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The aim of this paper is to provide a comprehensive review of mode-division and spatial-
division optical fiber sensors, mainly encompassing interferometers and advanced fiber
gratings. Compared with their single-mode counterparts, which have a very mature
field with many highly successful commercial applications, multimodal configurations
have developed more recently with advances in fiber device fabrication and novel mode
control devices. Multimodal fiber sensors considerably widen the range of possible
sensing modalities and provide opportunities for increased accuracy and performance in
conventional fiber sensing applications. Recent progress in these areas is attested by sharp
increases in the number of publications and a rise in technology readiness level. In this
paper, we first review the fundamental operating principles of such multimodal optical
fiber sensors. We then report on the theoretical formalism and simulation procedures that
allow for the prediction of the spectral changes and sensing response of these sensors.
Finally, we discuss some recent cutting-edge applications, mainly in the physical and
(bio)chemical fields. This paper provides both a step-by-step guide relevant for non-
specialists entering in the field and a comprehensive review of advanced techniques for
more skilled practitioners. © 2022 Optica Publishing Group
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1. INTRODUCTION

1.1. Motivation and Significance

Optical fiber sensors are almost as old as the first optical fibers developed for telecom-
munications. It can be considered that the idea to use optical fibers as sensors occurred
as a side benefit of efforts to prevent them from being perturbed by temperature changes
and micro- or macro-bending in telecommunication networks. Nowadays, many opti-
cal fiber sensor configurations have matured into commercial products that are very
competitive with other sensing technologies, in terms of both performance and cost
[1,2]. The most prominent examples to date remain fiber Bragg grating (FBG) sensors
and arrays, as well as distributed sensors based on various implementations of Bril-
louin, Raman, and Rayleigh scattering in single-mode fibers (SMFs). Although most
commercial systems rely on measurements of the transmitted or reflected fundamen-
tal mode of single-mode optical fibers, more recent developments have focused on
multimodal architectures that considerably widen the sensing modalities. Tempera-
ture, strain, displacement, pressure, and bending have been the physical parameters
of interest of the first developed sensors. Then, a continuous effort has been made
towards performance enhancements and additional sensing modalities, especially in
the chemical and biological fields. Although access to the additional cladding-guided
modes that conventional SMFs can support has been very fruitful along these lines,
there are also many more new sensing schemes that take advantage of the multiple
available propagating modes of specialty fibers: fibers with multilayered refractive
index profiles, fibers with non-circular cross sections, microstructured fibers, and
many kinds of multicore fibers (MCFs). The most important differentiators enabled
by these advances arise from the possibility of multiparameter sensing with a single
device, the reduction of cross-sensitivities or the improved accuracy of a single meas-
ured parameter by combining the responses of many fiber modes to its evolution. The
sensor configurations that allow those modalities include resonant devices (refractive
index gratings) and mode interferometers. Both mode-division-multiplexed (MDM)
and spatial-division-multiplexed (SDM) optical fiber sensor configurations have been
studied and demonstrated for physical sensing applications (temperature, strain/lateral
force/pressure, curvature, torsion, vibration, microfluidics, acoustics, electric, and
magnetic fields) as well as for chemical, biochemical, electrochemical, and medi-
cal sensing applications. The overall progress in these fields is attested by the steady
annual growth of the number of active international research groups, publications (cur-
rently several hundred per year) and patents. Compared with commercially available
optical fiber sensing solutions where advances consist mostly of engineering opti-
mization, most research on MDM and SDM sensors has been more fundamental and
concentrating on widening the sensing modalities and the applications, as evidenced
by publications in top-level journals of the multidisciplinary fields covered by these
technologies. However, these fundamental research paths are now being translated
into more applied ones and an important rise in technology readiness levels has been
achieved over the past few years. Given the ample evidence of commercial viability for
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more mature optical fiber sensing configurations, the future for emerging technologies
such as MDM and SDM sensors is highly promising.

