (DSE) fiber, with the
latter one being more widely used because of its ability to completely suppress coherent
fading. Secondly, several fabrication techniques for introducing scattering enhancement
points (SEP) into the fiber are summarized, including femtosecond writing and UWFBG
inscription. Thirdly, a variety of methods to enhance the performance of DAS systems
for discrete scattering are reviewed. Fourthly, the applications of the specialty fiber DAS
system are reviewed in Section 4. Lastly, the prospects of using specialty fibers for DAS
systems are discussed in Section 5.

2. Fundamental Principle

2.1. Principle of DAS Technology

DAS is achieved by measuring the optical phase change caused by the axial strain
variation of the optical fiber [19]. When the sound wave acts on the fiber, the fiber will
produce axial strain, which changes the phase of the Rayleigh backscattering signal in the
fiber. According to the photoelastic effect, there is a linear relationship between the axial
strain and the optical phase change:

∆ϕ = β

[
1 − n2

2
(P12 + 2P11)

]
∆L (1)

where β is the propagation constant of light, n is the refractive index of the optical fiber,
P12 and P11 are tensor coefficients of the optical fiber, ∆L is the change in fiber length
from equation ∆L = εsL, εs is the axial strain of the fiber, and L is the length of the fiber.
Thus, as shown in Figure 1, as long as the changes in the phase difference between the two
points A and B of the probe light can be extracted, the changes in axial strain can be known
and the quantitative perception of acoustic waves or vibrations can finally be measured. It
is crucial for DAS to achieve distortion-free phase demodulation in all positions of the fiber.
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                 Figure 1. The sensing principle of the fiberoptic DAS.

Since Rayleigh scattering is an elastic scattering method without any nonlinear effect,
and as the Rayleigh scattered light at different positions can be distinguished via the time
of reflection back to the fiber launch end, the optical fiber phase extraction technique
based on phase-sensitive optical time domain reflection (ϕ-OTDR) is widely used in DAS
systems [20,21]. In 2011, using heterodyne coherent detection technology, the phase of the
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Rayleigh scattering signal was successfully demodulated for the first time [22]. The scheme
of the heterodyne coherent detection is shown in Figure 2. The local oscillator light and the
Rayleigh scattering signal at point A can be expressed as:

ELO = ALOexp[j2π f t + jϕLO] (2)

EA = AAexp[j2π( f + ∆ f )t + jϕA] (3)

where ALO and AA are the amplitude of the local oscillator light and the Rayleigh scattering
signal at point A, f is the frequency of the probe light, ∆ f is the frequency shift of the pulse
modulator, ϕLO and ϕA are the optical phases of the local oscillator light and the Rayleigh
scattering signal at point A, respectively. After these two signals are coupled by a 3 dB
coupler and interfere with the photosensitive surface of the balanced photoelectric detector
(BPD), the light intensity detected by the BPD can be expressed as:

I ∝ 2ELOEAcos
(
∆ f t + ϕ′

A

)
(4)

where ϕ′
A = ϕA − ϕLO is the phase difference between the two signals. Then, ϕ′

A can be
calculated using a digital coherent IQ demodulation algorithm. Similarly, ϕ′

B can also be
calculated at point B by the same algorithm. Through the spatial differential calculation of
the phase, the phase difference ϕAB between two points A and B can be finally obtained,
which linearly shows the axial strain of the optical fiber and finally allows the quantitative
perception of sound waves and vibrations.
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Figure 2. Typical heterodyne coherent detection scheme [22].

In addition to the heterodyne-based coherent detection scheme, researchers have also
proposed other phase demodulation schemes, such as the 3 × 3 coupler scheme [23], phase-
generated carrier (PGC) [24], and linear frequency sweeping pulse method [25]. Some
representative schemes are shown in Figure 3, all of which can achieve distributed optical
phase demodulation.
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Figure 3. Rayleigh scattering model of the single-mode optical fiber [26].

2.2. Limitations of Single-Mode Fiber (SMF) DAS

Despite SMF DAS technology having been applied in many fields, such as geolog-
ical monitoring, pipeline monitoring, and oil exploration, and with the advantages of
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distributed detection, high spatial resolution, and high sensitivity, it still has been limited
by interference fading and poor signal consistency. The reasons are analyzed below.

In particular, when the pulse width is narrow enough, the Rayleigh backscattering
signals of point A and B as discussed in Section 2.1 can be obtained according to the arrival
time of the Rayleigh backscattering light. In fact, the probe pulse has a certain pulse width,
and the Rayleigh scattering signals of different scattering points in the pulse width will
interfere with each other because of the high coherence of the probe light. The interference
result of the Rayleigh scattering can only represent a section fiber near point A and B.
Due to the inhomogeneous doping in the preparation of the optical fiber, the interference
phenomenon of the Rayleigh scattering is random, which will inevitably affect the phase
demodulation performance. In order to describe the Rayleigh scattering phenomenon in
SMF accurately, researchers established a SMF scattering model [26].

The Rayleigh scattering model is shown in Figure 4. First, the SMF is discretized and
the nonuniform distribution of impurities in the core is regarded as a series of equivalent
Rayleigh scattering points (ERSP) of micron or submicron size, which are numbered as
1, 2, 3, · · · , M, respectively. Each backscattering coefficient and the position of the scattering
point can be presented as (am, zm); that is, the M-th scattering point is on zm, while the
reflectivity is am. Since the ERSP can be regarded as the superposition of multiple scattering
points with a smaller scale, its position can be expressed as zm = md + ∆d, where ∆d obeys

the uniform distribution in
[
− d

2 , d
2

]
and am obeys the Rayleigh distribution. According to

the above analysis, the Rayleigh scattering signal received at the i-th time can be expressed
as the superposition of interference of the Rayleigh scattering signal of a section of fiber:

Ei = ∑zi1<zm<zi2
Aam· exp

(
j
2π

λ
·2nzm

)
(5)

where n is the refractive index of the fiber, zi1 and zi2 are related to the pulse width, which
satisfies zi2 − zi1 = Wc/2n, W is the pulse width of the probe pulse, and c is the speed of
light in vacuum. Researchers have also verified this model [8]; when the interference signal
involves interference cancellation, the signal intensity |Ei| will become weaker, leading to a
worse optical SNR. Further, the light intensity declines to the same level as the acquisition
noise and the demodulated phase information will be submerged in the noise, forming a
blind detection area, which is called interference fading. In addition, due to the randomness
of the reflectivity am of the equivalent scattering point, the equivalent positions of the signals
received at different times are different. The signal received at time i in Equation (5) is
taken as an example. Since the scattered signal at this time is the superposition of multiple
complex numbers, its intensity Aam is the mode of the complex number, and the phase
j 2π

λ · 2nzm related to position zm is the argument for the complex number, so Equation (5)
can be expressed as the superposition of multiple vectors. As depicted in Figure 4, when
the Rayleigh scattering intensity of the front-end equivalent scattering point is strong,
the signal received at time i can be regarded as Rayleigh scattering near the zi1 position,
while when the Rayleigh scattering intensity of the back-end equivalent scattering point is
strong, the signal received at the same time can be regarded as Rayleigh scattering near the
zi2 position.

In general, it is the randomness of the intensity and position of Rayleigh scattering
of ordinary single-mode fibers that leads to the problems of interference fading and poor
signal time consistency in DAS, making it difficult to perform high-fidelity sound wave
tracking when analyzing the internal properties of the medium.
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Figure 4. Schematic diagram of equivalent scattering positions in pulse interference.

3. Reviews of Specialty-Fiber-Based DAS Technology

In order to solve the interference fading and poor consistency in SMF DAS, researchers
have conducted a series of studies [13,27–30]. Among them, the most effective method is
to improve the fibers to enhance the fiber backscattering, such as continuous scattering-
enhanced fibers and discrete scattering-enhanced fibers formed by inscribing microstruc-
tures into the fibers. In addition, due to the characteristics of microstructure optical fibers,
researchers also designed and improved the matching optical scheme to improve the
performance of the DAS system. In this section, a comprehensive review of the specialty-
fiber-based DAS with enhanced sensing capability and performance is presented.

3.1. Continuous Scattering-Enhanced Fiber-Based DAS

Continuous scattering enhancement (CSE) allows the suppression of coherent fading
by enhancing the Rayleigh scattering of the whole fiber, whose essence is to enhance the
scattering intensity am of the ERSP model described in Section 2.2 by doping or writing
continuous grating in the fiber, so as to enhance the light intensity after interference
superposition, finally allowing the suppression of interference fading.

In 2017, the OFS laboratory in the United States used the phase mask method to
efficiently and continuously inscribe Bragg gratings in multicore fibers through ultraviolet
(UV) exposure. The backscattering intensity of the fiber was increased by 14 dB, and the
reflection spectrum is shown in Figure 5a. Then, in cooperation with Fotech in the UK,
CSE fiber was used in a DAS system, and the SNR of 1 km of CSE fiber was increased by
15 dB [31–34]. Although this method effectively improves the SNR, the bandwidth of the
Bragg grating reflection spectrum is narrow, and the reflection wavelength will drift with
temperature and stress variation. When the external environment changes, the wavelength
of the incident light and grating reflection may not correspond to each other, resulting
in the loss of the scattering enhancement effect. Therefore, the application range of this
kind of fiber is limited and cannot be used in fields where high temperature and high
pressure are required on site. In addition to inscribing continuous gratings, changing the
fiber doping is another way to increase the intensity of the Rayleigh scattering. In 2018,
Butov et al. used nitrogen-doped fiber as the sensing fiber, which increased the SNR of the
acoustic wave detection by 3 dB [35]. In the same year, Feng S et al. used an erbium-doped
optical fiber for distributed optical fiber sensing, adopted a phase-generated carrier (PGC)
optical scheme, which converts homodyne interference into heterodyne interference by
modulating the frequency of the signal, decreased the phase noise by 14 dB, and achieved
a high-SNR acoustic measurement on 1.9 km optical fiber [36].
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Figure 5. Typical scheme of continuous scattering-enhanced optical fiber [33,36]: (a) the backscatter-
ing signal distribution of a typical continuous scattering-enhanced fiber; (b) scheme of improved
Rayleigh scattering achieved by changing the fiber doping; (c) scattering spectrum of high Rayleigh
scattering fiber.

For the CSE scheme, although it can effectively improve the scattering intensity and
suppress the coherent fading noise, the enhanced fiber scattering results in doubling of
the light loss, which greatly limits the detection distance. Taking the optical fiber doping
scheme as an example, if the front-end SNR is increased by 10 dB, the Rayleigh scattering
of the fiber needs to be increased by ten times, which reduces the detectable distance
to 1/10. More importantly, the SCE fiber does not fundamentally change the nature of
the optical interference in the pulse, and still cannot completely eliminate the coherent
fading phenomenon.

3.2. Discrete Scattering-Enhanced Fiber Based DAS

In addition to continuous scattering enhancement, more researchers are focusing on
the application of discrete scattering-enhanced (DSE) fiber in DAS. As shown in Figure 6,
the essence of this fiber is to enhance the scattering intensity of one single ERSP with
a certain interval in the model illustrated in Section 2.2. The intensity of the scattering-
enhanced points (SEP) is far greater than that of the ordinary ERSP. In this way, the Rayleigh
scattering interference light containing the SEP can be expressed as:

Ei = ∑zi1<zm<zi2,zm 6=zj
am· exp

(
j
2π

λ
·2nzm

)
+ aj· exp

(
j
2π

λ
·2nzj

)
(6)

where the j-th ERSP is the scattering enhancement point. Because the scattering intensity of
the SEP is much larger than that of the ordinary ERSP, the first term of the above formula
can be ignored, which shows that the Rayleigh scattering signal is only determined by
the SEP. Through the phase demodulation method in Section 2.1, the phase difference
between the two SEP can be accurately obtained, and because of its high scattering intensity
and high SNR, the interference fading can be completely eliminated, ensuring the good
consistency of the signal.
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Figure 6. Schematic diagram of discrete scattering-enhanced fiber.

To verify its effectiveness, we have theoretically analyzed the DSE model and the
SMF scattering model. According to the parameters shown in Table 1, three SEPs are
set at 3, 7, and 11 m on the fiber at intervals of 4 m. Figure 7a,b shows the distribution
results of the scattering intensity obtained from the simulation. It can be seen that the DES
fiber completely suppresses the random variation of the signal amplitude and interference
fading. To further explore the suppression effect of the DSE fiber on the phase noise, we
solve the phase differences between 3 and 7 m on the SMF and DSE fibers, respectively, the
of which results are shown in Figure 7c. Compared with SMF, the DSE fiber is not affected
by the random distribution of ordinary ERSPs, but is determined by the position of the
SEPs, so the phase noise is greatly suppressed.

Table 1. Parameters of discrete enhanced scattering model.

Fiber Length Spacing of SEP Pulse Width Spacing of ERSP d Repeat Times

13 m 4 m 20 ns 1 um 100
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Figure 7. Simulation results of discrete enhanced scattering model: (a) reflection distribution of
discrete enhanced fiber; (b) reflection distribution of single mode fiber; (c) phase demodulation result.

3.3. Preparation and Implementation of DSE Fiber

At present, there are two ways to manufacture the discrete scattering-enhanced fiber,
one is by inscribing the periodic ultra-weak Bragg grating (UWFBG) array [29,37] into the
fiber, and the other is by introducing a local wavelength-independent weak reflection array
into the fiber [38–40].

UWFBG usually involves the use of ultraviolet light [41–43] or a femtosecond
laser [44,45] to form a permanent periodic change in the refractive index of the optical
fiber, so as to allow the backward reflection of a specific light wavelength. The most classic
preparation system is shown in Figure 8a [46]. In the process of fiber drawing, through strict
dynamic control, the UWFBG was written using the phase mask method, using periodic
interference fringes of the ±1st diffraction light to irradiate the photosensitive fiber and
periodically change the refractive index of the fiber core. Additionally, an FBG writing
platform was mounted on the draw tower near the first coating to weaken vibrations in
the fiber. The preparation results are shown in Figure 8b [47], and the scattering rate of
the scattering-enhanced array is much higher than that of the single-mode fiber. However,
as a Bragg grating method, UWFBG is sensitive to temperature and stress. When the
temperature and strain of the environment are changed, the reflection wavelength of the
UWFBG will drift. As shown in Figure 8c, the bandwidth of UWFBG is usually less than
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2 nm and the central wavelength is determined according to the light source used in the
specific experiment. Due to the limited bandwidth of UWFBG, there may be a mismatch
between the reflective spectrum of UWFBG and the wavelength of the detection light when
the UWFBG array fiber operates in special environments, such as for large temperature
vibrations or high pressure, while the fiber will also suffer from twisting or pulling forces,
meaning the reflection power from the UWFBG will degenerate into Rayleigh scattering,
resulting in a blind sensing area. This characteristic of UWFBG hinders its application in
underground, underwater, and other special environments [48,49].

                   
 

 

                           
                         

                         
                         

                   
 

 
                         
                           

                         
                               

                       
                         
                             
                             

                         
                               

                       
                           

                       
                         

                           
                     

Figure 8. Typical UWFBG preparation method: (a) online UWFBG preparation system [46]; (b) OTDR
measurement results of the UWFBG array [47]; (c) reflection spectrum of UWFBG [46].

In recent years, the enhancement scheme of a local achromatic weak reflection array
has also been used in DAS [50,51]. In order to prepare a more universal discrete scattering
enhancement array, Sun et al. proposed a preparation method for microstructured optical
fibers with a colorless reflection point. The mechanism of the microstructure involves the
local refractive index change through UV exposure without the help of the phase mask to
form a Fresnel reflecting surface. The fabrication system is shown in Figure 9a [52], while
the preparation results are shown in Figure 9b–d [53]. A discrete scattering enhancement
array with an interval of 5 m and 15 dB enhanced intensity was achieved. When the
temperature changes, the scattering intensity of the microstructure is extremely stable.
In addition, the University of Southampton and other universities in the UK also used a
femtosecond laser to prepare a weak reflection array [40]. The preparation system, scheme,
and results are shown in Figure 10. Compared with UWFBG, whose reflection bandwidth
is limited, the weak reflection points are directly engraved in the optical fiber, without
wavelength selectivity, avoiding the influence of temperature and strain [54].
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Figure 9. Preparation method for a colorless microstructure array based on UV exposure: (a) auto-
matic colorless microstructure preparation system [51]; (b) OTDR measurement results of colorless
microstructure array [53]; (c) spectra of colorless microstructure arrays [51]; (d) temperature stability
of colorless microstructure arrays [53].
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Figure 10. Preparation method for a weak reflection array based on a femtosecond laser [40]: (a) weak
reflection array preparation system; (b) schematic diagram of weak reflection array preparation
method; (c) OTDR measurement results for the weak reflection array; (d) the result of a cut-back
measurement on a separate fiber containing 300 reflectors.

3.4. Methods to Improve the Performance of Specialty Fiber DAS

In the early stages, researchers mainly focused on using UWFBG in various DAS
schemes. In 2015, Wang et al. used UWFBG in DAS based on a 3 × 3 coupler demodulation
for hydroacoustic testing, which can detect a water pressure of 0.112 Pa [55]. Subsequently,
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the team at Huazhong University of Science and Technology successively used DSE fiber
in various DAS schemes, such as double-pulse, coherent detection, and PGC demodulation
schemes [29,39,40,50,56–58]. These schemes are shown in Figure 11. In recent years,
more attention has been paid to improving the DAS system performance by using the
advantages of discrete scattering enhancement fiber, including low-frequency phase shift
compensation, polarization fading suppression, pulse width compression, and system
sampling rate expansion.
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Figure 11. Representative DAS scheme based on UWFBG: (a) scheme using a 3 × 3 coupler [54];
(b) PGC scheme [55]; (c) heterodyne coherent detection scheme [29].

3.4.1. Low-Frequency Phase Drift Compensation Technology

The DSE fiber DAS has the potential for extremely low-frequency detection due to
its good signal consistency and lac of interference of random Rayleigh scattering. In the
DAS system, the low-frequency drift of the laser phase and the slow change of the external
temperature will introduce greater low-frequency noise to the system, limiting the accuracy
of the low-frequency detection [59]. The phase drift of the laser can be compensated
by the auxiliary interferometer. As shown in Figure 12a, the phase noise of the laser is
measured in real time by the auxiliary interferometer, and the measurement results are
compensated to suppress the low-frequency noise. In this way, Fan et al. achieved a
strain resolution of 3.84pε/

√
Hz [60,61] at a frequency of 10 Hz. The team from Huazhong

University of Science and Technology proposed a reference fiber compensation scheme
via the discrete enhancement of UWFBG. The scheme is shown in Figure 12b, which can
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compensate for laser drift and temperature changes at the same time, achieving a resolution
of 0.57nε/

√
Hz at a frequency of 0.01 Hz and a resolution of 3.4nε/

√
Hz at a frequency of

10 Hz [62]. Furthermore, the team introduced an LS-SVM operator during demodulation to
track and compensate for the hysteresis effect of the temperature, allowing high-precision
acoustic measurements in the 0.001 Hz frequency band [63].
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Figure 12. Representative scheme for low-frequency noise suppression: (a) auxiliary interferometer
compensation [60,61]; (b) reference fiber compensation [62].