1.2. Scope and Organization of the Review

The objective of the current review is to highlight the recent trends in MDM and
SDM sensors, mainly focusing on new applications that have been enabled (compared
with single-mode-based systems), and on the increased use of specific coatings and
plasmonic amplification of sensing modalities. In addition, there are a number of
common underlying mathematical and physical principles to all these systems that are
described experimentally and through simulations.

This review does not deal with distributed fiber sensors, as they are based on totally
different sensing mechanisms than point sensors and mostly designed for other appli-
cations [3,4]. With regards to point sensors, the emphasis will be on devices where
more than one guided mode is involved, as this is where most of the new applica-
tions have emerged and where most of the potential lies for further advances. As
a result, devices that have been commonly used (and commercialized) for decades
(Bragg grating strain and temperature sensors for instance) are not discussed beyond
their fundamental operating principles as they apply to more advanced systems.
Furthermore, there have been numerous recent thematic fiber-optic sensor review
articles covering specific technologies or applications, consisting mostly of com-
mented literature surveys and comparative lists of performance and characteristics
[5-9]. The current review aims at providing a unified vision and understanding of
single-point optical fiber sensors encompassing several fiber modes in one core, in
multiple cores or both in the core(s) and the cladding. This family of optical fiber
sensors has been the subject of intense research and development over the past few
years and has witnessed considerable progress both in terms of practicality and tar-
get applications. In the following, we use the terminology “multimodal” sensors to
lighten the text in describing common features of mode division and spatial division
Sensors.

The main discriminant factor in the sensor systems to be considered is the participation
of at least two modes with different effective refractive indices and mode field dis-
tributions. Propagation of these modes into any waveguiding structure where they at
least partially overlap will lead to wavelength-dependent transfer functions or to total
transmitted power fluctuations when connected to optical instrumentation by input
and output SMFs. The main operating principle of any sensor system design is to
control the amount of excitation and recoupling of different modes at the input/output
junctions as well as the lengths and positions of the light paths of the various modes
through the system (Fig. 1).

The possible systems are divided into two main categories: resonant or interferometric
(and sometimes both). Interferometric systems require the excitation of more than one
co-propagating waveguide mode over a finite distance over which the modes propagate
at different phase velocities. Any change in the refractive index structure over which
the modes propagate will change their relative phase velocities and, hence, their field
amplitude superposition and, thus, the power coupled into the output(s) of the device.
Resonant systems involve a periodic modulation of the refractive index of some part
of the fiber device (a grating), resulting in coherent coupling of power between modes.
This coupling only occurs at specific wavelengths that depend on the mode effective
indices and the grating period, as measured by the positions and amplitudes of reso-
nances in their transmission and/or reflection spectra. Any small perturbation of the
effective indices changes the resonant wavelength(s) whereas amplitude changes are
typically obtained from changes in the waveguiding structure that have a measurable
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Figure 1
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Operating principle of a generic multimodal optical fiber sensor based on a finite-
length sensing section under arbitrary perturbations, along with single-mode input

and output fibers.

effect on the mode shapes and, thus, on the grating coupling coefficients (adding a
lossy coating or macrobending, for instance).

The remainder of the paper is organized as follows. Section 2 provides a general
overview of the current knowledge on the necessary fundamental fiber-optic prin-
ciples involved in fiber sensor design. First, we summarize how fiber modes and
their properties can guide and affect designs in many kinds of fibers, including
MCFs designed for spatial-division multiplexing. Then, the principles and imple-
mentations of all-fiber interferometric systems are introduced, including tapers,
single-mode/multimode/single-mode (SMS) structures, supermode interferometers,
and fibers with weakly coupled multiple cores. Lossy mode resonances (LMRs) in
fibers coated with layers thick enough to support waveguiding are also considered.
Finally, fiber grating principles, configurations, and their subsequent sensing modal-
ities are presented. Sections 3 and 4 describe a selection of representative recent
advances in physical, electromagnetic, chemical/biochemical, and medical appli-
cations of fiber-optic point sensors. There are four tables that present condensed
information from a non-exhaustive but very representative list of relevant references.
This is followed by a discussion about the current challenges that are preventing the
faster and wider deployment of new fiber-optic sensor technologies as well as by sug-
gested opportunities for new research that have appeared as a result of the most recent
advances.

2. FUNDAMENTALS OF MULTIMODAL FIBER SENSORS

2.1. Fiber Modes in Multimode and Multicore Systems

What has become quite interesting and rich in new sensing opportunities in recent
years is the appearance of new types of SMFs and multimode fibers (MMFs) developed
for a variety of applications. These applications include short- and long-haul com-
munications, active fiber devices for use in fiber lasers, supercontinuum sources, and
other nonlinear optical systems and biomedical devices. In particular, it was realized
that fibers with cores able to support “a few” modes had sufficient mode stability to
sustain independent channels of information over long distances without intermodal
mixing (thereby leading to “mode division multiplexing”) [5-24]. In the same cate-
gory, MCFs that carry information in independently guiding cores within an optical
fiber also have many interesting new sensing applications [25-55].
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Prior to going further in the presentation of such structures, it is certainly relevant
to recall what an optical fiber mode is. The mathematical formalism is available
in numerous textbooks [56—59] and is not reproduced here. We just provide some
important information for the correct understanding of the essence of multimodal
optical fiber sensors. Propagation of light in optical fibers is derived from Maxwell
equations by solving the Helmholtz equation, usually in a (r,z,¢) cylindrical system
of coordinates. The polarization states of modes are crucial in determining their
sensitivities to perturbations. Numerous kinds of optical fibers can be described (or
for graded-index fibers approximated) by a series of concentric layers of transparent
dielectric materials. When the refractive index contrast of the whole structure is small
(including the surrounding material), it is common to use the scalar wave equation to
obtain the so-called linearly polarized (LP) modes. However, when the refractive index
contrast becomes larger, or when sensing modalities depend critically on mode field
polarization, the LP approximation results are inaccurate and the full vector analysis
remains the sole option.

Therefore, for the sake of completeness, we consider this more exhaustive represen-
tation in the following. For fibers with cylindrical symmetry, within each layer the
field components are linear combinations of ordinary and modified Bessel functions.
A solution is found by matching the tangential field components of adjacent layers.
Four types of vector fiber modes exist.

- TEy, describes the transverse electric family of modes for which the component of
the electric field along the optical fiber axis is zero. The electric field of these modes
is strictly azimuthal (no r or z components) and, therefore, parallel to the boundaries
of the fiber layers.

- TMy, describes the transverse magnetic family of modes for which the component
of the magnetic field along the optical fiber axis is zero. The electric field of these
modes is forming closed loops in r—z planes and is, therefore, radially polarized across
the layer boundaries.

- EH,,, and HE,,,, are hybrid modes for which the components of the electric and
magnetic fields along the optical fiber axis are both non-zero. The subscripts m and
n are both integers: m corresponds to the multiplier of the angle in the cosine/sine
functions that determines the azimuthal dependence of the modes whereas n is the
order of appearance of a mode in descending order of effective index. All these modes
have mixed polarization (r, z, and ¢ components are all non-zero), but for modes with
high radial orders (greater than about 10), EH modes are predominantly TM polarized
(i.e., E fields with r and z components), whereas HE modes are TE polarized (actually
¢ polarized). This means that EH/TM cladding modes are polarized perpendicularly
to the fiber surface whereas HE/TE modes are polarized along the plane of the fiber
surface. Finally, the cylindrical symmetry imposes that any mode can be rotated by
any angle ¢ without losing its identity. For instance, Fig. 2 shows two modes with a
seemingly identical (but rotated) profile (as seen from the intensity pattern). A closer
examination of the mode electric fields shows that they are indeed different, i.e., an
HE mode on the left and an EH mode on the right. Upon rotation by ¢ = 7/2, the HE
mode intensity pattern becomes identical to that of the EH mode, but the fields are
completely different whereas the effective indices are slightly different. As a result,
the sensing properties of devices based on such two modes will be distinct in most
cases.