3.4.2. Polarization Fading Suppression Technology

In the DSE-fiber-based DAS system, the coherent fading is completely suppressed,
while the polarization random fading problem must be urgently solved [16]. The random
polarization fading is caused by the random change in polarization states of the two
interference lights. When the polarization directions of the two interference lights are
parallel, the interference light signal is the largest and the phase noise is the smallest.
However, when the directions are orthogonal, the interference light intensity is decreased
to zero and the phase information is completely overwhelmed by noise. In order to solve
this problem, Zhang et al. improved the dual-wavelength DAS scheme. As shown in
Figure 13, the polarization composite double pulse was used as the detection pulse to
achieve polarization noise suppression [16,64]. For the coherent detection DAS scheme,
Sun et al. used a polarization beam splitter to divide the reflected light into two orthogonal
polarization states to interfere with the local oscillator light, so that the random polarization
noise was reduced by 9.5 dB [65]. However, in this scheme, when the polarization states
of the local oscillator light and the polarization beam splitter do not match, fading may
still occur. To resolve this problem, the Huazhong University of Science and Technology
team proposed a method for emitting dual-wavelength probe pulses and using the random
polarization states of different wavelength parameters to greatly reduce the probability of
polarization fading and to reduce polarization noise by 19.2 dB [66].
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Figure 13. Representative scheme for polarization noise suppression: (a) orthogonal polarization
scheme [16]; (b) multi-parameter scheme [66].

3.4.3. Pulse Width Compression Technology

In the DAS system, the interval between the SEPs determines the resolution of the
system and also limits the width of the detection pulse. Assuming that the interval between
the SEPs is d, the detection pulse is limited to τ ≤ 2dn/c (where n is the refractive index of
the fiber and c is the speed of light in the vacuum). In a radar system, a longer detection
pulse is usually transmitted and the pulse is compressed at the receiving end, so as to obtain
a signal with a high signal-to-noise ratio under the premise of ensuring the resolution. The
common schemes are pulse linear frequency sweeping and pulse coding [67–69]. These
techniques have also been used in DSE fiber DAS systems. Fan et al. adopted the sweeping
pulse transmission scheme, whereby the receiving end compresses the pulses through
matched filtering, achieving a noise level of −93.16dB re rad/

√
Hz at 500–2500 Hz as

shown in Figure 14a [70,71]. Wang et al. successively used pulse coding technology in
UWFBG-based DAS systems and improved the systems’ SNR values by 6.9 dB as shown in
Figure 14b [72].

3.4.4. Sampling Frequency Expansion Technology

In DAS system, the sampling rate is mainly limited by the length of the sensing fiber.
After the system transmits the probe pulse into the optical fiber, it needs to ensure that the
Rayleigh backscattering signal transmitted to the farthest end of the pulse returns to the
receiving end before transmitting the next pulse, otherwise crosstalk will occur. However,
during railway safety detection and power grid partial discharge detection applications, it
is necessary for the DAS system to perform long-distance and high-frequency detection
simultaneously. The way to solve these problems is to transmit multiple probe lights in
parallel and distinguish them through a certain feature to avoid crosstalk. By transmitting
pulses with different frequencies into the optical fiber and distinguishing them by using
different pulse frequencies, Zhang et al. achieved a sampling rate of 440 kHz on a 330 m
optical fiber and expanded the distance bandwidth product by three times [73]. Sun et al.
put forward a time slot multiplexing scheme. As shown in Figure 15, multiple pulses are
inserted into the time slot between two adjacent SEPs of an optical fiber, with a sampling
rate of 300 kHz being achieved on a 1020 m optical fiber, expanding the distance bandwidth
product by six times [74].
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Figure 14. Representative scheme for pulse width compression: (a) orthogonal polarization
scheme [70,71]; (b) multi-parameter scheme [72].
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Figure 15. Time slot multiplexing scheme [74]: (a) principle; (b) demodulation algorithm.

Above, the two specialty fibers, namely CSE fiber and DSE fiber, are analyzed and
compared in terms of SNR enhancements, sensing distance, and methods to improve
the performance. As shown in the Table 2, it can be seen that the DSE fiber performs
significantly better than the CSE fiber in terms of the sensing distance, while the greater
number of matching DAS schemes also further improves the performance of DAS system
in multiple dimensions.

Table 2. Performance summary for CSE and DSE fibers.

Fabrication Method SNR Enhancements Sensing Distance

CSE fiber

Continuously inscribe
Bragg gratings [31–34]

15 dB [31] 1 km [31]

Highly doped fiber
[35,36]

14 dB [36] 1.9 km [36]

DSE fiber

UV exposure
[41–43,47,51–53]

5.5–21.1 dB
[41–43,47,51]

50 km [51]

Femtosecond laser
inscription [40,44,45,54]

13–15.8 dB [40,54] 9.8 km [54]

181



Photonics 2022, 9, 277

4. Significant Application Progress

With the continuous improvement and development of the DAS system based on the
specialty scattering-enhanced optical fiber, researchers have applied the system to practical
engineering applications in many fields, including geological and resource exploration,
structural health monitoring, and hydroacoustic exploration.

4.1. Geological and Resource Exploration

The vertical seismic profile (VSP) is a commonly used parameter for petroleum explo-
ration seismic observations. With the development of DAS technology, fiberoptic logging
has become a research hotspot.

Sun et al. conducted a walkaway VSP experiment using a self-made microstructure
fiber DAS system [75]. The microstructure fiber is arranged vertically in the test well and
the explosive source is artificially introduced on the ground to generate seismic waves,
which are transmitted along the stratum to generate direct waves and reflected waves.
Figure 16 shows the VSP results recorded at the “zero bias” position and 2.5 km away
from the “non-zero bias” position. Figure 16a is the seismic wave transmission diagram
recorded by the microstructure fiber DAS system under the condition of “zero bias”. The
specific details are enlarged, as shown in Figure 16b. It can be observed that clear direct
transmission of the p-wave and s-wave is demonstrated, and that the peaks and troughs of
multi-channel signals correspond to each other, highlighting the phase difference caused
by the transmission time, which proves the high consistency of the microstructure fiber
DAS system. In addition, as shown in Figure 16c, for the “non-zero biased” signal away
from 2.5 km, the microstructure fiber DAS can also record direct waves and reflected waves
with high SNR values. The DAS system based on microstructure fiber has the advantages
of a high SNR, high signal consistency, and high reliability, meaning it could become an
efficient, fast, and reliable acquisition tool for oil data acquisition, potentially allowing
intelligent resource exploration.
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Figure 16. VSP test results for the microstructure fiber DAS system [75]: (a) “zero bias” test results;
(b) schematic diagram of signal consistency; (c) “non-zero bias” test results; (d) “zero bias” spectrum
diagram; (e) “non-zero bias” spectrum.

In 2019, Yang built a DAS system based on a UWFBG array [76], using UWFBG to
enhance the intensity of the fiber’s backscattered signal as shown in Figure 17. In the exper-
iment, the results measured by optical fiber were compared with the waveforms measured

182



Photonics 2022, 9, 277

by geophone, and the time-frequency results were in good agreement. Furthermore, it was
applied to VSP logging, and a clear VSP waveform with a high SNR was obtained without
any data processing.
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Figure 17. (a) The VSP test site. (b) The VSP test result [76].

4.2. Structural Health Monitoring

The health status of various infrastructure, such as railways, tunnels, and pipelines, is
related to operational safety, the national economy, and social production. The DAS system
based on scattering-enhanced fibers was applied to the field of structural health monitoring
to ensure high reliability.

4.2.1. Pipeline Monitoring

The transportation of resources such as oil and natural gas is closely related to the
national economy and people’s lives, but transmission pipelines may fail due to external
invasion, corrosion, and other reasons, threatening the safety of personal, profits, and
property. The DAS system based on discrete enhanced optical fibers was applied for
pipeline safety monitoring due to its high SNR and high stability [77,78].

A team from the University of Pittsburgh [79] used femtosecond writing technology
to artificially introduce optical fiber SEPs. As shown in Figure 18, the high-SNR DAS
system tracks the propagation characteristics of soundwaves in the pipeline, combined
with neural-network-based machine learning algorithms, and the data collected by the
DAS system are analyzed to identify external intrusion events and the internal corrosion
status of the pipeline. The system’s recognition accuracy for different external intrusion
events exceeds 85%, the defect recognition accuracy rate exceeds 94% under supervised
learning conditions, while the recognition accuracy rate reaches 71% under unsupervised
learning conditions. Furthermore, the team also conducted a test of the sand content and
the solid–liquid two-phase flow of the pipeline by laying a discrete scattering enhancement
fiber on the pipeline wall. By tracking the acoustic emission signals induced by the sand
particles in the liquid hitting the pipe wall, the measurement of different sand particle
concentrations was achieved.
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Figure 18. Schematic diagram of a pipeline survey [79]: (a) schematic diagram of DAS system for
pipeline protection; (b) architectures of neural networks in the pipeline protection system; (c) the
confusion matrix of four acoustic events.

4.2.2. Track Defect Monitoring

With the development of high-speed railway technology, track defect monitoring has
become more important. A variety of mature detection methods have been developed,
but most of them involve electromagnetic sensors, which are vulnerable to harsh environ-
ments [80]. In 2019, Sun et al. used a DAS system based on scattering-enhanced fibers
for distributed detection of a railway defect [81]. As shown in Figure 19, the scattering-
enhanced fiber is set in the middle of the rail. At the position where the defect occurs, the
interaction between the wheel and rail will form an impact sound signal, which is transmit-
ted along the two directions of the track. The DAS system is used to track the transmission
signal, and then the accurate positioning of the defect is identified through the positioning
algorithm, the results of which show that the maximum error of the defect is only 2.1 m.
This method can provide an effective and reliable solution for rail health monitoring.
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Figure 19. Rail defect detection based on DAS system [80]: (a) the process of detecting and analyzing
sound waves based on fiber DAS; (b) photographs of the field test environment; (c) sound distribution
measured by DAS.
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4.2.3. Tunnel Safety Monitoring

In addition, the health of infrastructure such as tunnels is related to the traffic operation
safety. An optical fiber DAS system can also be used for safety detection in tunnels, such
as in subways and highways. However, the effectiveness of the reinforcement segment
and steel loop in the tunnel structure maybe be a problem. The partial separation of the
segment and steel loop will mean the steel loop is unable to effectively support the segment,
resulting in potential safety hazards. A resonant cavity will be formed between the segment
and the steel loop due to the separation, with different degrees of invalidity corresponding
to the different resonant frequencies. In 2021, Sun et al. carried out intelligent monitoring of
a tunnel steel loop structure based on a scattering-enhanced optical fiber DAS system [81].
As shown in Figure 20, the sensing fiber is laid on the steel loop structure to obtain the
resonant frequency changes induced by the active sound source. Furthermore, the machine
learning algorithm based on the BP neural network is used to effectively classify different
failure levels, so as to achieve the online detection of the bonding state of the reinforced
steel loop. The experimental results show that the system has a recognition rate of up
to 97.8%.
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Figure 20. (a) Tunnel steel loop detection system based on DAS. (b) Schematic diagram of an invalid
steel loop. (c) BP neural network. (d) Relationship between the degree of invalidity and the frequency
deviation, (e) Relationship between the degree of invalidity and the energy distribution. (f) Power
spectrum under different degrees of invalidity. (g) Wavelet energy transformation under different
degrees of invalidity. (h) Recognition rate [81].

4.2.4. Geological Structural Monitoring

In recent years, DAS monitoring has been used for geological structures [82]. In 2017, a
team from the University of California Berkeley transformed fiberoptic telecommunication
cables into sensor arrays enabling meter-scale recording over tens of kilometers of linear
fiber length to record the nearly vertically incident arrival of an earthquake from the
Geysers Geothermal Field and to estimate its backazimuth and speed [83]. In 2018, Jousset
et al. demonstrated the possibility of dynamic strain determination with conventional fiber
cables deployed for telecommunication [84]. Then, by using DAS, they recorded seismic
signals from natural and man-made sources with 4 m spacing along a 15-km-long fiber
cable, identifying new dynamic fault processes with unprecedented resolution, opening a
new path for earth hazard assessments and the exploration of structural features. In 2019,
Sladen et al. reported measurements on a 41.5-km-long telecom cable that was deployed
offshore of Toulon, France, demonstrating the capability to monitor the ocean’s solid
earth interactions from the coast to the abyssal plain [85]. In the same year, Lindsey
et al. reported the use of an optical fiber cable with a DAS operating onshore, creating
a ~10,000-component, 20-km-long seismic array. As depicted in Figure 21, they recorded
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a minor earthquake wavefield, identified multiple submarine fault zones, and tracked
sea-state dynamics during a storm cycle in the northern Pacific Ocean [86].
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Figure 21. (a) Map of Monterey Bay, CA, showing the Monterey Accelerated Research System (MARS)
cable (DAS, pink portion), mapped faults, the Gilroy earthquake (red and white beach ball), and
major bathymetric features. (b) Cross-section illustration of the MARS cable used for DAS. (c) The
10 min average wave height and spectral wave density (SWD) measurements outside Monterey Bay,
which were measured using a buoy. (d) Seafloor DAS strain from a 2 km cable location averaged
over a 15 min sliding window. (e) North component of ground velocity from an onshore broadband
inertial seismometer averaged over a 15 min sliding window [86].

4.3. Hydroacoustic Exploration

Ocean exploration is of great significance to homeland security and resource explo-
ration. The acoustic medium can carry a wealth of information and can transmit signals
for long distances underwater, so hydrophones are an important tool for underwater in-
formation acquisition. Optical fiber sensors have been preliminarily used in the field of
underwater acoustic measurement due to their unique advantages. Single-point sensors
and hydrophone arrays based on FBG and interferometers were common methods used
for early optical fiber hydrophones. However, due to the limited multiplexing capacity, it is
difficult to meet the requirements for large-scale exploration in the ocean and other applica-
tion environments. In recent years, the DAS system has been well applied in the field of
terrestrial acoustic detection. Because of its distributed, long-distance, and high-sensitivity
characteristics, the DAS system has been introduced into the field of hydrophones. In the
preliminary stage, researchers measured the underwater acoustic sensitivity and other
parameters of an optical fiber in the laboratory. Usually, a distributed underwater acoustic
sensing system is built based on a UWFBG array and unbalanced interferometer demod-
ulation structure [54,87]. The underwater acoustic signal is obtained by demodulating
the change in phase difference between two adjacent UWFBGs, in which the sensitivity
obtained usually reaches about −160~−150 dB re rad/µPa.

In 2021, Sun et al. designed a lightweight and fully distributed hydroacoustic optical
sensing cable [88]. An acoustic sensitizing layer is superimposed on the inner core layer, the
microstructure scattering-enhanced fiber is wound on the sensitizing layer, and a further
protective layer is added to the outermost layer. As depicted in Figure 22, the coherent
detection system has been utilized to conduct experiments, with the results showing that the
hydroacoustic detection sensitivity is as high as −127 dB re rad/µPa with a flat frequency
response range of 100–2000 Hz. Furthermore, the team conducted an on-site lake test, the
results of which are depicted in Figure 23.
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Figure 22. (a) Fully distributed underwater acoustic sensor system. (b) Lightweight fully distributed
underwater acoustic fiberoptic cable based on scattering-enhanced fiber. (c) The relationship between
the phase demodulation change and acoustic pressure. (d) The frequency response curve within the
frequency range of 100–2000 Hz [88].
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Figure 23. The underwater acoustic test: (a) the setup for the field test; (b) picture of the sensitized
optical cable; (c) the static test results for the sound source; (d) motion trajectory tracking of the
sound source.

5. Conclusions and Prospects

The variability and functionality of specialty optical fibers have demonstrated their
major potential for sensing performance enhancement and application development for
DAS systems. In this review, the scattering characteristics and noise suppression principles
of specialty optical fibers are analyzed, and the fabrication technologies used for DSE are
introduced. Based on the discrete scattering-enhanced fiber, the performance enhancement
technologies of the DAS system are summarized, including the low-frequency phase noise
compensation, polarization fading suppression, pulse width compression, and system
sampling rate expansion. Further, due to the unique advantages of the scattering-enhanced
fiber, the DAS system has been widely applied in various fields, such as in resource

187



Photonics 2022, 9, 277

exploration, structural health monitoring, and for distributed hydrophones. Looking to the
future, the research on the specialty-fiber based DAS will develop rapidly for many aspects,
such as the doping of new materials for high sensitization, the development of fabrication
techniques for higher efficiency, the introduction of AI techniques for higher measurement
accuracy, and the exploration of wider application fields. Owing to the distinct advantages,
it is believed that the specialty-fiber-based DAS system will have bright market prospects in
geological, resource, and hydroacoustic exploration, as well as structural health monitoring.
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Abstract: The orbital angular momentum (OAM) of light provides a new degree of freedom for

carrying information. The stable propagation and generation of OAM modes are necessary for

the fields of OAM-based optical communications and microscopies. In this review, we focus on

discussing the novel fibers that are suitable for stable OAM mode transmission and conversion. The

fundamental theory of fiber modes is introduced first. Then, recent progress on a multitude of fiber

designs that can stably guide or generate OAM modes is reviewed. Currently, the mode crosstalk is

regarded as the main issue that damages OAM mode stability. Therefore, the coupled-mode theory

and coupled-power power theory are introduced to analyze OAM modes crosstalk. Finally, the

challenges and prospects of the applications of OAM fibers are discussed.

Keywords: orbital angular momentum; optical fiber; fiber mode crosstalk; vortex mode generator

1. Introduction

A photon can carry spin angular momentum (SAM) and orbital angular momentum
(OAM). The SAM of light is associated with the spin of a photon, and it can be characterized
as the circular polarization of a light beam [1]. The values of SAM are ±h̄ per photon, which
correspond to left- and right-handed circularly polarized states, respectively. Different
from the SAM, the OAM of light originates from the azimuthal phase distribution at the
wave front [2]. In 1992, Allen et al. first recognized that a light beam having a helical
phase exp(ilφ) can carry OAM with the value lh̄ per photon [3]. After this groundbreaking
work, detailed studies on optical OAM were constantly carried out [4] and have given rise
to developments in many application areas including trapping and guiding atoms with
optical OAM [5–7], OAM states’ entanglement [8], high-dimensional cryptography [9],
vortex beam assisted microscopy [10,11]. and optical communications [12–15].