For about 20 years now, one of the richest (if somewhat predictable) fields of research
in fiber sensors has been all-fiber interferometers constructed by splicing short sections
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of different types of fibers between SMF input and output leads, optimized for specific
sensing applications. In a more general sense, it is shown in the following sections how
to select and use multimodal fiber types with specific field distributions and effective
index dispersions to provide enhanced sensing accuracy in certain applications.

There are many well-established methods to calculate mode fields and their effective
and group indices in fibers with arbitrary refractive index profiles, but the sensor
precision requirements (and recent achievements) indicate that the accuracy of mode
solvers is of prime importance. In particular, modern spectral interrogation systems
for fiber gratings can provide wavelength resolutions of a few picometers and resonant
wavelength position accuracies of the order of 0.1 pm. Therefore, to simulate and model
such sensors and sensing schemes at wavelengths between ~1000 and ~1600 nm, mode
effective indices must be precise to at least 6 significant digits. In addition, this requires
using the most accurate fiber parameter values available, i.e., the refractive indices
and their dispersion, and the cross-section geometry (dimensions). Of course, the
problem is further complicated with arbitrary coatings on the fiber surface, such as the
nanoscale metal layers used for plasmonic sensors and by the fact that fiber processing
(such as laser irradiation to form gratings in the core of optical fibers) often leads to
hard to quantify changes in the fiber indices and dispersion [60].

Many commercially available optical fiber mode solvers come with solving options
based on the complexity of the fiber cross section. There are analytic and semi-
analytic methods that are in principle “exactly accurate” for cylindrically symmetric
structures with arbitrary numbers of layers [57-62]. They are derived directly from
Maxwell’s equations and use modern numerical tools for matrix computations and root
searching that have more than enough precision. There are also 1D finite-difference
(FD) mode solvers where the azimuthal dependence of the solutions of the wave
equation is removed by separation of variables using the periodicity of the mode



8 Vol. 14, No. 1/March 2022/ Advances in Optics and Photonics “‘m

solutions with azimuthal angle [63-65]. Solving the same problem with these two
methods is a good test of their validity because they are based on quite different
algorithms and, in fact, may help in choosing the grid resolution for the FD approach.
For fibers lacking in cylindrical symmetry, such as fibers with a deformed cladding
(D-shaped, rectangular, or with a deep wide slot to expose the core), and apart from
very few special configurations, “brute force” methods based on 2D FDs or finite-
element (FE) techniques are required [58,63,66]. Although still configured to force
the field solutions to satisfy Maxwell’s equations at all the material boundaries, the
quality of the mode fields and effective indices obtained with these algorithms for
arbitrarily complex fiber cross sections are difficult to verify with high quantitative
precision.

There are also specific mode solving approaches for the special case of photonic
crystal fibers (fibers with microstructures that have radial and azimuthal symmetries
allowing the use of bandgap calculation techniques [67]). In all of these cases, FD
and FE methods provide the most flexible mesh gridding for arbitrarily complex
refractive index distributions [58,63]. However, achieving parts per million effective
index accuracies then requires very extensive calculation times because of the sizes of
the calculation grids.