At present, the high growth rate of the demand for data transmission capacity leads to
a huge challenge for the optical communication community. Space-division multiplexing
(SDM) is considered as an effective method to solve the problem of capacity crunch in the
f long term [16]. It is obvious that, by using multiple space channels, the nominal data
transmission capacity can be increased greatly. Fortunately, the optical OAM provides a
new degree of physical dimension for SDM [13,14]. OAM modes can be generated by using
spatial light modulators (SLMs) [12], spiral phase plates [17], log-polar mapping [18,19],
angular gratings [20], fiber couplers [21,22], and fiber gratings [23–27]. These methods
provide various choices for loading information onto OAM beams. In addition, Dammann
vortex gratings give a feasible way for the wide-range detection of OAM modes [28] and
for the multiplexing and demultiplexing of massive OAM channels [29]. In addition, the
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technique of multi-plane light conversion provides another effective way to multiplex
and demultiplex OAM modes [30,31]. However, the stable long-distance transmission of
massive OAM modes is still an open issue. In the case of free-space-optics (FSO) data
transmission, the atmospheric turbulence can cause the fluctuation of the refractive index
of air, which damages the intensity profile and the transverse phase structure of OAM
modes [32]. In addition, the diffraction of OAM beams limits the FSO data transmission
in long-distance situations. Another way for OAM mode propagation is using optical
fiber. The OAM modes form a set of orthogonal bases, which is equivalent to the basis of
vector modes in optical fibers. Because of the orthogonality, each OAM mode can carry
information independently under ideal conditions. However, the fiber defects introduced
in the fabrication and the irregular bending in the application will break the orthogonal
condition of fiber modes and cause inter-mode crosstalk [33]. Therefore, the novel designs
to reduce the crosstalk of OAM modes in optical fiber and the signal processing algorithm
to compensate the overall crosstalk at the receiving end attract extensive attention.

In 2009, Ramachandran et al. first demonstrated a kind of ring-core fiber (RCF) in
which the first-order vector modes can be transmitted with outstanding stability [34]. Later,
a fiber with ring-core structure was used to transmit OAM modes, achieving terabit-scale
SDM [14]. To further increase the stability of OAM modes, a kind of air-hole ring-core
fiber (AH-RCF) was proposed and tested [35]. It shows good ability to conserve OAM
modes even in the presence of strong bend perturbations. Using this kind of fiber, a 13.4 km
OAM state transmission was demonstrated [36]. At the same time, a kind of ring-core
photonic crystal fiber (RC-PCF) was designed for OAM mode transmission with ultra-low
confinement loss and wide bandwidth [37]. In addition, Wong et al. found that helically
twisted PCF can preserve the chirality of OAM modes [38]. These works provide good
references for the long-distance transmission of OAM modes.

Our group also attaches great importance to the study of OAM-related optical fibers
and fiber devices. A kind of microstructure RCF employing negative curvature cladding
structures was proposed and fabricated [39,40]. Under experimental test, it showed low
transmission loss of the first-order OAM modes with the value of 0.095 dB/m. In addition,
all-fiber OAM generators based on asymmetric long-period fiber gratings (LPFGs) were
fabricated. Experiments demonstrated that the generation efficiencies from the funda-
mental mode to second- and third-order OAM modes were 99.7% [24] and 99.8% [25],
respectively. Furthermore, we are currently doing the simulation and fabrication of low
crosstalk muli-ring-core fibers (MRCFs) for dense SDM.

This paper introduces the fiber-guided OAM modes from the principle of fiber mode
theory and highlight the advances in design, fabrication, and application of OAM fibers
including conventional solid optical fibers and microstructure optical fibers. The crosstalk
of OAM modes under fiber deformations is discussed using coupled-mode theory [33] and
coupled-power theory [41]. Additionally, we also review the progress of all-fiber OAM
generation techniques. The technical challenges and application prospects of OAM fibers
are discussed at the end.

2. OAM Modes in Regular Solid Optical Fibers

Optical fiber is a kind of circularly symmetric waveguide; thus, the electric and
magnetic fields of eigenmodes can be expressed in the form of separating variables as

E(r, φ, z) = [r̂er(r) cos(vφ + φ0)− φ̂eφ(r) sin(vφ + φ0) + ẑez(r) cos(vφ + φ0)] exp(iβz), (1a)

H(r, φ, z) = [r̂hr(r) sin(vφ + φ0) + φ̂hφ(r) cos(vφ + φ0) + ẑhz(r) sin(vφ + φ0)] exp(iβz), (1b)

where r̂, φ̂, and ẑ are unit vectors in the radial, angular, and longitudinal directions of an
optical fiber. β is the propagation constant. Shown by the vector mode category in Figure 1,
the fiber eigenmodes can be classified into HEl,v, EHl,v, TE0,v, and TM0,v modes [42], where
l and v (= 1,2,3· · · · · · ) represent azimuthal order and radial order of modes, respectively.
Commonly, the constant phase φ0 in Equation (1) is chosen as 0 or π/2 to represent even or
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odd polarization state. The superposition of even and odd states of each HE and EH mode
with a ±π/2 phase difference can form OAM modes as [43]

OAM±
±(l−1),v = HEe

l,v ± iHEo
l,v, (2a)

OAM∓
±(l+1),v = EHe

l,v ± iEHo
l,v, (2b)

where “e” and “o” represent even and odd polarization states and the superscripts “+” and
“−” correspond to left- and right-handed circular polarization, respectively. The elements
l − 1 and l + 1 are the absolute values of OAM topological charge. When l = 1, the HE
modes can only form a circularly polarized state without carrying OAM. In addition,
because TE0,v and TM0,v modes are intrinsically non-degenerate [43], their relative phase
difference will vary periodically with propagation; consequently, they can not form stable
OAM modes. Therefore, the synthetic modes constructed by TE0,v and TM0,v are excluded
from the category of OAM modes in Figure 1. When a fiber is in the weakly guiding
condition, the effective index difference (∆neff) between the near-degenerate modes are
too small to be distinguished. In this case, mode coupling can easily happen, and the
superposition of near-degenerate vector modes can form linearly polarized (LP) states,
which is shown by the category in the left side of Figure 1. Mathematically, the LP modes
are the solutions of scalar Helmholtz equations under the weakly guiding approximation.
Since the polarization effects at the refractive index step are ignored, all the polarization
states in the same LP mode group have an identical effective index (neff).

neff

…
…

 
      

…
…

 
      

Vector

modes

OAM

modes

Linearly polarized 

modes

Figure 1. The schematic diagram of mode classification categories in optical fiber.

2.1. OAM Modes in Circular-Core Fibers

The refractive index profile of a conventional step-index circular-core fiber (SI-CCF)
is shown in Figure 2a. The fiber guiding condition is determined by the values of core
refractive index (nco) and core radius (rco). Vector modes in the SI-CCF can be obtained by
solving Helmholtz equations with the tangential continuous boundary conditions. Using
Equation (2), the OAM modes having a helical wave-front phase can be formed by the
superposition of vector modes. As an example, Figure 1 shows the wave-front phase
and circularly polarized chirality of OAM±

±1,1, OAM±
±2,1 and OAM∓

±2,1; these modes are

formed by HEe/o
2,1 , HEe/o

3,1 , and EHe/o
1,1 , respectively. The variation of neff for vector modes

versus fiber core radius is shown in Figure 2b. We can see that radial higher-order modes
(HOMs) such as HE1,2, TE0,2, and TM0,2 will by accompanied by the azimuthal HOMs.
These undesired radial HOMs will increase the complexity of mode coupling and decrease
the stability of OAM modes in transmission.
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(a) (b)

nco

rco

ncl

Core

Cladding

Figure 2. (a) The refractive index profile of SI-CCF. (b) The variation of neff versus rco when
(nco − ncl)/nco = 0.6% at the wavelength of 1550 nm.

In addition, near-degenerate vector modes such as TE0,1, HE2,1, and TM0,1 have
almost the same neff. The ∆neff around 1 × 10−5 is too small to avoid the accidental phase
matching between the near-degenerate modes. Referring to the experiment of polarization
maintaining fibers, the ∆neff should be greater than 1 × 10−4 to maintain a polarization
state of the HE1,1 mode in length scales exceeding 100 m [43]. Thus, in practice, the fiber
index profile deformation and fiber bending can easily cause mode coupling between
the near-degenerate vector modes or OAM modes. The superposition of near-degenerate
vector modes can form LP modes. As shown in Figure 3, because of strong mode coupling,
the intensity patterns of LP modes can be observed at the fiber output end, even though
the inputs are true vector modes.

Vector

modes

Linearly polarized 

modes

Figure 3. Intensity patterns of the first higher-order mode group in a SI-CCF. Arrows show the
polarization of the modal electric field. The left column shows the input exact vector modes, while
the right column shows the resultant modes at the output end. Specific linear combinations of mode
pairs in the left column, resulting in the variety of LP1,1 modes, are shown by colored lines.

Graded-index circular-core fibers (GI-CCFs) were also studied for OAM mode trans-
mission [44–46]. Because the gradient of the graded-index profile is much slower than the
step-index profile, the OAM modes have a higher mode purity in GI-CCFs. In [44], the
authors presented a specially designed GI-CCF that can support OAM modes having a
purity higher than 99.9%. This kind of design can effectively decrease the intrinsic crosstalk
between OAM modes. The possibility of OAM mode transmission in commercially avail-
able graded-index multimode fiber was discussed by Chen [45]. Recently, all-fiber OAM
(de)multiplexing devices based on graded-index multimode fiber were demonstrated with
high excitation purity of over 90% [46].
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Although GI-CCF shows better potential for OAM mode transmission than SI-CCF,
no experiment demonstrates the long-distance transmission of OAM modes in circular-
core fibers so far. OAM modes may easily transform into LP modes under the external
disturbance in practice. Such instability is the main barrier for long-distance OAM modes
propagation in CCFs. Therefore, new types of optical fiber are required to enhance the
OAM mode stability.

2.2. OAM Modes in Ring-Core Fibers

The azimuthal higher-order vector modes or OAM modes in circularly symmetrical
optical fiber have a donut-shaped intensity pattern. One may be inspired to think that
the waveguide index profile mimicking the donut shape may provide a more stable
environment for the transmission of OAM modes. The pioneering works on the stable
transmission of vector modes were done by Ramachandran et al., who adopted a first-order
perturbation analysis to provide physical insight into the degeneracy of vector modes.
Taking the first-order vector modes as an example, the propagation constant of each
mode can be expressed by adding a vector correction to the scalar propagation constant β̃,
that is [34]

βTE01 = β̃, βTM01 = β̃ − 2(δ1 + δ2), βHE21 = β̃ + (δ2 − δ1), (3)

where

δ1 =
∆nmax

2a2ncoβ

∫ ∞

0
rE(r)

∂E(r)

∂r

∂(∆n(r)/∆nmax)

∂r
dr (4a)

δ2 =
∆nmax

2a2ncoβ

∫ ∞

0
E2(r)

∂(∆n(r)/∆nmax)

∂r
dr, (4b)

where r is the radial coordinate, E(r) is the electric field for the scalar mode, a is the size
of the fiber core, ∆n(r) is fiber refractive index profile relative to the cladding index, and
∆nmax is the highest refractive index difference. The expressions of δ1 and δ2 indicate
that, when the electric field has a high changing rate and large amplitude in the region of
refractive index discontinuities, the polarization orientation of modes will cause a large
additional propagation constant. Since a ring core has inner and outer discontinuous
boundaries of refractive index, the ∆neff between the near-degenerate vector modes can be
effectively enlarged. Figure 4a shows the index profile of a fabricated novel RCF and the
simulated intensity distribution of the first higher-order mode group (HOMG). Although
the fiber has a high refractive index core at the center, it does not damage the guidance of
the first HOM in the ring core. Most of the mode energy is guided in the ring core, which is
the case expected to help with mode stability. The neff of TE0,1, HE2,1, and TM0,1 measured
by recording grating resonance wavelength are shown in Figure 4b. We can see that the
neff for each pair of modes is separated well. The minimum ∆neff between TM0,1 and the
other modes is no less than 1.8 × 10−4; it is much higher than the value in conventional
CCFs, which is of the order of 10−5. The stability of the first-order vector modes in this
RCF was measured. Under the perturbations of multiple twists and bends with bending
radius down to 1 cm, the mode purity can remain 99.8% after transmitting through the
20 m long fiber.

Later, the stable transmission and manipulation of the first-order OAM modes were
achieved in RCF [47]. Theoretically, using the same design philosophy, more stable OAM
modes can be accommodated into a RCF by increasing the core size and refractive index
contrast. However, the radial HOMs may access fiber accompanying the azimuthal HOMs.
To eliminate the mode coupling caused by undesired radial HOMs, an optimized design
can be applied to RCF to suppress radial HOMs without damaging azimuthal HOMs [48].
Since a radial HOM has a multi-layer ring intensity pattern, narrowing down the ring
core thickness can effectively suppress the existence of radial HOMs. Figure 5a shows the
refractive index profile of a RCF; the ring core thickness is determined by r1 and r2. The
cutoff curves of OAM mode groups are shown in Figure 5b. Actually, the cutoff condition of
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a mode group OAMl,v consists of cutoff curves of a set of near-degenerate modes OAM±
±l,v

and OAM∓
±l,v; however, they are too close to be clearly distinguished when the relative

index difference between the core and cladding is small ((nco − ncl)/nco < 2%). Thus, only
one cutoff curve is displayed for each OAM mode group. These cutoff conditions define
boundaries of parameter regions where a specific number of modes is supported in the
fiber. The curve of OAM0,2 forms a design boundary for eliminating all the radial HOMs.
In the region above this cutoff curve (unshaded region), the radial order of all modes is one.
In the gray shaded region below the cutoff curve, the modes with v > 1 become guided
in the fiber. Therefore, by tuning the values of r2 and r1/r2, a fiber can support a targeted
number of OAMl,1 without introducing radial HOMs.

Figure 4. (a) Measured index profile of the fabricated fiber and simulated intensity distribution of
the LP11 mode. (b) Measured neff of TE0,1, HE2,1, and TM0,1 of the fiber shown in (a). Reprinted with
permission from Ref. [34] © The Optical Society.

ncl

nco

r1 r2

No guiding modes

Radial higher-order 

modes exist

(a) (b)

Figure 5. (a) The refractive index profile of RCF and (b) the cutoff conditions of different order OAM
mode groups when (nco − ncl)/nco = 0.6% at the wavelength of 1550 nm.

The stable propagation of multiple azimuthal higher-order OAM modes in a RCF
was first demonstrated in 2013 [49]. The authors designed and fabricated a RCF with a
central air-hole which maximizes the refractive index gradient at the inner boundary of
the ring core. This large refractive index gradient coincides with modal field gradient
yields large ∆neff of OAM modes. The best propagation stability was measured on the
eighth-order OAM mode, which had ∼20 dB mode purity at the output end of a 1 km long
fiber. After that, many research works were done to optimize the design and fabrication of
AH-RCFs [35,50–52]. An interesting phenomenon found in AH-RCFs was that the OAM
longevity increases with mode order [35], which is contrary to the common intuition
that fundamental states of systems are the most stable. To test modal stability, circularly
polarized OAM modes were generated by a SLM and a quarter-wave plate and then
were coupled into a 10 m long AH-RCF. The output OAM modes purities were measured
under the condition of arbitrary fiber bending and twisting, as schematically illustrated
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in Figure 6a. The air-hole radius of the under test AH-RCF is 3 µm, and the outer radius
of the ring core is 8.25 µm shown in Figure 6b. The central air-hole forces the modes to
distribute more intensity at the outer boundary of the ring core, and modes will “feel” more
of the large refractive index difference between the ring core and cladding. Hence, the neff
of modes with OAM and SAM aligned (having the same handedness) will be separated
from those with OAM and SAM anti-aligned (Figure 6c). Furthermore, the separation
level of neff increases with the OAM order. A ∆neff around 10−4 is considered reasonable
for OAM mode propagation [43]; in this fiber, the OAM modes with |L| = 5, 6 and 7 can
meet the requirement, as indicated in Figure 6d. In addition, the perturbation has weaker
effects on modes with the increase of mode order [35]. The perturbation of fiber bends
and geometrical deformations can be expanded into Fourier series, where the azimuthal
factor of each element can be expressed as fp(r) exp(ipφ). Since the coupling coefficient
is determined by the inner product between the first OAM mode E1(r) exp(iL1φ), the
perturbation factor and the second OAM mode E1(r) exp(iL2φ), mode coupling mainly
happens when p = L1 − L2. For the near-degenerate OAM modes with |L|, because of the
requirement of spin alignment, the perturbation can cause mode coupling when p = 2|L|.
However, the fp(r) becomes increasingly negligible for large p. Therefore, the higher-order
OMA modes gain better stability.

Figure 6. (a) Schematic picture of OAM mode transmission through a randomly bended and twisted
AH-RCF conserving their original states. Each state has a total angular momentum J that consists of
orbital component L and spin part s. (b) Cross section image (top) and measured refractive index
profile (bottom) for the AH-RCF. (c) Example of neff separation between near-degenerate OAM
modes. (d) The splitting of neff for near-degenerate OAM modes among different OAM mode groups
and the modal interference images when |L| = 5, 6 and 7. Reprinted with permission from Ref. [35]
© The Optical Society.

The inter-mode crosstalks of the AH-RCF were measured on a multitude of fiber
lengths [36]. Figure 7a illustrates the crosstalks versus fiber length for the |L| = 5 and
|L| = 7 OAM modes. The insets show the modal images at the output end of different
fiber lengths. The mode intensities gradually evolve from a donut shape into periodical
bright spots in the azimuthal direction with the increase of integrated crosstalk. Longer
fiber length leads to heavier crosstalk; the growth rate is 1.5 % per kilometer for the |L| = 7
modes and 15 % per kilometer for the |L| = 5 modes. The |L| = 7 modes maintain better
mode purities which have crosstalks lower than −10 dB when the fiber length is up to
5.5 km. The measured results are coincident with the prediction of a tanh(hz) (where h is
the mode coupling coefficient) dependent crosstalk based on coupled-power theory [53].
Similarly, in Figure 6b, the crosstalks of |L| = 6 modes measured in a 1 km long fiber fit the
crosstalk curve with an h value of ∼ 4.1 × 10−2 km−1.
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Figure 7. (a) Measured crosstalks for |L| = 5 and |L| = 7 modes in an AH-RCF (stars), and theoretical
crosstalks which have the minimum mean-squared error from the measured data (dashed lines).
(b) Measured and theoretical crosstalks for |L| = 6 modes. Insets are modal images at the output of
fiber with different length. Reprinted with permission from Ref. [36] © The Optical Society.

Another novel inverse-parabolic graded-index fiber (IP-GIF) was proposed in 2014 [54].
Similar to the RCFs, the IP-GIF has a refractive index valley at the center of cross section;
therefore, the fiber modes can feel large refractive gradient in the fiber. Numerical sim-
ulation showed that the specially designed IP-GIF enables a large ∆neff over 2.1 × 10−4

between the vector modes TE0,1, HE1,1 and TM0,1. Then, the authors experimentally
demonstrated the stable transmission of OAM±

±1,1 modes in the 1.1 km long IP-GIF.
The IP-GIFs and RCFs, especially the one assisted by a central air-hole, show good

ability to separate the neff of near-degenerate OAM modes. It greatly enhances the stability
of OAM modes which is hardly achieved in conventional CCFs. These designs are beneficial
to increase fiber transmission capacity via adding spatial modes without resorting to digital
signal processing or adaptive optics.

3. Microstructure Optical Fibers Supporting OAM Modes

Photonic crystal fibers (PCFs) which have periodic transverse air-hole arrangements
were first proposed and fabricated in 1996 [55]. With the improvement of manufacturing
technique, the accuracy of microstructure can reach 10 nm on the scale of 1 µm [56]. The
design of PCFs is more flexible than conventional solid optical fibers, which allows effective
control of key modal properties such as dispersion, birefringence, nonlinearity and cutoff
conditions. Inspired by the success of PCFs, other kinds of microstructure fibers such
as photonic band gap fibers (FBGFs) [57], Kagome fibers [58,59], and negative-curvature
fibers [60,61] were proposed to guide optical modes in an air core. These novel guiding
mechanisms of microstructure fibers can be adopted to design special OAM fibers.

3.1. Photonic Crystal Fibers Supporting OAM Modes

The common structure of a PCF is to arrange a regular hexagonal lattice of air-holes
symmetrically around a central pure silica core. The equivalent refractive index of the
cladding is lower than that of the core due to the air-holes. Thus, optical modes can be
well confined in the core. When a PCF is periodically twisted in the longitudinal direction,
the cladding light will be guided in the helical lattice of air-holes [62]. The spiral path
regulated by air-holes (Figure 8a) will transfer a fraction of the axial momentum into
angular momentum, causing the formation of cladding orbital angular momentum states.
Furthermore, the wavelengths of the cladding OAM modes vary linearly with the twist
rate. However, in this fiber, no stable OAM modes can be transmitted in the core region.

Later, a phenomenon of OAM preservation was detected in a helically twisted PCF
with a three-bladed Y-shaped core [38]. The schematic pattern and scanning electron
micrograph of fiber cross section are shown in Figure 8b,c, respectively. Based on a
helicoidal extension of Bloch wave theory, the authors developed a scalar analysis for
the modes in the twisted PCF. Figure 8d shows the calculated axial energy flow of a ring
mode when the fiber twist rate is 1.26 rad/mm. In the same fiber, the calculated axial
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Poynting vector of the fundamental mode is shown in Figure 8e. An experiment showed
that the chirality of the +1 order OAM mode was preserved rather than coupled into the
−1 order OAM mode, and vice versa in the twisted PCF, which is in agreement with the
theoretical prediction.

(b) (c)

(d) (e)

(a)

x

y

z

Figure 8. (a) The perspective of a helical PCF in a twisting period (blues rods are the air-holes passing
through the silica fiber). Adapted with permission from Ref. [62] © AAAS. (b) Schematic structure
of a Y-shaped core PCF. (c) Scanning electron micrograph of the Y-shaped core PCF. (d) Calculated
axial Poynting vector of a ring mode at the wavelength of 800 nm in the fiber with a twist rate of
1.26 rad/mm. (e) Calculated axial Poynting vector of the fundamental mode which carries no OAM
modes. Adapted with permission from Ref. [38] © The Optical Society.

In addition to the twisted PCFs, a family of RC-PCFs was proposed for OAM mode
transmission [37,63–66]. As shown in Figure 9, the RC-PCFs all adopt circularly symmetric
air-hole arrangement, so that the even and odd polarization states of a vector mode will
keep well degenerate hence making sure the stability of the combined OAM modes. In [64],
three layers of air-holes were used to form the cladding region (Figure 9a). The authors
proved that the ∆neff between the even and odd polarization states are around 10−9 when
the number of air elements in each layer is no less than 24. In this case, the fiber structure-
caused circular asymmetry is negligible compared with the deformations that arise from
external perturbation such as bending and twisting. In the same year, RC-PCFs supporting
14 [37] and 26 [65] OAM modes were designed and analyzed, successively (Figure 9b,c).
In these works, identical air-holes were used to construct four circular cladding layers.
This design contributes to keeping a similar swelling force in each air-hole, which helps to
maintain ideal cross section geometry during the fabrication. The high air-hole filling ratio
of the cladding region leads to an equivalent refractive index much lower than that of pure
silica; therefore, both inner and outer boundaries of the ring core have very large index
gradients. The electric field of modes with a relatively lower-order concentrate and vary
rapidly in the vicinity of the inner refractive index step, thus the ∆neff of near-degenerate
modes such as (HE2,1, TE0,1, TM0,1) is very large. However, with the increase of mode order,
the ∆neff first reduces, and then rebounds to grow after a certain order. Because the modal
fields move to the outer region of the ring core with the increase of mode order, the great
index step at the outer core boundary becomes dominant to cause large ∆neff between
near-degenerate modes in the HOMGs.

In 2019, a PCF with cladding consists of a circular layer of air-hole and three hexagonal
layers of air-hole were designed and fabricated [66]. Figure 9d shows the designed fiber
cross section. The circular arrangement of the first layer air-holes can help to minimize the
∆neff between the even and odd polarization states of the same vector mode. Furthermore,
three outer layers of air-holes contribute to increasing the light confinement in the ring
core. The hexagonal arrangement of the outer air-holes makes the fiber easier to be
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manufactured by the stack-and-draw method. The scanning electron micrograph of the
fabricated RC-PCF is shown in Figure 9e. The ring core maintains a good circular symmetry.
However, the fabricated fiber has a relatively large transmission loss of 50 dB/km, and
only the transmission of the first- and second-order OAM modes was demonstrated in
the experiment.

(a) (b) (c)

(e)(d)

Figure 9. The cross sections of PCFs supporting OAM modes. (a) Heterogeneous air-hole cladding
design. Adapted with permission from Ref. [64] © IEEE. RC-PCFs with cladding constructed by
identical air-holes supporting (b) 14 and (c) 26 OAM modes. Adapted with permission from Ref. [37]
© IEEE and Ref. [65] © Elsevier. (d) A design of RC-PCF with cladding that consists of a circular layer
of air-holes and three hexagonal layers of air-holes. (e) The fabricated RC-PCF based on the design
in (d). Adapted with permission from Ref. [66] © The Optical Society.

3.2. Negative-Curvature Ring-Core Fibers for OAM Modes Transmission

In 2011, Wang et al. proved that a hypocycloid-shaped core structure can enhance
light confinement in Kagome fibers [59]. Furthermore, by simplified the Kagome cladding
into a layer of silica tubes, a kind of negative-curvature fiber was proposed to guide
light in a quasi-air environment with ultra-wide bandwidth, low scattering loss, and
weak nonlinearity [60,61,67–69]. These designs provide valuable references to improve the
cladding structure of RC-PCFs.

Enlightened by the negative-curvature fibers, our group studied a new kind of negative-
curvature ring-core fiber (NC-RCF). The loss comparison between the multi-layered hollow-
core fiber and negative-curvature hollow-core fiber is shown in Figure 10a [39]. When the
number of air–silica interfaces is the same (four layers), the confinement loss of negative-
curvature hollow-core fiber is much lower. Therefore, to increase the number of supported
OAM modes with achieving ultra-low loss for the HOMs, an NC-RCF (Figure 10c) was
proposed that originate from RC-PCF (Figure 10b). The thickness of the cladding tubes
should meet the antiresonant condition for the central wavelength of the transmission band
that [69–71]

t =
λ(M − 0.5)

2
√

n2
g − 1

, (5)

where λ is the free space wavelength, ng is the refractive index of silica glass, and M
represents the order of antiresonance (= 1, 2, 3 . . . ).
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Figure 10. (a) Loss comparison between multi-layered annular fiber and negative-curvature fiber.
(b) RC-PCF. (c) Improved NC-RCF. (d) Dependence of the confinement loss on the wavelength for
(e) silica cladding design, (f) negative curvature tube cladding with tube thickness of t = 2 µm,
(g) negative curvature tube cladding with tube thickness of t = 2.5 µm, and (h) air cladding model.
Adapted with permission from Ref. [39] © The Optical Society.

Another interesting property of NC-RCF is that the modes formed in the thin mem-
branes of the cladding tubes can couple with certain core modes. Then, the undesired core
modes can be effectively filtered out by the coupling caused the large loss. In Figure 10e–h,
red regions represent silica and white regions represent air. The simulated confinement
losses of the HE3,1 mode in the four designs are shown in Figure 10d. It is easy to un-
derstand that the silica cladding and air cladding designs have the highest and lowest
confinement loss, respectively. The green and black lines in Figure 10d show the confine-
ment losses of NC-RCF when t = 2.5 µm and t = 2 µm, respectively. When t is 2 µm,
the confinement ability of negative curvature tubes is very close to that of air cladding.
However, when t increases to 2.5 µm, antiresonant and inhibited coupling conditions are
not satisfied. Hence, a lot of energy was coupled into the tube membrane modes and caused
a very high loss, which can be understood by observing the electric field distribution of
HE3,1 mode shown on the right side of Figure 10d.

The detailed structure of NC-RCF and the descriptions of the parameters are illustrated
by Figure 11a,b. We took r = 7 µm, ρ = 0.65, t = 1.2 µm, and d/Λ = 0.8 as an example to
discuss the fiber properties. To prevent the HE- and EH-synthesis OAM modes coupling
into LP modes during the propagation, ∆neff should be larger than 10−4, which is the
minimum modal birefringence of the polarization-maintaining fibers. Figure 11c shows
the simulated spectra of ∆neff between the adjacent vector eigenmodes in an OAM mode
group. As the TE0,1 and TM0,1 are filtered out, only HE2,1 mode remains in OAM Mode
Group #1. Therefore, the case of Group #1 is excluded in Figure 11c. It can be seen that the
requirement of >1 × 10−4 is met in the wavelength band from 1.4 to 1.8 µm for OAM Mode
Groups #2, #3, #4, #5, #6, and #8. In this fiber, the ∆neff within a mode group decreases with
the order of mode group (except for the Mode Group #8). Such variation trend of ∆neff
is opposite to that in the AH-RCF illustrated in Section 2.2. It is because the equivalent
refractive index of cladding of our designed fiber is close to 1, thus the large core/cladding
refractive index difference makes the lower-order mode group distribute approaching the
inner air–silica boundary, and hence generates a higher ∆neff between vector eigenmodes
in the mode group. This property will be good for the use of lower-order OAM modes.
Figure 11d shows the minimum ∆neff between the adjacent OAM mode groups over the
wavelength from 1.2 to 2.0 µm. The eigenmodes used for calculating the minimum inter-
mode-group ∆neff are described in Figure 11(b2). The values increase with the order of

203



Photonics 2021, 8, 246

OAM mode group and wavelength. When the wavelength is larger than 1.2 µm, all the
inter-mode-group ∆neff exceed 1 × 10−3. Consequently, in theory, the designed NC-RCF
can stably support 26 OAM states in the telecommunication wavelength band, including
OAM Mode Groups #1 (two states), #2 (four states), #3 (four states), #4 (four states), #5
(four states), #6 (four states), and #8 (four states).

Parameter Description

Inner radius of the ring-core

Outer radius of the ring-core

Ratio of inner and outer ring-core radius

Diameter of the air-hole

Air-hole pitch

Relative air-hole diameter

Thickness of tube

Radius of tube

Outer diameter of the substrate

Normalized wavelength

(a) (b1)

(b2)

(c) (d)

OAM mode group

#1~#2 | |

#2~#3 | |

#3~#4 | |

#4~#5 | |

#5~#6 | |

#6~#7 | |

#7~#8 | |

Figure 11. (a) The cross section of the proposed NC-RCF. (b1) The description of each structure
parameter. (b2) The modes used to calculate the minimum ∆neff in (d). (c) The ∆neff between the
adjacent vector eigenmodes in each OAM mode group when r = 7 µm, ρ = 0.65, t = 1.2 µm, and
d/Λ = 0.8. (d) The minimum ∆neff between OAM mode groups. Adapted with permission from
Ref. [39] © The Optical Society.

The fabrication procedure of the NC-RCF is illustrated in Figure 12a. It includes four
steps: (1) stack the center preform; (2) draw the center cane; (3) stack the fiber preform; and
(4) draw the fiber. In the second and fourth steps, the cane and tubes should be sealed at
one end to keep positive air pressure in the hollow holes for maintaining the fiber structure
during drawing. Furthermore, in Step 4, a vacuum pump should be used to help reserve
the hollow structure during the fiber drawing. Figure 12e,f shows the fibers fabricated
under the vacuum level of ∼60 kPa at the temperature around 1880 ◦C and ∼40 kPa at
the temperature around 1895 ◦C, respectively. We can see that the intervals between the
cladding tubes and the central casing tube are filled in by silica; therefore, the fabricated
fibers have much higher confinement loss than that predicted in simulation. The minimum
transmission losses of OAM1,1 in Fibers (e) and (f) are 0.3 and 0.095 dB/m, respectively.
The higher loss in Fiber (e) is caused by the relatively thicker silica layer surrounding the
core, which leads to the leakage of energy from the ring core to the cladding silica through
mode coupling.
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(b) (c) (d) (e) (f)

Figure 12. Fabrication of the proposed NC-RCF. (a) Schematic figure of the fabrication process using
stack-and-draw method. (b) Stacked preform of the central cane. (c) Cross section of the intermedia
cane. (d) Stacked preform of the NC-RCF. Scanning electron microscopic photo of the fabricated
NC-RCF with (e) the thickness of ring core around 2.45 µm, Adapted with permission from Ref. [39]
© The Optical Society, and (f) the thickness of ring core around 2.65 µm. Adapted with permission
from Ref. [40] © IEEE.

Finally, we compare the different kinds of fibers supporting OAM mode in Table 1.
The recorded number of OAM mode transmissions is 36, achieved by a AH-RCF in 2014.
In addition, the maximum transmission length of OAM modes is 13.4 km using a loop
of AH-RCF in 2016. Although, theoretically, RC-PCFs and NC-PCFs provide a larger
∆neff between the near-degenerate modes, which help to enhance the mode stability, no
experiment demonstrates the long-distance stable transmission of OAM modes in these two
kinds of fibers. The main reason is that RC-PCFs and NC-PCFs may suffer relatively large
geometrical deformation during the fabrication. Then, the refractive index fluctuation will
cause severe mode coupling. We believe that the performance of RC-PCFs and NC-PCFs
will be improved with the progress of the fabrication technique.

Table 1. Comparison among the reported fibers supporting OAM modes.

Year Fiber Type

Simulation Experiment

Min. ∆neff Wavelength (nm)Mode OAM Mode OAM Max. Transmission
Number Modes Number Modes Length

2012 RCF [47] – – 2 OAM±1,1 20 m – 1527

2013 AH-RCF [49] – – 12 OAM±7,1 − OAM±9,1 1 km ∼ 1 × 10−4 1530, 1555

2015 AH-RCF [35] – – 12 OAM±5,1 − OAM±7,1 10 m 7 × 10−5 1530–1565

2016 AH-RCF [36] – – 12 OAM±1,1 − OAM±2,1 13.4 km 7 × 10−5 1550

2014 AH-RCF [50] 36 OAM0,1 − OAM±9,1 36 OAM0,1 − OAM±9,1 0.85 m 1.1 × 10−4 1550

2014 IP-GIF [54] 6 OAM±1,1 − OAM±2,1 2 OAM±1,1 1.1 km 2.1 × 10−4 1530–1565

2015 GI-CCF [44] 10 OAM±1,1 − OAM±3,1 – – – 1.16 × 10−4 1520–1580

2016 RC-PCF [65] 26 OAM±1,1 − OAM±7,1 – – – > 1 × 10−4 1250–1900

2016 RC-PCF [37] 14 OAM±1,1 − OAM±4,1 – – – > 1 × 10−4 1250–1810

2019 RC-PCF [66] 14 OAM±1,1 − OAM±4,1 6 OAM±1,1 − OAM±2,1 1.2 m 2.13 × 10−3 1550

2019 NC-RCF [39] 26 OAM±1,1 − OAM±7,1 14 OAM±1,1 − OAM±4,1 40 m 2 × 10−3 1550

4. Crosstalk Analysis of OAM Modes in Optical Fibers

Multi-core fiber (MCF) is regarded as a good solution for increasing data transmission
capacity and saving fiber consumption for the next generation of fiber-optic networks.
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When the mode coupling between fiber cores is sufficiently small, each core can be regarded
as an independent signal channel. Many studies have been done for reducing the inter-core
crosstalk, including the studies on heterogeneous and trench-assisted MCFs [72–76]. By
optimizing the core structure and arrangement, ultra-low inter-core crosstalk and high core
density can be achieved simultaneously [75].

Those experiences in designing MCFs provide good references for the design of
MRCFs. Figure 13a shows the refractive index profile of a step-index trench-assisted
MRCF. The design region of the size of ring core for supporting a certain number of
OAM mode groups can be tuned by changing the central refractive index (nce) and the
core refractive index (nco). Figure 13b illustrates the design region for supporting mode
groups from OAM0,1 to OAM4,1 and cutting off all the radial HOMs in the C+L band
(from 1.53 µm to 1.625 µm). The boundaries of each design region are formed by the
cutoff curves of OAM0,2 and OAM5,1 at the wavelength of 1.53 µm and OAM4,1 at the
wavelength of 1.625 µm, respectively. When the relative index difference of the core
(∆co = (nco − ncl)/nco) increases, the available values of the outer radius of ring core
(r2) decreases. The smaller core size is beneficial to the compact design of MRCFs. In
addition, the negative relative index difference of the central area (∆ce = (nce − ncl)/nce)
can force the neff of OAM0,2 fall to the cladding refractive index more quickly. As shown
in Figure 13b, the cutoff curve of OAM0,2 occurs at a smaller value of r1/r2 when ∆ce

decreases, which indicates that the available width of the ring core can be extended. In
the experiment, a relatively thicker ring core can help to increase the mode stimulation
efficiency at the fiber input end and improve modal stability during transmission.

(b)

r

n

r1 r2r3r4

ntr

nce

ncl

nco

(a)

core-to-core interval

Figure 13. (a) The schematic refractive index profile of a trench-assisted MRCF. (b) The design regions
for supporting 5 OAM mode groups in C+L band.