Finally, there are many sensing approaches that rely on depositing functional or waveg-
uiding coatings on the surface of the fiber. Waveguiding coatings that are thick enough
and/or have a sufficiently large refractive index to guide light within their boundaries,
produce what is usually referred to as LMRs because they allow for the resonant trans-
fer of energy from an underlying guided mode to the coating guided mode [68,69].
These coatings must be treated as additional layers in the refractive index profile of
the fiber and the guided modes of the whole system must be recalculated. As LMRs
are typically highly dispersive, because they are guided near cut-off by very thin layers
with small index difference from the fiber and/or surroundings, the effect on grating-
based resonances can be quite large (cf. Section 2.5). In the case of non-waveguiding
functional coatings, the layers used are typically very thin and their presence modi-
fies the properties of the modes guided by the interface where the coating is located
(see [70] for a recent example). The effect of the coatings and of their modifications
depends on the overlap of the evanescent field of these modes with the coating layer.
For these types of coatings, modes can also be recalculated or perturbation techniques
based on the modes of the uncoated fiber can be used. Simulation of sensing events
involve changing the permittivity or thickness of the coating and finding their effect
on the mode effective indices and field distributions. However, for many coatings the
exact optical properties are not precisely known (see, for instance, [71,72] and refer-
ences therein). They can depend rather critically on the deposition techniques used and
even on parameters chosen for a given deposition technique. Ultrathin coatings (of the
order of A/100) further complicate the issue, as they are rarely perfectly uniform and
may have roughness values similar to their thickness. This results in a regime where
they can be difficult to distinguish from nanoparticles, with consequences on the exact
value of their average complex permittivity [73].

Special consideration must be made for cylindrically symmetric multimode sys-
tems, including the important case of the core and cladding of the standard SMF,
as they are used in many fiber sensor systems. As shown in Fig. 2, the high-order
cladding-guided modes (i.e., with effective indices lower than about 1.4 for silica
glass fibers) separate into four well-defined quasi-degenerate (similar effective index)
groups defined by their azimuthal order parity (odd or even) and their dominant
electric field orientation in the fiber cross section. The existence and composition
of these mode families can be verified by simulations, but they also show up very
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clearly, for higher-order modes at least, in the measured spectra of fiber gratings
such as off-center FBGs [74—76], excessively tilted fiber gratings (Ex-TFGs) [77], and
tilted fiber Bragg gratings (TFBGs) [78]. Figure 3 shows a TFBG spectrum extract
which indicates the corresponding mode polarization and azimuthal parity of four
measured and simulated resonances (the EH/TM modes are always on the short-
wavelength side of a resonance pair and resonance pairs alternate between odd and
even azimuthal order groups) [79]. Understanding and controlling these mode profile
distributions and polarizations is an essential feature of advanced multimodal sensor
design.

In the same way as with few mode fibers, the optical networking community devel-
oped “spatial division multiplexing” using fibers with several cores to increase the
information carrying capacity of single fibers. When the cores are optically isolated
from each other and from the cladding surface, each core mode of such fibers can be
calculated using the same techniques used for single-core fibers. However, the effect of
sensing-induced perturbations on the whole fiber may in certain circumstances affect
the cores differentially. The best example of this is in fiber shape sensors based on
MCFs, because bending the fiber introduces a non-uniform stress distribution over the
fiber cross section and, thus, perturbs the modes of each core by different amounts.
Interrogation of MCF segments requires special splicing techniques and devices such
as fan-in, fan-out or “photonic lanterns” to get light in and out of the multiple cores
separately. On the other hand, when the individual cores are sufficiently close for
their mode fields to interact, there are two approaches for solving light propagation
[27,41,44,46,52]: finding the “supermodes” of the whole structure and treat them
exactly the same way as those of few mode fibers, or using a coupled-mode formalism
based on the “approximate” modes of each core taken separately. The second option
is only feasible when the coupling is weak (cf. Section 2.3.3.3).
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2.2. Sensing Properties of Fiber Modes
The following discussion focused on sensing “small” changes which do not alter
significantly the guiding properties of the fibers.