The inter-core coupling is an essential issue in MRCF. When the core-to-core interval
is sufficiently large, the adjacent cores can be regarded as refractive index perturbations
of each other. Based on coupled-mode theory, the inter-core mode coupling coefficient of
mode m in core i caused by mode n in core j can be calculated by an overlap integral as [33]

c
(i)(j)
mn =

ωǫ0
s

A∞
(n(j)2 − n2

cl)e
(i)
m · e

(j)∗
n dA

√s
A∞

ẑ · (e(i)m × h
(i)∗
m + e

(i)∗
m × h

(i)
m )dA

s
A∞

ẑ · (e(j)
n × h

(j)∗
n + e

(j)∗
n × h

(j)
n )dA

, (6)

where n(j) is the refractive index profile of core j, ncl is the cladding refractive index, and
e and h are the electric and magnetic components of modes. However, in the case that
the cores are not identical, the conventional mode coupling coefficient are not symmetric.
Therefore, when only considering the forward propagation modes, the total power may
not be conserved. To satisfy the law of power conservation, redefined mode coupling
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coefficients C
(i)(j)
mn and C

(j)(i)
nm were used; their definitions are the average of the usual mode

coupling coefficients [77]

C
(i)(j)
mn =

c
(i)(j)
mn + c

(j)(i)
nm

2
= C

(j)(i)
nm . (7)

Because real optical fiber is not perfect, there is a random phase difference between fiber
modes, which is a function of propagation length δ f (z). To consider the effect of the random
phase difference, the fiber is divided into finite segments in the longitudinal direction.
Furthermore, uniform random phase offsets are applied to all cores in each segment. The
overall mode coupling can be obtained by calculating coupled-mode equations in each
segment in order.

On the other hand, the inter-core crosstalk can be calculated by coupled-power theory
as well [41,77]. Based on the assumption that the random phase fluctuation along the fiber is
a stationary random process, it has an autocorrelation function: R(∆z) = 〈δ f (z + ∆z)δ f ∗(z)〉.
It has been demonstrated that the calculation based on exponential autocorrelation can
obtain crosstalk that agrees well with the experiment results in a single-mode MCF. Fur-
thermore, the power coupling coefficient can be expressed by the Fourier transformation of
exponential autocorrelation function as [77]

h
(i)(j)
mn (z) =

(C
(i)(j)
mn )2Lc

1 + [∆β
(i)(j)
mn (z)Lc]2

, (8)

where ∆β
(i)(j)
mn (z) represents local propagation constant difference of mode m in core i

and mode n in core j and Lc is the correlation length of R(∆z). To take into account the
effects of fiber bending and twisting without using numerical solutions, a closed-form
average power coupling coefficient was proposed for estimating the inter-core crosstalk in
MCFs [78]. It represents the average power coupling coefficient over a twist pitch as

h̄
(i)(j)
mn =

γ

2π

2π/γ∫

0

h
(i)(j)
mn (z)dz, (9)

where γ is the rate of fiber twisting. By solving power coupling equations, the crosstalk
between the two modes can be expressed as

XT(i)(j)
mn = 10 log10[tanh(h̄(i)(j)

mn z)]. (10)

The crosstalk values calculated by using the average power coupling coefficient were
demonstrated to agree well with experimental results [78]. It provides a fast and accurate
method for estimating inter-core crosstalk in bent and twisted MCFs.

Using the average power coupling coefficient, we can analyze the variation trend
of inter-core crosstalk in MRCFs. Figure 14a illustrates the inter-core crosstalk between
two identical fiber cores. Each fiber core can support up to the fourth-order OAM mode
group. We can find that the relatively heavy crosstalk exists between the modes in the same
mode group, which is because modes having similar ∆neff easily meet the phase-matching
condition. In addition, the crosstalk increases with the mode order. As the higher-order
OAM mode has a larger fraction of energy distribution in the cladding region, it can “feel”
more of refractive index perturbation from the adjacent cores. Therefore, the overlapping
integration is greater between the higher-order OAM modes. The maximum crosstalk
exist between OAM+

+4,1 and OAM+
−4,1 with the value of −47 dB/m. The variation of the

maximum inter-core crosstalk versus the size and position of the trench in the 5-mode-
group MRCF is shown in Figure 14b. It is shown that increasing the width of the trench can
rapidly reduce the crosstalk, and the gap between core and trench also helps to decrease
the crosstalk.
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Figure 14. Inter-core crosstalk analysis at the wavelength of 1550 nm when the core-to-core interval
is 40 µm. (a) The crosstalk between modes in two ring cores with the parameters r1 = 4.95 µm,
r2 = 9 µm, r3 = 11 µm, r4 = 16 µm, ∆co = 1%, ∆ce = 0%, and ∆tr = −0.7%. (b) The variation of
crosstalk between OAM+

+4,1 and OAM+
−4,1 in two identical adjacent cores versus the core-trench gap

(r3 − r2) and the trench width (r4 − r3).

In addition, the inter-mode crosstalk between different OAM modes in the same fiber
core was analyzed in strongly guiding ring-core fibers recently [79]. The AH-RCF is a
representative of strongly guiding fibers. The large air–silica refractive index contrast
can effectively separate the neff of OAM modes in the same mode group, as discussed in
Section 2. However, with the increase of refractive index difference between fiber core
and neighboring materials, the purity of OAM modes will decrease. Essentially, an OAM
mode in optical fiber has two components contributing opposite circularly polarized OAM
states of orders l and l + 2. According to Equation (2), for HE-synthesis OAM modes,
the spin-orbital aligned component with the OAM order l is dominant, while the spin-
orbital anti-aligned component with the OAM order l + 2 is relatively weaker. However,
for EH-synthesis OAM modes, the weight of the compositions is just opposite to that
of HE-synthesis OAM modes. With the increase of the mode guiding level in optical
fiber, the intensity of the weak modal component will grow, approaching the dominant
modal intensity. Therefore, it is necessary to analyze OAM mode crosstalk in a strongly
guiding condition.

The inter-mode crosstalk of OAM modes can be calculated by either coupled-mode
theory or coupled-power theory. The only difference from the inter-core crosstalk is that
the refractive index perturbation does not originate from adjacent cores (represented by n(j)

in Equation (6)) but is caused by stress birefringence, core ellipticity, diameter fluctuation,
core axis deviation, and so on. In [79], the OAM modes crosstalk are calculated under
the influence of stress birefringence and core ellipticity. The normalized mode coupling
coefficients are shown in Figure 15. Stress birefringence and core ellipticity induce the
same coupling pattern among OAM modes, while the intensities are different. In the case
of stress birefringence, the dominate-dominate coupling mainly occurs between cross-
polarized OAM modes having the same OAM topological charge. When the perturbation
is core ellipticity, the dominate-dominate coupling only happens between OAM modes
having a OAM topological charge difference of two. Moreover, the two mode coupling
coefficients caused by perturbations have opposite signs for higher-order OAM modes
in the region close to the main diagonal. However, the ellipticity-caused coupling close
to the main diagonal is weaker because it is induced by dominant-weak interaction. The
two distributions indicate that the effects of birefringence and ellipticity tend to partially
compensate one another.
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Figure 15. The calculated mode coupling coefficient under the influence of stress birefringence and
core ellipticity. “2” represents the coupling between dominant components, “#” is the interaction
between dominant and weak components, and “⋄” indicates the coupling between weak components.
Reprinted with permission from Ref. [79] © The Optical Society.

5. All-Fiber OAM Generator

All-fiber OAM mode generators have the advantages of compatibility with fiber
systems, low insertion loss, easy integration, and low cost. Therefore, although OAM
beams can be efficiently generated by commercial SLMs, all-fiber OAM mode generators
still receive increasing attention in recent years.

Using LPFGs is an effective way to convert the fundamental mode to OAM modes in
optical fibers. Our group proposed to adopt asymmetric LPFGs to directly generate higher-
order OAM modes from the fundamental. We first consider the generation of second-order
OAM modes. In a four-mode fiber, the grating pitch (Λ) is determined by the phase-
matching equation Λ = λ/(n0,1 − n2,1), where n0,1 and n2,1 are the effective refractive
index of the LP0,1 and LP2,1 modes, respectively. As shown in Figure 16a, the calculated Λ

in the vicinity of λ = 1530 nm is ∼520 µm. The fabrication of the asymmetric LPFG was
using a focused CO2 laser with high power periodically irradiating a 4-mode fiber from
one side [24]. Figure 16(a2) shows the image of asymmetric LPFG; the strong geometrical
deformation can cause a large modulation on neff with the value about −1.1 × 10−2. In
addition, since the deformation is asymmetric, the modulation is not uniform but azimuthal
varying. As a result, the power of LP0,1 mode can be effectively coupled into LP2,1 mode.
In the same manner, an asymmetric LPFG can be fabricated on a 6-mode fiber to convert
LP0,1 to LP3,1. Since these two modes have a larger ∆neff, the required Λ becomes smaller.
As shown in Figure 16b, the calculated Λ is ∼200 µm in the vicinity of λ = 1543 nm. To
make large geometrical deformations, the six-mode fiber was scanned six times by a CO2
laser with increasing power step by step [25]. Figure 16(b2) shows the image of asymmetric
LPFG with Λ = 200 µm. The large geometrical deformation breaks the orthogonality
between LP0,1 and LP3,1, which enhances the coupling between these two modes. The
fabricated asymmetric LPFGs tested have mode conversion efficiencies of 99.7% and 99.8%
for LP2,1 and LP3,1, respectively.
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Figure 16. (a) Calculated grating pitch for the mode coupling from LP0,1 to LP2,1 modes in a four-
mode fiber. (a1,a3) The patterns of LP0,1 and LP2,1 modes. (a2) The image of the fabricated LPFG with
Λ = 520 µm. Adapted with permission from Ref. [24] © The Optical Society. (b) Calculated grating
pitch for the mode coupling from LP0,1 to LP3,1 modes in a six-mode fiber. (b1,b3) The patterns of
LP0,1 and LP3,1 modes. (b2) The image of the fabricated LPFG with Λ = 200 µm. Adapted with
permission from Ref. [25] © The Optical Society.

The experimental setups for the generation and detection of OAM modes using the
fabricated asymmetric LPFGs are shown in Figure 17a. A tunable laser was used as an
optical source. Furthermore, the input light was divided into a generation branch (upper
one) and a reference branch (lower one) using a 90:10 optical coupler. The 90% energy
branch was used for the OAM generation. A single-mode fiber (SMF) was coaxially spliced
with the under test few-mode fiber (FMF) to stimulate the fundamental mode. Polarization
Controller 1 (PC1) was used to adjust the polarization states of the incident fundamental
mode to the asymmetric LPFG. It was used to determine the power ratio of the even and
odd polarization states of the generated higher-order LP mode. One end of the LPFG was
clamped by a fiber holder, while the other end was mounted at the center of a rotator. The
relative phase difference between the even and odd polarization states of the target LP
mode can be adjusted by twisting the LPFG with the rotator. The generated mode was
collimated by a microscope and then transmitted into the charge-coupled device (CCD)
camera. The measured mode intensity patterns are shown in Figure 17(b1–e1). To verify
the number of the OAM topological charge, a reference Gaussian beam in the lower branch
was adjusted into the same power level as the generated OAM beam and was combined
with the OAM beam using a beam splitter (BS). Then, we can see the OAM order according
to the interference patterns. Figure 17(b2,c2) indicates that the generated modes were
OAM+2,1 and OAM−2,1. In the same way, the interference patterns in Figure 17(d2,e2)
show that the generated modes were OAM+3,1 and OAM−3,1. These works demonstrated
a feasible way to produce low-cost compact all-fiber OAM generators.
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Figure 17. (a) Schematic diagram of the experimental setups for the generation and detection of
OAM modes using asymmetric LPFGs. OC, optical coupler; H, holder; R, rotator; MO, microscope
objective; ATT, attenuator; Col, collimator. (b1–e1) The intensity profiles of the generated modes.
(b2–e2) The interference patterns of the generated OAM modes with a reference Gaussian beam.
Adapted with permission from Refs. [24,25] © The Optical Society.

In addition, many valuable works on all-fiber OAM generators were reported by other
groups. In 2015, Li et al. first proposed a controllable all-fiber OAM mode converter [23].
As shown in Figure 18a, at the input end, a SMF is spliced coaxially with a two-mode fiber
to efficiently stimulate the fundamental mode in the two-mode fiber. Then, a mechanical
long-period grating is applied on the two-mode fiber to convert the fundamental mode to
the LP1,1 mode. Then, a rotator is used to adjust the intensity orientation of the LP1,1 mode
to the pressure applying slabs. When the orientation angle is 45◦, the energy of the vertical
and transverse polarization components are the same. By applying pressure to modify the
circular core into an elliptical core, a ∆neff is generated between the vertical and transverse
polarization components.

Then, the first-order OAM mode can be generated when the two components have a
±π/2 phase difference at the output end. Moreover, the grating pitch applied to the fiber
can be tuned by placing the fiber at different angles to the mechanical long-period grating.
It achieves a scalable scheme to generate OAM modes at different wavelengths.

However, the mechanical long-period grating is relatively bulky, and a more compact
OAM generator by using an all-fiber mode selective coupler was proposed in 2018 [22]. In
Figure 18b, the coupler is fabricated by tapering a SMF and a graded-index FMF together
with a proper diameter ratio. The FMF used here is in the strong guiding condition, which
can well separate the neff of HE2,1 from those of TE0,1 and TM0,1. Hence, the coupling
efficiency into HE2,1 is increased. In the experiment, a polarization controller was used
to adjust the purity of the generated first-order OAM mode. Finally, a purity of ∼95%
was obtained.
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Figure 18. All-fiber OAM mode generators. (a) Principle of the controllable all-fiber OAM beam
generator based on mechanical long-period grating. Adapted with permission from Ref. [23] © The
Optical Society. (b) Schematic of the all-fiber mode selective coupler. Adapted with permission from
Ref. [22] © The Optical Society. (c) Schematic of the helical fiber grating fabrication setup using a
hydrogen-oxygen flame, and the periodic helical structures of right-handed chiral and left-handed
chiral gratings. Adapted with permission from Ref. [26] © The Optical Society. (d1) neff of LP modes
in a four-mode fiber. (d2) The resonant pitches of a helical fiber grating versus the wavelength.
Adapted with permission from Ref. [27] © The Optical Society.

The above-mentioned all-fiber OAM generators are sensitive to the polarization
states of fiber modes, which may have instability in applications. In 2019, a polarization-
independent OAM generator based on a helical fiber grating was proposed [26]. As
illustrated in Figure 18c, the helical fiber grating was produced by twisting a FMF during
hydrogen-oxygen flame heating. Through carefully setting the rotation speed of the rotator
and the moving speeds of the two translation stages, the pitch of the helical grating can be
well kept. In their works, the resonant wavelengths of the right-handed helical grating and
left-handed helical grating are 1550.9 and 1554.5 nm, respectively. The two samples were
tested in experiments. The results show that the first-order OAM modes can be generated
with a mode purity of around 93%. Furthermore, the polarization state of the output OAM
modes is consistent with the polarization state of the input light. Since no coupling was
observed between the +1-order and −1-order OAM modes, it is indicated that the OAM
chirality was determined only by the twisting direction of the helical fiber grating.

Recently, a further work on helical fiber grating based all-fiber OAM generator was
reported. By taking advantage of the second and third diffraction orders of a helical fiber
grating, the second- and third-order OAM modes can be simultaneously generated in a
single fiber [27]. Figure 18(d1,d2) shows the neff of modes and grating resonant conditions
in a four-mode fiber. In Figure 18(d1), we can see that the fiber can only support the LP3,1
mode when the wavelength is smaller than 1440 nm, while the other three LP modes can be
well guided in the fiber in the wavelength band from 1400 to 1700 nm. The grating resonant
pitches and ∆neff of modes are shown in Figure 18(d2). The resonant coupling from LP0,1 to
LP2,1 occurs at the wavelength of 1580 nm, and that from LP0,1 to the cladding mode (noted
as LP3,1 to be consistent with the notation in Figure 18(d2) occurs at the wavelength of
1555 nm. Therefore, the fundamental fiber mode can be converted directly into OAM2,1 and
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OAM3,1 at the two specific wavelengths, respectively. From the experiment, the maximum
purities for the OAM2,1 and OAM3,1 were 95% and 98%. In addition to OAM modes
generators, chiral fiber gratings can also be applied as torsion sensors, band-rejection
filters, wave plates and linear- and circular-light polarizers. The mode-coupling theories,
fabrication techniques and applications of helical fiber gratings can be found in a detailed
and comprehensive review contributed by Zhao Hua and Li Hongpu [80].

6. Conclusions and Prospects

The stability of OAM mode transmission in optical fibers has obtained great im-
provements in the last decade. Using an AH-RCF, the best record for stable OAM mode
transmission reached 13.4 km [36]. In addition, many simulation works have been done
on microstructure fibers for OAM mode transmission. Some of these designs were man-
ufactured and tested. Although the produced microstructure fibers have geometrical
deformations from the ideal design, they performed the transmission ability for OAM
modes in experiments. Therefore, these exploratory works provide flexible designs for
OAM fiber and expand the application of OAM modes in the aspects of enhancing data
transmission capacity in fiber links, OAM-based fiber imaging, and vortex-mode fiber
lasers. In addition, the studies on the all-fiber OAM generator provide alternative choices
to commercially available free-space devices. Those all-fiber devices are suitable for appli-
cations requiring low insertion loss, good alignment stability, and high integration.

However, the stability of OAM modes in optical fibers needs to be further improved
for long-haul, high-capacity data transmission. Although the first-order perturbation
theory reveals that increasing the refractive index contrast between core and cladding can
split the neff between the near-degenerate OAM modes, the variation trends of ∆neff among
near-degenerate OAM modes with different OAM orders are not consistent. Therefore,
there is no mature design scheme for obtaining the optimized combination of guiding
mode number and mode stability level. On the other hand, improving the fiber fabrication
technique is necessary for improving mode stability. How to keep the hollow structures of
AH-RCF and microstructure RCF during fiber fabrication still need to be studied.

For fiber-optic communications, in recent years, a scheme of SDM assisted by low-
complexity modular multi-input multi-output (MIMO) equalization was proposed for
recovering the signal from the crosstalk among the near-degenerate OAM modes [81].
According to the maximum degeneracy of a fiber mode group, a 4 × 4 MIMO is sufficient
for signal processing. In this scheme, the crosstalk between the near-degenerate OAM
modes is no longer the crucial issue; instead, the crosstalk between OAM mode groups
becomes the main barrier for increasing the signal quality. Therefore, the fibers suitable for
this scheme should achieve low crosstalk between OAM mode groups while having low
differential group delay between the near-degenerate OAM modes. The fibers will need no
ultra-high refractive index contrast structures such as the air-hole to separate the neff of
near-degenerate OAM modes. Thus, these fibers may have higher fabrication reliability
and can be expanded to a multi-core design.

Finally, we should note that active OAM fiber-optic devices such as OAM fiber am-
plifiers are also important for building long-haul OAM mode fiber links. Although there
are many challenges related to mode stability, generation efficiency, multiplexing, de-
multiplexing, and amplification in the field of OAM, it provides new frontiers for optical
communication systems and microscopy techniques.
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Abstract: A new kind of gold-coated hexagonal photonic crystal fiber polarization filter is designed

in this paper. The filtering properties can be adjusted through varying the structural parameters.

With the 25.60 nm gold film thickness, the losses of the respective modes of Y and X-polarized core

mode at 1550 nm are 1024.84 and 0.12 dB/cm with the loss ratio of 8540.33 between two polarizations.

However, the losses of Y and X-polarized core mode at 1310 nm are 682.14 and 0.03 dB/cm, and the

loss ratio is 22,738 with the gold film thickness of 55.30 nm. That indicates that the proposed filter

has a higher loss ratio. Moreover, the crosstalk value with the fiber length of 200 µm at 1550 and

1310 nm are 178.01 and 118.49 dB, respectively. The bandwidths with crosstalk value greater than

20 dB are 640 and 180 nm. The designed polarization filter represents good filtering characteristics

and allows great fabrication tolerances. Therefore, the designed hexagonal filter can be well applied

in the domain of optical fiber communication.

Keywords: polarization filter; surface plasmon resonance; photonic crystal fiber; gold-coated; crosstalk

1. Introduction

Photonic crystal fiber (PCF) has drawn people’s attention because of its unique trans-
mission properties, which the conventional optical fibers cannot obtain. The porous
structure of PCF cladding makes it possible to fill various functional materials, such as
ethanol, graphene, liquid crystal, magnetic fluid, argon, metal, etc. The fusion of functional
materials and PCF also greatly broadens the application function of PCF, and provides a
new channel for the realization of new PCF devices. In particular, as the air holes of PCF
cladding with metal material are served as the defect core, once the phase of the incident
light in the PCF core mode (CM) is matched with that of the surface plasmon mode (SPM),
the light intensity in the CM would be transferred to the defect core, which is called a
surface plasmon resonance (SPR) effect [1]. The confinement loss (CL) of the CM at the
phase-matching wavelength, that is, the resonant wavelength, increased rapidly. Based on
this, various PCF sensors [2,3], polarizers [4–6] and polarization filters [7–22] on account of
SPR have been designed.

Thus far, many researchers have carried out a lot of research on the polarization
filters based on PCF combined with metal materials. In 2006, Kuhlmey et al. numerically
simulated the conduction characteristics of metal film coated PCF by multipole method [12].
In 2008, Lee et al. realized selective filling of the gold nanowires in the air holes of
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polarization-maintaining PCF cladding [13]. In 2011, the different gold-filling formats of
the PCF are used to realize great polarization filtering transmission by Nagaski et al. [14].

In order to better separate the loss peak of the two orthogonal polarization directions
of CM of the polarization filter, the commonly used method is to introduce “asymmetric
factor”. The asymmetry factor can be introduced by changing the arrangement or structural
parameters of pores around PCF core or defective core. That can cause birefringence
around the PCF core or defect core, and the mode refractive indices of the two orthogonal
polarization directions are no longer equal. Based on this idea, a large number of PCF
polarization filters are designed. In 2013, Xue et al. designed a PCF polarization filter
with a Y-polarized CM loss of 508 dB/cm at 1310 nm, and the loss ratio of Y-polarized
CM to X-polarized CM is 20 [15]. In 2015, Liu et al. proposed a broadband square PCF
single polarization filter with an SPR effect. The respective losses of Y-polarized CM are
452.4 and 102 dB/cm at 1310 and 1550 nm, and the relevant losses of X-polarized CM are
only 0.9 and 0.8 dB/cm [16]. In 2016, a rhombic plasmonic PCF single polarization filter
with the respective losses of 630.20 and 36.90 dB/cm for Y and X-polarized CM around
1550 nm were designed by Dou et al. [17]. In 2017, Wang et al. investigated a gold-filled
PCF single polarization single-mode filter. The losses of X-polarized CM can reach to
126.10 and 326.30 dB/cm at 1310 and 1550 nm, while that of X-polarized CM are 0.08 and
1.20 dB/cm, respectively [18]. In 2018, Wang et al. designed a new ultra-wide bandwidth
square PCF polarization filter with a Y-polarized CM loss of 718.87 dB/cm at 1550 nm, and
the loss ratio of Y-polarized CM to X-polarized CM is 756.71 [19]. In the same year, the
respective losses at 1310 and 1550 nm for X-polarized CM based on a gold-filled hexagonal
PCF polarization filter are 251.26 and 224.45 dB/cm, while the relevant Y-polarized CM
losses of 13.76 and 3.59 dB/cm were obtained by Lu et al. [20]. In 2019, Zhao et al. designed
a semi-hourglass plasmonic PCF polarization filter, which reveals the respective losses
of 1304.02 and 3.96 dB/cm for Y and X-polarized CM at 1550 nm with 18.70 nm Au film
thickness [21]. In 2020, Zhang et al. represented a high intensity polarization filter with a
high bandwidth of 990 nm based on a diamond-shaped PCF structure, which can obtain
the losses of 563.29 dB/cm and 3.75 dB/cm for the respective Y and X-polarized CM at
1550 nm [22]. According to the current reports, the designed polarization filter using the
above method can effectively make the loss peaks of both polarized CM locate at different
wavelengths. However, the coupling between the CM and SPM will inevitably occur in
both horizontal and vertical polarizations. Therefore, the loss ratio in both polarizations of
the reported PCF polarization filter is still not very large, and the filter needs a longer fiber
length to achieve a wider bandwidth, which are the main limited factors of the polarization
filters widely used in the optical fiber communication system.

In this paper, a new style of gold-coated hexagonal PCF polarization filter is designed.
The filtering properties with varying PCF structural values of d1, d2, d3, d4 and t are
numerically simulated by taking advantage of full vector finite element method (FVFEM).
The loss of Y-polarized CM around 1550 and 1310 nm are 1024.84 and 682.14 dB/cm,
respectively, but that of X-polarized CM is very small with the 25.60 and 55.30 nm gold film
thickness. This means that the designed filter has a higher loss ratio, and single polarization
filtering at both 1550 and 1310 nm is realized. The Crosstalk (CT) value shows that the
presented hexagonal PCF polarization filter has a broadband filtering bandwidth with
a shorter PCF length. Moreover, the proposed polarization filter has good fabrication
tolerances, because the ±1% deviations of the structural parameters will not affect the
properties of the filter.

2. Structure Design

The cladding structure of the presented PCF polarization filter arranged in hexagonal
pattern contains four layers air holes as shown in Figure 1. To obtain the much higher
birefringence, the asymmetric factor is introduced in the proposed design. It is due to that,
that higher birefringence can effectively separate the resonance point of two polarized CM
with SPM. A larger loss difference between the Y and X-polarized CM can be achieved for a
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strong asymmetric PCF structure, which is a benefit for the single polarization filtering. Two
large air holes with d1 are distributed on both sides of the core. The respective structural
values of the outer diameter and the thickness of the gold-coated holes are denoted as d4
and t. The two air holes with d2 lie between the fiber core and the gold film hole. The
two large air holes with d3 are distributed on both sides of the gold film hole. The spacing
between neighboring air holes is 2 = 2 µm. The remaining air holes are identical with
d = 1.20 µm.

Figure 1. Cross-sectional schematic of the designed PCF polarization filter.

Two large air holes d1 and d3 are, respectively, set on both sides of the fiber core and
the gold-coated hole region, which can effectively increase the asymmetry of the fiber
and improve the resonant coupling between the CM and SPM in a single polarization
direction. Two slightly enlarged air holes d2 of the proposed filter form a bridge between
the two kinds of modes. This setting of this structure can form a strong polarization
filter transmission.

The silica is chosen as a substrate material of the presented PCF. The refractive index
of silica is subjected to its Sellmeier equation, which is represented by [23]:

n(λ) =

√

1 +
B1 · λ2

λ2 − C1
+

B2 · λ2

λ2 − C2
+

B3 · λ2

λ2 − C3
(1)

here, λ is the light wavelength, and its unit is µm. The Sellmeier coefficients of B1, B2, B3,
C1, C2 and C3 are found in Table 1. Using the Sellmerier equation of silica in our simulation
analysis, the refractive index of silica varies with wavelength, so the material properties of
silica in the designed filter have been considered.

Table 1. The parameters in the Sellmeier equation.

B1 B2 B3 C1 (µm2) C2 (µm2) C3 (µm2)

0.6961663 0.4079426 0.8974794 0.00467914826 0.0135120631 97.9340025
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Gold is used as filling material, and its relative dielectric constant is expressed by
using the Drude–Lorentz model [24]:

εm = ε∞ − ω2
D

ω(ω + jγD)
− ∆ε · Ω2

L(
ω2 − Ω2

L

)
− jΓLω

(2)

here, ε∞ is the high frequency dielectric constant. ∆ε is a weighting coefficient. ω is
the angular frequency of the light. ωD and γD are the plasma frequency and damping
frequency, respectively. ΩL is the frequency of the Lorentz oscillator. ΓL is the spectral
width of the Lorentz oscillator. The corresponding coefficient parameters of gold are set as
shown in Table 2.

Table 2. The parameters of gold.

ε∞ ωD/2π(THz) γD/2π(THz) Ω/2π(THz) ΓL/2π(THz) ∆ε

5.9673 2113.60 15.92 650.07 104.86 1.09

During the process of numerical simulation, in order to reduce the radiation loss, the
perfectly matched layer and scattering boundary conditions are employed. The dispersion
distribution between two kinds of modes are analyzed through the FVFEM-based soft-
ware. The computation area is discretized with triangular subdomains and meshed with
25,360 number of smallest elements. The CL of the fiber mode is calculated by using the
imaginary part of effective refractive index (Im(neff)) [25]:

α(x, y) = 8.686 × 2π

λ
× Im

(
ne f f

)
× 104 (3)

here, the unit of α(x, y) is dB/cm.

3. Numerical Simulation and Results Analysis

The optimal parameters d1 = 2.40 µm, d2 = 1.38 µm, d3 = 1.80 µm, d4 = 2.20 µm,
t = 25.60 nm and t = 55.30 nm are obtained during a time consuming process. Figure 2
shows the loss and Re(neff) of CM and SPM with two different t in the left and right
arises, respectively. From Figure 2a, when t is 25.60 nm, the Re(neff) of Y-polarized CM
has intersection with that of Y-polarized SPM at 1550 nm, where SPR effect happened
due to the phase-matching between them. Furthermore, in the Y-polarized direction, CM
and SPM have the same loss, which indicates that complete coupling has occurred [26].
However, the coupling strength of both X-polarized CM and SPM is very low, and the loss
spectrum appears flat. The respective losses of both Y and X-polarized CM are 1024.84
and 0.12 dB/cm around 1550 nm with a large loss ratio of 8540.33 in both polarizations.
Figure 2b shows that the Re(neff) of Y-polarized CM has intersection with that of Y-polarized
SPM at 1310 nm as t is 55.30 nm. Besides, Y-polarized CM has the resonance peak with
maximum loss, when a complete coupling between CM and SPM occurs. Similarly, in the
X-polarized direction, the coupling is weak and no loss peak appears. The losses of 682.14
and 0.03 dB/cm for the respective Y and X-polarized CMs are achieved at 1310 nm, and
the loss ratio is 22,738.

In order to better illustrate the effectiveness of the exhibited structure in increasing
loss ratio of the two orthogonal polarization directions, the loss and distribution of the
electric field of CM with different values of d3 are analyzed. Figures 3 and 4 show the
corresponding distribution of the electric field of Y-polarized CM and the losses of two
polarized CM with d3 = 1.40, 1.60, 1.80 µm and d1 = 2.40 µm, d2 = 1.38 µm, d4 = 2.20 µm,
t = 25.60 nm. The loss peak wavelength is 1740, 1600 and 1550 nm, respectively. From
Figures 3 and 4, as the value of d3 increases, the distance between the gold film hole and the
two air holes with d3 decreases, the designed structure can effectively prevent the diffusion
of the electromagnetic field intensity from the core to the metal surface, and the energy
is concentrated in a certain area of the metal surface. Additionally, the mode coupling
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method has also changed, that is, the CM is no longer coupled with the second-order SPM,
but it is only coupled with a part of the second-order SPM. The energy does not spread to
other regions. Therefore, the coupling strength in the Y-polarized direction will be stronger.
On the other hand, it effectively blocks the coupling channel between the CM and SPM in
the X-polarized direction. Therefore, the intensity of the X-polarized loss decreases as d3
increases. This results in the loss difference and loss ratio of the designed PCF polarization
filter being very large.

Figure 2. Loss and the real part of effective refractive index (Re(neff)) of CM and SPM as t is (a) 25.60 nm and
(b) 55.30 nm, respectively.

Figure 3. Distribution of the electric field of Y-polarized CM varied with d3 = (a) 1.40, (b) 1.60, (c) 1.80 µm and d1 = 2.40 µm,
d2 = 1.38 µm, d4 = 2.20 µm, t = 25.60 nm.

Figure 4. Loss of (a) X-polarized and (b) Y-polarized CM varied with d3 = 1.40, 1.60, 1.80 µm and d1 = 2.40 µm, d2 = 1.38 µm,
d4 = 2.20 µm, t = 25.60 nm.
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Figure 5 shows the distribution of the electric field of X-polarized CM, Y-polarized
CM, and Y-polarized SPM at 1550 and 1310 nm with the complete coupling between Y-
polarized CM and SPM. From Figure 5, whether at 1310 nm or 1550 nm, the distributions
of these three kinds of modes are similar. The electromagnetic field intensity of X-polarized
CM is confined to the PCF core, while that of Y-polarized CM is transferred to the SPM.
Moreover, the electric field distributions of both Y-polarized CM and SPM are essentially
the same. That indicates when the light with the wavelength of 1550 nm or 1310 nm is
transmitted for a certain distance, the light intensity distribution in Y-polarized direction
is attenuated seriously, but the X-polarized light still retains a high energy. Therefore, the
single polarization filter is realized.

Figure 5. Distribution of the electric field of (a,d) X-polarized CM, (b,e) Y-polarized CM, and (c,f) Y-polarized SPM at 1550
and 1310 nm as the complete coupling occurs.

In the following section, the analysis results in Figure 6 show that the polarization
filter characteristics vary with different d1, d2, d3, d4, and t values. As shown from Figure 6a,
the peak wavelength experiences a red shift by increasing d1 from 2.20, 2.40 to 2.60 µm.
It should also be noted that the peak intensity of Y-polarized CM increases firstly and
then decreases as d1 increases. This is because the further increase of d1 results in the
light constrained weakly in the core, which makes the coupling between them weak and
the peak intensity reduce. Hence, the peak wavelength and intensity of the loss can be
coarsely adjusted by selecting appropriate d1. Figure 6b shows the loss of Y-polarized CM
varied with d2 = 1.30, 1.35 and 1.40 µm. From Figure 6b, the peak wavelength decreases
from 1850 to 1500 nm by increasing d2 values from 1.30 to 1.40 µm. Furthermore, the peak
intensity of Y-polarized CM increases obviously with increasing d2. Therefore, the peak
wavelength and intensity can be coarsely tuned with selecting proper d2. Figure 6c shows
the loss of Y-polarized CM varied with d3 = 1.60, 1.70 and 1.80 µm. From Figure 6c, the
peak wavelength is 1600, 1570 and 1550 nm when d3 is 1.60, 1.70 and 1.80 µm, respectively.
Moreover, the peak intensity of Y-polarized CM increases slightly as d3 increases. It can
be seen from the above analysis that the peak wavelength and intensity of the loss do not
obviously change with the increase of d3. Therefore, the peak wavelength and intensity can
be fine-tuned by adjusting d3 appropriately. Figure 6d shows the loss of Y-polarized CM
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varied with d4 = 2.10, 2.15 and 2.20 µm. From Figure 6d, the peak wavelength of Y-polarized
CM shifts to shorter wavelength, that is, from 1780 to 1550 nm with d4 increasing from
2.10 to 2.20 µm. Meanwhile, the peak intensity of Y-polarized CM increases from 846.74
to 1024.84 dB/cm with the increase of d4. Therefore, the peak wavelength and intensity
can be coarse adjusted by using the appropriate d4. Figure 6e shows the loss of Y-polarized
CM varied with t = 22, 26 and 30 nm. From Figure 6e, the peak wavelength of CM shifts to
shorter wavelength with the increase of t, but the movement speed slows down gradually.
This is because the Re(neff) of SPM decreases with increasing t, but that of CM does not
alter distinctly, which generates the blue-shift of the phase-matching point. Furthermore,
the increasing t value decreases the peak intensity of Y-polarized CM. That is why the light
has difficulty penetrating it as the gold film is too thick, which makes the coupling between
CM and SPM weaken. Therefore, the peak wavelength and intensity of the loss can be
roughly adjusted by tuning t properly.

Figure 6. Loss of Y-polarized CM varied with different (a) d1, (b) d2, (c) d3, (d) d4, and (e) t, and other parameters
kept unchanged.
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CT is a key indicator to reflect the property of the filters, which determines the effect
on the unnecessary polarization mode. The available bandwidth of the filters is defined as
a band with a CT value greater than 20 dB or less than −20 dB. The relationship between
the CT value and fiber length can be represented by the following formula [27,28]:

CT = 20lg
{

exp
[(

αy − αx

)
L
]}

(4)

here, L is the PCF length. The unit of the CT and L is dB and µm, respectively.
Figure 7 shows the CT value varied with L = 100, 200, and 300 µm as the PCF is

arranged with the optimal structural parameters. From Figure 7, it is clear that the CT
value reaches to the peak both at 1550 and 1310 nm. As L is increased from 100 to 300 µm,
whether at 1550 nm or 1310 nm, both the peak of the CT value and the bandwidth with a
CT value greater than 20 dB are increased. The available bandwidth is 280 nm, and the
maximum CT value is 89.01 dB at 1550 nm when L is 100 µm in Figure 7a. The CT value is
greater than 20 dB in all bands as L is more than 300 µm. From Figure 7b, as L is 100 µm,
the available bandwidth is 90 nm, and the maximum CT value is 59.24 dB around 1310 nm.
In contrast to the previously reported filter, the presented filter with shorter lengths reveals
higher CT value and wider bandwidth. The results show that the designed polarization
filter can achieve a strong filtering performance both at the communication wavelength of
1550 and 1310 nm.

Figure 7. CT value varied with different L when d1 = 2.40 µm, d2 = 1.38 µm, d3 = 1.80 µm, d4 = 2.20 µm, (a) t = 25.60 nm and
(b) t = 55.30 nm.

Figure 8 shows the CT value varied with different d1, d2, d3, d4 and t in the case of
L = 100 µm. From Figure 8, the structural parameters have the same influence on the CT as
loss value. The CT value has the same change rule as the loss by varying d1. As d2, d3 and d4
increase, the CT value increases. The increase of t causes the CT value to decrease linearly.

To comprehensively demonstrate the performance of the achieved filter, the compari-
son between the designed filter and the previously reported filters is made. Table 3 shows
the results for resonance wavelength, loss, loss ratio, filter length and bandwidth. The
simulation results in Table 3 reveal that the realized loss ratio is 8540.33 and 22,738, and the
obtained filtering bandwidth at 1550 and 1310 nm is 640 and 180 nm with a fixed length of
200 µm, respectively. The comparison results show that, whether at 1310 or 1550 nm, the
designed PCF polarization filter with more miniaturization realizes a higher loss ratio and
wider filtering bandwidth. Therefore, the comparison of many parameters shows that our
proposed polarization filter has better performance.
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Figure 8. CT value varied with different (a) d1, (b) d2, (c) d3, (d) d4 and (e) t.

Table 3. Comparison results between the proposed filter and the previously reported filter.

Ref.
Resonance

Wavelength
Y-Polarized

Loss
X-Polarized

Loss
Loss
Ratio

Filter
Length

Bandwidth

9 1550 nm 433.65 dB/cm 2.64 dB/cm 164.26 4000 µm 150 nm
10 1420 nm 1.13 dB/cm 692.25 dB/cm 612.61 1000 µm 830 nm
17 1550 nm 630.20 dB/cm 36.90 dB/cm 17.10 2000 µm 220 nm
19 1550 nm 718.87 dB/cm 0.95 dB/cm 756.70 300 µm 360 nm
22 1550 nm 563.29 dB/cm 3.75 dB/cm 150.21 5000 µm 990 nm

our filter
1550 nm 1024.84 dB/cm 0.12 dB/cm 8540.33 200 µm 640 nm
1310 nm 682.14 dB/cm 0.03 dB/cm 22738 200 µm 180 nm

There are usually two steps to make the proposed hexagonal PCF polarization fil-
ter. First of all, the hexagonal PCF is realized based on the improved stack and draw
method [29,30]. Secondly, the selective coated gold film in the air hole is carried out by wet
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chemical deposition, and the gold film thickness can be controlled accurately [4,31]. It is
inevitable that the structural parameters change slightly in the process of PCF fabrication.
Figure 9 shows the variety of CT value with ±1% tolerances of the main structural parame-
ters. The ±1% deviations of d2 have a small influence on CT value, and ±1% tolerances of
d1 and t have no influence. Furthermore, the PCF polarization filter still has a high loss
ratio, large CT values and a wide filtering bandwidth under ±1% deviations.

Figure 9. CT value varied with the ±1% tolerances of (a) d1, (b) d2 and (c) t.

In view of the application of the proposed PCF single polarization filter. The splice loss
between the proposed device and the traditional single-mode fibers (SMFs) is considerable.
The splice loss of this designed fiber to a SMF with a mode filed diameter (MFD) of
10 µm is around 7.33 dB at 1.55 µm, which can be further controlled either by the splice-
free interconnection techniques [32] or using fusion splicing by repeated arc discharges
techniques [33]. According to the reference [34], this splice loss can also be overcome if this
PCF structure is coupled with the SMF with the MFD less than 10 µm.

For the spatial optical path coupling in the experiment, a laser beam is emitted from
the laser, firstly using one lens to collimate, then using another lens to focus, using a
high-precision potential shifting platform and other devices to adjust the position of the
proposed PCF polarization filter to improve the coupling efficiency of spatial optical path
and achieve the mode field matching.

4. Conclusions

A novel gold-coated hexagonal PCF polarization filter with a high loss ratio is pro-
posed and studied. Numerical simulation results show that d1, d2, d4 and t have greater
influence on the peak wavelength and intensity of the loss, but d3 has smaller impact
on that. The CM and SPM can be completely coupled at the wavelength of 1550 nm in
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Y-polarized direction, where the respective losses of Y and X-polarized CM are 1024.84 and
0.12 dB/cm with a high loss ratio of 8540.33. Nevertheless, only as t is changed to 55.30 nm,
the respective losses of Y and X-polarized CM at 1310 nm are 682.14 and 0.03 dB/cm, and
the loss ratio reaches to 22738. The filtering bandwidths with a fixed length of 200 µm
at 1550 and 1310 nm are 640 and 180 nm, respectively. The above results also show that
the designed PCF polarization filter has larger loss ratio of Y to X-polarized CM, and
wider filtering bandwidth with a shorter PCF length. The structure deviation analysis
shows that the polarization filter have good fabrication tolerances. Therefore, the designed
hexagonal PCF polarization filter will inevitably be extensively put into use in the optical
fiber communication system.
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Abstract: This paper proposes a novel liquid crystal-filled, dual core photonic crystal fiber polar-

ization beam splitter (LC-DC-PCF PBS) based on the coupled mode theory of DC-PCF. The mode

birefringence of odd and even modes, coupling lengths (CLs) of the X-polarization (X-pol) and Y-

polarization (Y-pol), and the corresponding coupling length ratio (CLR) of the proposed LC-DC-PCF

PBS filled without LC E7 and with LC E7 are compared. The change rules of the CLs of the X-pol and

Y-pol and CLR of the proposed LC-DC-PCF with wavelengths for different cladding microstructure

parameters were investigated. The relationships between the X-pol and Y-pol normalized output

powers in core A of the proposed LC-DC-PCF PBS and the propagation length at the wavelength of

1.604 µm are discussed. Finally, by studying the change of extinction ratio (ER) with wavelength, the

LC-DC-PCF PBS ER of 60.3 and 72.2 dB at wavelengths 1.386 and 1.619 µm are achieved, respectively.

The final splitting length (LS) is 94 µm, and the splitting bandwidth is 349 nm (1.352~1.701 µm),

covering the whole of the E + S + C + L + U communication bands. The proposed LC-DC-PCF PBS

has good beam-splitting performance, such as ultra-short LS and ultra-wide splitting bandwidth,

with potential applications in laser, sensing, and communication systems.

Keywords: liquid crystal; dual-core photonic crystal fiber; polarization beam splitter; extinction ratio

1. Introduction

In the late 1990s, J.C. Knight et al. proposed and successfully fabricated the first photonic
crystal fiber (PCF), whose cladding was composed of micron-sized air holes arranged accord-
ing to certain rules [1–3]. In the following 20 years, due to the flexible cladding microstructure
of PCF and the maturity of fiber post-processing technology, the PCF has experienced incredi-
ble development in various fields of optics and photonics [4–10]. Especially after all six optical
fiber communication windows O (1260–1360 nm), E (1360–1460 nm), S (1460–1530 nm), C
(1530–1565 nm), L (1565–1625 nm), and U (1625–1675 nm) are proposed, PCF has more sig-
nificant advantages in the field of multi window optical fiber communication.

In recent years, researchers worldwide have conducted a great deal of research on
the dual-core photonic crystal fiber (DC-PCF) [11–15]. A large number of studies have
shown that a polarization beam splitter (PBS) with excellent performance can be obtained
by using the coupled mode theory of DC-PCF and fiber post-processing technology, such
as filling with liquid crystal (LC), liquid, or precious metal materials in some fixed air
holes of DC-PCF [16–23]. However, the commonly used precious metal filling materials
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are generally gold or silver materials, which are expensive, and the deposition process is
complex. Complex methods such as high-pressure chemical vapor deposition and radio
frequency magnetron sputtering are usually needed. Compared with gold and silver
materials, LC or liquid filling materials have a lower price and simpler filling process,
so many researchers have favored them in recent years. In 2016, Wang et al. proposed
a DC-PCF PBS filled with LC E7 in all the air holes of the cladding, where the shortest
splitting length (LS) was 890.5 µm and the widest splitting bandwidth was 150 nm, which
almost covers all the S + C + L communication bands [24]. In 2017, Hagras et al. reported
an ultra-compact DC-PCF PBS filled with LC E7 in six big air holes of the cladding. The LS
and splitting bandwidth of the DC-PCF PBS were 111.2 µm and 88 nm, respectively [25]. In
2018, Younis et al. designed a DC-PCF PBS whose left core was surrounded by LC E7-filled
air holes. At wavelengths 1.3 and 1.55 µm, the splitting bandwidths of the DC-PCF PBS
were always 3 nm, and LS were 5.678 and 7.178 mm, respectively [26]. In 2019, Xu et al.
proposed a DC-PCF PBS based on rare metal, Ti, and liquid filling in the cladding air holes.
The proposed DC-PCF PBS offered an ultra-short length of 83.9 µm, a high extinction
ratio (ER) of 44.05 dB, but the splitting bandwidth was only 32.1 nm [27]. However, the
above-mentioned DC-PCF PBS, LC, or liquid are always filled in multiple air holes, and
some DC-PCF PBS also involves filling multiple materials simultaneously or even filling
rare metals, which will lead to increased fabrication difficulty and fabrication cost. In
addition, it is difficult for the above-mentioned DC-PCF PBS to obtain a shorter LS and a
wider splitting bandwidth at the same time.

In this paper, we propose a novel LC-filled DC-PCF (LC-DC-PCF) PBS based on the
DC-PCF-coupled mode theory. With the full vector-finite element method (FV-FEM), the
differences of the effective refractive indices of odd and even modes, mode birefringence of
odd and even modes, coupling length (CL) of the X-polarization (X-pol) and Y-polarization
(Y-pol), and coupling length ratio (CLR) in LC-DC-PCF filled without and with LC E7 are
simulated and compared. Furthermore, the influences of structural parameters on the CLs
of the X-pol and Y-pol and CLR are analyzed. Finally, a LC-DC-PCF PBS with ultra-short
LS (94 µm) and ultra-wide splitting bandwidth (349 nm) is obtained, covering the whole of
the E + S + C + L + U communication bands.

2. Design of the LC-DC-PCF PBS

The cross-sectional structure of the proposed LC-DC-PCF PBS is shown in Figure 1.
From Figure 1, the most central air hole with the diameter of d1 is filled with the LC E7
to obtain high mode birefringence. Near the most central air hole, one air hole is missing
in the X-positive direction, and the other is missing in the X-negative direction to form
cores A and B, respectively. To obtain higher mode birefringence, there are three different
sizes of air holes around cores A and B, with diameters of d2, d3, and d4, respectively. The
diameter of the remaining air hole is d5, and the distance between any two air holes is Λ.
The proposed LC-DC-PCF is arranged in a triangular lattice, and the background material
is silica. A perfectly matched layer (PML) is added to the outermost layer of the proposed
LC-DC-PCF to absorb radiation energy [28]. The refractive indices of the silica material
and PML are nsilica and nsilica + 0.05, respectively. In addition, it also can be seen from
Figure 1 that cores A and B of the proposed LC-DC-PCF are two symmetrical cores with
the same structure.

The refractive index of the nsilica at different wavelengths can be obtained by the
Sellmeier equation [29]:

nsilica(λ) =

√
1 +

A1λ2

λ2 − B2
1

+
A2λ2

λ2 − B2
2
+

A3λ2

λ2 − B2
3

, (1)

where λ is the wavelength of the incident light in the free space. Each coefficient in the
Sellmeier equation for nsilica can be obtained from Ref. [29].
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Figure 1. The cross-sectional structure of the proposed LC-DC-PCF PBS.

The ordinary refractive index no and the extraordinary refractive index ne of the LC
E7 can be described by the extended Cauchy equation [30]:

no = Do +
Eo

λ2 +
Fo

λ4 , (2)

ne = De +
Ee

λ2 +
Fe

λ4 , (3)

where Do, Eo, Fo, De, Ee, and Fe have some specific functional relationships with tem-
perature, which can be obtained from Ref. [30]. The temperature T is 25 ◦C Do = 1.4994,
Eo = 0.007 µm2, Fo = 0.0004 µm4, De = 1.6933, Ee = 0.0078 µm2, and Fe = 0.0028 µm4. Here,
we set the T to a fixed value of 25 ◦C.

The relative permittivity of the LC E7 is defined as [31]

εr =




n2
o sin2(θ) + n2

e cos2(θ) (n2
e − n2

o) cos(θ) sin(θ) 0
(n2

e − n2
o) cos(θ) sin(θ) n2

o cos2(θ) + n2
e sin2(θ) 0

0 0 n2
o


, (4)

where θ is the angle between the direction vector of the LC E7 material and the X-axis.
θ can be controlled by an external electric field, such as placing the proposed LC-DC-
PCF between two electrodes, as shown in Figure 1. The LC E7 molecules can usually be
arranged in three forms by modulating the external electric field: the long axis of the LC E7
molecules is parallel to the X-axis, that is, θ is equal to 0◦. θ between the long axis of the LC
E7 molecule and the X-axis is 45◦. The long axis of the LC E7 molecule is perpendicular to
the X-axis; that is, θ is equal to 90◦. Here, we set θ to the most commonly used fixed value
of 90◦ [31].

The even mode birefringence (Be) and odd mode birefringence (Bo) can be defined
as [32]

Be =
∣∣∣nX

even − nY
even

∣∣∣, (5)

Bo =
∣∣∣nX

odd − nY
odd

∣∣∣, (6)

where nX
even, nY

even, nX
odd, and nY

odd represent the effective refractive indices of the even and
odd modes of the X-pol and Y-pol, respectively.

Because the DC structures of DC-PCF are completely symmetrical and the medium
distribution is the same, the dual-core mode coupling equation can be expressed as [33]

da1(z)

dz
= iβa1(z) + iKa2(z), (7)
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da2(z)

dz
= iβa2(z) + iKa1(z), (8)

where β is the propagation constant of the DC, K is the coupling coefficient of the dual core,
and z represents the transmission direction and distance.

By setting a series of initial condition parameters, combined with the fact that the
DC-PCF has even mode and odd mode in the X-pol and Y-pol, respectively, the mode
coupling equation is solved, and the CLs of the DC-PCF can be obtained.

The CLs of the X-pol and Y-pol of the LC-DC-PCF PBS can be calculated as [34]

CLX =
λ

2
∣∣(nX

even − nX
odd)

∣∣ , (9)

CLY =
λ

2
∣∣(nY

even − nY
odd)

∣∣ , (10)

where CLX and CLY represent the CL of the X-pol and Y-pol, respectively.
The CLR can be calculated by [35]

CLR =
CLY

CLX
, (11)

According to the previous studies, when the optimal CLR = 2 or 1/2 and the CLX and
CLY are shorter, it is easier for the PBS to have the shortest LS [36].

Because cores A and B of the proposed LC-DC-PCF have symmetrical and identical
structures, only incident light from cores A or B should be considered [37]. Here, we
assume that the incident light is incident from core A. The normalized output power (Pout)
in the X-pol and Y-pol in the core A can be described as [38]

PX, Y
out, A = Pin cos2(

π

2
LP

CLX,Y
), (12)

where Pin is the input power of the incident light, and LP is the propagation length of the
LC-DC-PCF PBS. According to Equation (10), LP will change periodically. According to
previous studies, the shortest LP is also the shortest LS [39].

The ER of the core A can be calculated as [40].

ERA = 10 log10

PX
out, A

PY
out, A

, (13)

For the PBS, the ER is a significant indicator with which to judge and characterize the
performance of the PBS. In practical application, when the ER reaches 20 dB, the power
of the polarization light is 100 times that of the other, which is enough to separate two
orthogonal polarization lights. Generally speaking, the wavelength range with the ER
greater than 20 dB is the splitting bandwidth of the PBS [41].

3. Simulation Results

The initial structural parameters of the LC-DC-PCF are set as follows: d1 = 0.85 µm,
d2 = 1.00 µm, d3 = 1.50 µm, d4 = 1.60 µm, d5 = 1.65 µm, and Λ = 2.10 µm. The relationships
between the effective refractive indices of the X-pol and Y-pol even and odd modes of
the LC-DC-PCF and the wavelength are shown in Figure 2a,b when the LC-DC-PCF is
filled without and with LC E7, respectively. From Figure 2a, when the LC-DC-PCF is filled
without LC E7, the effective refractive indices of the X-pol and Y-pol even and odd modes
decrease with the increase in wavelength. The effective refractive index curves of the X-pol
and Y-pol even modes are very close, and those of the X-pol and Y-pol odd modes are
virtually overlapped. In other words, the effective refractive index differences between
the X-pol and Y-pol even modes or X-pol and Y-pol odd modes are very small. Therefore,
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the values of the Be and Bo are also very small. From Figure 2b, when the LC-DC-PCF
is filled with LC E7, the effective refractive indices of the X-pol and Y-pol even and odd
modes decrease with the increase in wavelength. This change trend is similar to that filled
without LC E7. The effective refractive index curves of the X-pol and Y-pol odd modes
are also nearly overlapped. However, the effective refractive index values of the X-pol
and Y-pol even modes have an obvious change, respectively. In other words, the effective
refractive index difference between X-pol and Y-pol odd modes is also very small, but
the effective refractive index difference between X-pol and Y-pol even modes is a larger
value. Therefore, the Bo will still be small, but the Be will be large. The Be and Bo of the
LC-DC-PCF are shown in Figure 3 when the LC-DC-PCF is filled without and with LC E7.
From Figure 3, the Be and Bo are kept very small with the wavelength increase when the
LC-DC-PCF is filled without LC E7. When the LC-DC-PCF is filled with LC E7, the Bo still
keeps a small value, but the Be increases. Be varies from 6.7 × 10−3 to 1.2 × 10−2 in the
wavelength range of 1.3~1.8 µm, which is a relatively large mode birefringence compared
with many previous studies. According to the above analysis, a large Be can be introduced
by filling LC E7 in the most central air hole.

Figure 2. The effective refractive indices of the X-pol and Y-pol even and odd modes of the LC-DC-PCF when the LC-DC-PCF
is filled (a) without and (b) with LC E7, respectively.

Figure 3. The Be and Bo of the LC-DC-PCF when the LC-DC-PCF is filled without and with LC E7.

To further explain the above phenomenon, Figure 4a,b shows the mode field dis-
tributions of the X-pol and Y-pol even and odd modes at wavelengths 1.3 and 1.8 µm,
respectively, when the LC-DC-PCF is filled with LC E7. From Figure 4a,b, when the LC-
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DC-PCF is filled with LC E7, the mode field energies of the X-pol and Y-pol odd modes are
mainly distributed in cores A and B at wavelengths 1.3 and 1.8 µm, respectively. According
to previous work, this is the same as that of conventional DC-PCF. However, no matter
at 1.3 or 1.8 µm, most of the mode field energy of the X-pol and Y-pol even modes is still
distributed in cores A and B, but a small part is distributed in the most central air hole filled
with LC E7. This is also why Be is larger when the LC E7 is filled into the most central air
hole. Therefore, the most central air hole filled with LC E7 can be regarded as a modulation
core. At wavelengths 1.3 and 1.8 µm, the energy percentages of mode field energy of the
X-pol and Y-pol even modes transmitted in the modulation core are 6.79%, 1.23%, and
6.96%, 3.46%, respectively. It can be seen from Figure 4a,b that the energy transmitted in
cores A and B is much greater than that in modulation core. Therefore, the CLX, CLY, and
CLR can be analyzed using the DC-PCF coupling mode theory [42] and Equations (9)–(11).

Figure 4. The mode field distribution of the X-pol and Y-pol even and odd modes at (a) 1.3 µm and
(b) 1.8 µm when the LC-DC-PCF is filled with LC E7.

Figure 5a,b shows the CLX, CLY, and CLR of the LC-DC-PCF when the LC-DC-PCF
is filled without and with LC E7, respectively. From Figure 5a, when the LC-DC-PCF is
filled without LC E7, the CLX, CLY, and CLR decrease approximately linearly with the
wavelength increase. However, the difference between CLX and CLY is small, which leads
to smaller values and smaller changes of CLR. This phenomenon can be deduced from the
results shown in Figure 2a and Equations (9)–(11). In addition, at a wavelength of 1.8 µm,
the minimum values of the CLX and CLY are 151 and 167 µm, respectively. At wavelengths
of 1.3 and 1.8 µm, the largest and smallest CLR are 1.102 and 1.125, respectively. From
Figure 5b, when the LC-DC-PCF is filled with LC E7, although the CLX and CLY decrease
approximate linearly with the increase in wavelength, the difference between the CLX and
CLY decreases gradually. However, the minimum difference is also much larger than when
the LC-DC-PCF is filled without LC E7. With the increase in wavelength, CLR has a trend
of increasing first and then decreasing. This is because the introduction of the modulation
core produces a large Be, leading to a large change in the effective refractive index of the
X-pol and Y-pol even modes, which leads to the corresponding change of the CLX, CLY, and
CLR. At 1.3 µm, the maximum values of the CLX and CLY are 65 and 148 µm, respectively.
Additionally, in the wavelength range of 1.3~1.8 µm, the minimum and maximum values
of CLR are 2.057 and 2.395, respectively. Therefore, when the LC-DC-PCF is filled with
LC E7, the maximum CLX and CLY are smaller than the minimum CLX and CLY when the
LC-DC-PCF is filled without LC E7, and the CLR value in the range of 1.3~1.8 µm is closer
to the optimal CLR = 2. In other words, the LC-DC-PCF is filled with LC E7; if CLR = 2 is
obtained at a certain wavelength in the communication band and the CLX and CLY have a
small value, the proposed LC-DC-PCF PBS may obtain better beam splitting characteristics.
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Therefore, in the following, we will discuss the change rule of the CLX, CLY, and CLR of
the proposed LC-DC-PCF with the change of each structural parameter.

Figure 5. The CLX, CLY, and CLR of the LC-DC-PCF when the LC-DC-PCF is filled (a) without and (b) with LC
E7, respectively.

The change rules of the CLX, CLY, and CLR of the proposed LC-DC-PCF with wave-
lengths for different d1 are shown in Figure 6a–c. From Figure 6a, when d1 increases from
0.65 to 1.05 µm, the CLX increases gradually in the whole wavelength range of 1.3~1.8 µm.
However, the increased extent of the CLX at a short wavelength is larger than that at a
long wavelength. From Figure 6b, when d1 increases from 0.65 to 0.75 µm, the CLY also
increases gradually in the whole wavelength range of 1.3~1.8 µm. However, when d1
increases from 0.75~0.95 µm, the CLY decreases gradually at the short wavelength, and the
decreasing range is larger, while the CLY increases gradually at the long wavelength and
the increasing range is smaller. When d1 increases from 0.95 to 1.05 µm, the CLY decreases
gradually in the wavelength range of 1.3~1.8 µm, while the CLY has a larger decrease at a
short wavelength and a smaller decrease at a long wavelength. On the whole, the change
range of the CLY in the short wavelength is larger than that in the long wavelength when
d1 increases from 0.75 to 1.05 µm. From Figure 6c, the CLR also increases in the whole
wavelength range of 1.3~1.8 µm with the increase in d1 from 0.65 to 0.75 µm, then decreases
in the short wavelength and increases in the long wavelength with the increase in d1 from
0.75 to 0.95 µm, and finally decreases in the whole wavelength range of 1.3~1.8 µm with
the increase in d1 from 0.95 to 1.05 µm. On the whole, the CLR occurs to fluctuate in the
range from 0.84 to 2.74. When d1 is 0.85 µm, the minimum and maximum of the CLR are
2.3948 and 2.0568, respectively, and the difference between them is 0.338.

The change rules of the CLX, CLY, and CLR of the proposed LC-DC-PCF with wave-
lengths for different d2 are shown in Figure 7a–c. From Figure 7a, when d2 increases from
0.80 to 1.20 µm, the CLX maintains a relatively stable increase in the whole wavelength
range of 1.3~1.8 µm. However, overall, the changing amplitude of the CLX is not very
large. From Figure 7b, when d2 increases from 0.80 to 1.00 µm, the CLY changes little at the
short wavelength but increases steadily at the long wavelength. The CLY also maintains a
relatively stable increase in the whole wavelength range of 1.3~1.8 µm when d2 increases
from 1.00 to 1.20 µm. However, on the whole, the changing amplitude of the CLY is slightly
larger than that of the CLX. According to the change rule of the CLX and the CLY with d2,
the CLR decreases gradually at the short wavelength and increases gradually at the long
wavelength when d2 increases from 1.00 to 1.20 µm. In addition, it is found that the larger
the d2, the smaller the difference between the minimum and maximum CLR. When d2 is
1.20 µm, the minimum and maximum of the CLR are 2.3994 and 2.1534, respectively, and
the difference between them is only 0.246.
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Figure 6. The change rules of the (a) CLX, (b) CLY, and (c) CLR of the LC-DC-PCF with wavelengths for different d1.

Figure 7. The change rules of the (a) CLX, (b) CLY, and (c) CLR of the LC-DC-PCF with wavelengths Figure 2.
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The change rules of the CLX, CLY, and CLR of the proposed LC-DC-PCF with wave-
lengths for different d3 are shown in Figure 8a–c. From Figure 8a,b, the CLX and CLY
decrease gradually when d3 increases from 1.30 to 1.70 µm in the whole wavelength range
of 1.3~1.8 µm. The decreasing amplitude of the CLY is slightly larger than that of the CLX.
Thus, it can be seen from Figure 8c that the CLR maintains a relatively stable decrease when
d3 increases from 1.30 to 1.70 µm in the whole wavelength range of 1.3~1.8 µm. In addition,
we also find that the larger the d3, the smaller the difference between the minimum and
maximum CLR. When d3 is 1.70 µm, the minimum and maximum of the CLR are 2.2541 and
1.9409, respectively, and the difference between them is only 0.3132.

Figure 8. The change rules of the (a) CLX, (b) CLY, and (c) CLR of the LC-DC-PCF with wavelengths for different d3.

The change rules of the CLX, CLY, and CLR of the proposed LC-DC-PCF with wave-
lengths for different d4 are shown in Figure 9a–c. From Figure 9a,b, the CLX and CLY
gradually decrease when d4 increases from 1.40 to 1.80 µm in the whole wavelength range
of 1.3~1.8 µm. The decreasing amplitude of the CLX and CLY is nearly the same. Therefore,
as shown in Figure 9c, the CLR has a small change when d4 increases from 1.40 to 1.80 µm
in the whole wavelength range of 1.3~1.8 µm. In addition, when d4 is 1.40 µm and 1.8 µm,
the minimum and maximum of the CLR are 2.0436, 2.3835, and 2.0653, 2.3996, respectively.
The maximum difference of the CLR is only 0.0217.

The change rules of the CLX, CLY, and CLR of the proposed LC-DC-PCF with wave-
lengths for different d5 are shown in Figure 10a–c. From Figure 10a,b, the curves under
different d5 are virtually coincident, that is to say, the CLX and CLY do not change when d5
increases from 1.40 to 1.80 µm in the whole wavelength range of 1.3~1.8 µm. Certainly, the
CLR will not change with the change of d5 in the whole wavelength range of 1.3~1.8 µm.
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Figure 9. The change rules of the (a) CLX, (b) CLY, and (c) CLR of the LC-DC-PCF with wavelengths for different d4.

Figure 10. The change rules of the (a) CLX, (b) CLY, and (c) CLR of the LC-DC-PCF with wavelengths for different d5.
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The change rules of the CLX, CLY, and CLR of the proposed LC-DC-PCF with wave-
lengths for different Λ are shown in Figure 11a–c. From Figure 11a it can be seen that the
CLX increases gradually in the whole wavelength range of 1.3~1.8 µm when Λ increases
from 1.90 to 2.30 µm. From Figure 11b, although the CLY also increases gradually in the
whole wavelength range of 1.3~1.8 µm when Λ increases from 1.90 to 2.30 µm, the increas-
ing amplitude of the CLY is larger at the shorter wavelength and smaller at the longer
wavelength. Hence, when Λ increases from 1.90 to 2.30 µm, the CLR increases gradually,
but the increased amplitude of the CLR is larger at the shorter wavelength and smaller at
the longer wavelength. When Λ is 1.90 µm, the maximum and minimum of the CLR are
2.0778 and 1.9035, respectively, and the difference between them is only 0.1743. When Λ is
2.30 µm, the maximum and minimum of the CLR are 2.2349 and 2.8137, respectively, and
the difference between them can reach 0.5877. That is to say, the difference between the
maximum and minimum of the CLR becomes larger when Λ increases from 1.90 to 2.30 µm.

Figure 11. The change rules of the (a) CLX, (b) CLY, and (c) CLR of the LC-DC-PCF with wavelengths for different Λ.

4. Discussion

According to the above analysis, considering the influences of structural parameters
on the CLX, CLY, and CLR of the proposed LC-DC-PCF, a set of final parameters is set as
d1 = 1.00 µm, d2 = 0.90 µm, d3 = 1.50 µm, d4 = 1.65 µm, d5 = 1.70 µm, and Λ = 2.10 µm. The
relationships of the CLX, CLY, and CLR of the proposed LC-DC-PCF with wavelengths
obtained under the final parameters are shown in Figure 12. From Figure 12, the CLX
decreases with the increase in wavelength, while the CLY first increases and then decreases
with the increase in wavelength. At the same time, we notice that the CLX and CLY have
a relatively small length, and the maximum length is only 98.4 µm. With the increase in
wavelength, the CLR first presents a gradual upward trend, but the upward trend gradually
decreases and finally has a nearly flat change. When the wavelength is equal to 1.604 µm,
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the CLR is equal to 2. Before the wavelength of 1.604 µm, the range of the CLR change is
1.22~2.0. After the wavelength of 1.604 µm, the range of the CLR change is only 2.0~2.036.

Figure 12. The relationships of the CLX, CLY, and CLR of the proposed LC-DC-PCF with wavelengths.

We mentioned earlier that, when the CLR = 2 and the CLX and CLY are shorter, the
proposed PBS is easier to obtain the shortest LS. Therefore, the relationships between the X-
pol and Y-pol Pout in the core A of the proposed LC-DC-PCF PBS and LP at the wavelength
of 1.604 µm are shown in Figure 13. From Figure 13, when the LP is 0 µm, Pout of the X-pol
and Y-pol is the maximum because the initial incident light enters the core A. When LP is
94 µm, Pout of the X-pol reaches the maximum again, while Pout of the Y-pol reaches 0 for
the first time. This shows that only X-pol light exists in core A, and Y-pol light only exists in
core B. When LP is 188 µm, Pout of the X-pol and Y-pol is once again maximum. It indicates
that both the X-pol and Y-pol light completely exist in core A again, just as in the initial
incident. That is enough to show that Pout of the X-pol and Y-pol changes periodically with
the increase in LP. That is to say, the X-pol and Y-pol light propagate periodically in cores
A and B. When the X-pol and Y-pol light are separated to cores A and B for the first time,
respectively, the corresponding LP = 94 µm is the shortest LS.

Figure 13. The relationships between the X-pol and Y-pol Pout in the core A of the proposed LC-DC-
PCF PBS and the LP at 1.604 µm.

When LP is 94 µm, the relationship of the ER in the core A of the proposed LC-DC-PCF
with wavelengths is shown in Figure 14. It can be seen from Figure 14 that with the increase
in wavelength, the ER first increases and then reaches the first maximum peak value of
60.3 dB at the wavelength of 1.386 µm. Then, as the wavelength continues to increase,

240



Photonics 2021, 8, 461

the ER first decreases and then increases; a relatively gentle ER valley is formed between
1.386 and 1.619 µm, and then reaches the second maximum peak value of 72.2 dB at the
wavelength of 1.619 µm. After 1.619 µm, the ER decreases gradually with the increase in
wavelength. Between 1.352 and 1.701 µm, the ER is greater than 20 dB. In other words, the
splitting bandwidth of the proposed LC-DC-PCF PBS can reach 349 nm (1.352~1.701 µm),
which can cover the whole of the E + S + C + L + U communication bands.

Figure 14. The relationship of the ER in the core A of the proposed LC-DC-PCF with wavelengths.

The comparisons between the proposed LC-DC-PCF PBS and reported DC-PCF PBS
are shown in Table 1. From Table 1, since the cost of liquid crystal E7 is significantly lower
than that of gold, from the perspective of structural fabrication and cost reduction, the
proposed LC-DC-PCF PBS in this work is only filling liquid crystal E7 in one air hole, does
not fill other materials, and does not contain elliptical air holes, which not only reduces
the fabrication difficulty but also reduces the fabrication cost. In addition, only LS of the
DC-PCF PBS reported in Ref. [27] is slightly shorter than that of the proposed LC-DC-PCF
PBS, but the splitting bandwidth of the proposed LC-DC-PCF PBS is more than ten times
that of the DC-PCF PBS reported in Ref. [27]. Moreover, the maximum ER of the DC-PCF
PBS reported in Refs. [16,38,39] is slightly higher than that of the proposed LC-DC-PCF PBS,
but the proposed LC-DC-PCF PBS has the widest splitting bandwidth and the shortest LS
compared with other results reported in Refs. [16,38,39]. Because the splitting bandwidth of
the DC-PCF PBS is the wavelength range corresponding to the ER greater than 20 dB, even
if the maximum ER of a certain wavelength is large, the final splitting bandwidth is not
necessarily the widest, so it is only necessary to compare the LS and splitting bandwidth.
To summarize, it can be seen that the proposed LC-DC-PCF PBS in this work can obtain
a shorter LS and wider splitting bandwidth at the same time and has a lower cost and
simpler fabrication process.

Table 1. Comparisons between the proposed LC-DC-PCF PBS and reported DC-PCF PBS.

Ref. Structural Characteristics Splitting Bandwidth LS Max ER

[16] Filling liquid crystal E7 in one air hole 250 nm 175 µm 80.7 dB
[24] Filling liquid crystal E7 in all air holes 150 nm 890.5 µm 45 dB

[25]
Filling liquid crystal E7 in six air holes

and filling As2S3 in one air hole
88 nm 111.2 µm 55 dB

[26] Filling liquid crystal E7 in six air holes 3 nm 5678 µm <30 dB

[27]
Filling liquid (ethanol) in six air holes and

filling Ti in two air holes
32.1 nm 83.9 µm 44.05 dB

[38] Filling elliptical gold wire in one air hole 70 nm 1079 µm 174.92 dB
[39] Coating gold film in one air hole 318 nm 188 µm <82dB
[40] Filling silver wire in one air hole 250 nm 577.5 µm 42 dB

This work Filling liquid crystal E7 in one air hole 349 nm 94 µm 72.2 dB
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The fabrication methods of the PCF mainly include the stack-and-draw method,
femtosecond laser drilling method, 3D-printing method, etc., [3,43–45]. In addition, the
technology of selectively filling LC in some or all of the air holes has also been very
mature; in the past three years, there have been many reports on the practical fabrication of
PCFs selectively filled with LC material [46–50]. In this work, the fabrication steps of the
proposed LC-DC-PCF are as follows: first, the proposed LC-DC-PCF is fabricated by the
stack-and-draw method. With this method, the high-purity silica glass tubes of different
diameters and wall thicknesses are arranged according to the designed structure. Two
high-purity silica solid rods with the same diameter are used to replace the high-purity
silica glass tubes on the left and right sides of the most central high-purity silica glass
tubes, respectively, to form the LC-DC-PCF preform, and then the LC-DC-PCF preform
is drawn into the designed LC-DC-PCF. In the fabrication process, parameters such as
temperature, air pressure, and traction speed must be controlled simultaneously to obtain
the LC-DC-PCF with an excellent final structure. Finally, the LC E7 is selectively filled in
the central air hole of the proposed LC-DC-PCF by femtosecond laser-assisted selective
infiltration technology. Among them, the technology mainly includes several steps, such as
UV curable, normal splicing, laser cutting, capillary infiltration, etc.

In the actual fabrication process for the proposed LC-DC-PCF, some unnecessary
tolerances will inevitably occur in the diameter of the air hole, which will lead to a ±1%
change in the final LS. When the final LS changes ±1%, the relationships of the ER in
the core A of the proposed LC-DC-PCF with wavelength are shown in Figure 15. From
Figure 15, when the final LS changes -1% and +1%, the wavelength ranges with ER greater
than 20 dB are 1.346~1.713 µm and 1.357~1.689 µm, respectively, which can cover the whole
of the E + S + C + L + U communication band. This indicates that the proposed LC-DC-PCF
has good fabrication fault tolerance.

Figure 15. The relationship of the ER in the core A of the proposed LC-DC-PCF with wavelengths
when the final LS changes ±1%.

5. Conclusions

In summary, a novel LC-DC-PCF PBS based on the DC-PCF-coupled mode theory is
proposed. Using the FV-FEM, the effective refractive indices of the X-pol and Y-pol even
and odd modes, the Be and Bo, the CLX, CLY, and CLR of the LC-DC-PCF filled without
and with LC E7 are analyzed and compared. By optimizing the influences of cladding
microstructure parameters on the CLX, CLY, and CLR of the LC-DC-PCF, the CLR is exactly
equal to 2 at a wavelength of 1.604 µm. The relationships between the X-pol and Y-pol
Pout in core A of the proposed LC-DC-PCF PBS and LP at the wavelength of 1.604 µm
are investigated. The ERs in core A achieve 60.3 and 72.2 dB at wavelengths 1.386 and
1.619 µm, respectively. The final LS is 94 µm, and the splitting bandwidth can reach 349 nm
(1.352~1.701 µm), covering the whole of the E + S + C + L + U communication bands. The
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proposed LC-DC-PCF PBS has an ultra-short LS and ultra-wide splitting bandwidth, so it
can be applied in laser, sensing, and communication systems.
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