In all sensing modalities targeting the measurements of small changes, the most
important mode property is its effective refractive index, because it affects power level
changes in mode interference devices or wavelength shifts in resonant devices. The
mode field distributions on the other hand affect the amplitudes of the spectral changes.
For instance, the first-order correction expression for the change in the effective index
N of a guided mode due to a localized change in refractive index (from 7 to n) is given

]\/v2 = N2 + ﬂ 712 - I_l2 Esz, 1

where N and E are the effective index and transverse electric field distribution of the
unperturbed mode. The integral in the numerator is obviously calculated only over
the region of the fiber cross section where refractive index changes occur (usually the
fiber surface for chemical sensors, but the entire fiber for small strains, for instance).
This formula is very convenient for estimating the sensitivity of sensor designs with-
out exhaustive mode and propagation simulations and, in particular, to compare the
sensitivities of different modes in multimode sensors.

A more accurate but still first-order (linear) estimation of the change in a mode effective
index due to variations in fiber parameters is provided by Eq. (2). The rate of change

(7}

for the effective index of a mode N due to a perturbation “x” is given by

AN _ 50 ON O N Dy @
dx - on; Ox - da; Ox

where variables n; represent the refractive indices of all the materials in the guiding
cross section (including coatings and surrounding materials in addition to the core
and cladding of the optical fiber) and g; the dimensions of all the waveguiding seg-
ments found in the optical fiber sensor cross section. The first factor in these two sums
represents the change in effective index of a mode relative to a change in refractive
index of the materials and to a change in dimensions, respectively. These quantities
can be found by mode solver calculations with small variations in fiber parameters.
The second factor requires knowledge (and calculations) of the effect of given per-
turbations (temperature, strain, chemical change, etc.) on refractive indices and fiber
dimensions. For grating-based sensors, a third contribution will come from the effect
of the perturbation on the period of the grating (Section 2.6).

It is now obvious that when dealing with multimode structures, a given perturbation
will affect modes differently because their modal dispersions differ and their fields
occupy different spatial regions of the fiber cross section. Multimodal sensors are
ideal to take advantage of these differences to improve their accuracy by comparing
measurements affecting more than one mode.

Finally, for calculations involving fiber perturbations that cannot be considered
“small,” there remains the option of re-simulating for the modes of the new waveg-
uiding structure, but this is generally quite computationally expensive and rarely
done.

2.3. Interferometric Systems
2.3a. Mode—Mode Interference
It is known that the propagation constant of each mode supported by an optical fiber
or by any other optical waveguide has a unique value, typically denoted (3 and equal to
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(27/A) times the mode effective index N (with A the light wavelength). This represents
a possible solution of Maxwell equations for a waveguide with its particular geometry,
dimensions, and refractive index profile. Theoretically, the number of modes that a
waveguide can support is limited. It depends on the wavelength, the dimensions, and
the refractive indices of the fiber materials. Hence, an optical fiber can be designed to
support a single mode only, two modes, few modes, or hundreds of modes.

Each mode excited in a waveguide propagates at a different phase velocity. The phase
of the ith mode (¢;) after propagating in an optical fiber or waveguide of length L is
¢; = ;L. An initial phase (y;) of the mode at the optical fiber input can be added to
¢; but in many practical applications, y; can be neglected as it is common to all the
modes. If two or more modes propagate in an optical fiber, a beating can be produced
between them. In this case, there is a relative phase shift between the modes.

The above properties of modes are what lead to mode interference in an optical fiber,
which was an issue (modal dispersion) in the early years of optical telecommunica-
tions when MMFs were used. However, mode interference can be useful for sensing
and metrology. In these cases, modal interferometers are implemented to extract infor-
mation from mode interference where the parameter to be sensed or measured is
encoded.

Depending on the launching conditions and the geometrical design, two or more modes
can interfere. It is, thus, possible to devise two-mode or multimode interferometers.
For sensing applications, these interferometers may be alternative to the classical two-
arm or multipath interferometers implemented with optical fibers, planar waveguides,
or with bulk optics. Sensor design then consists of choosing which modes will provide
the best selectivity and sensitivity for the application selected and the corresponding
launch conditions to access the selected modes.

There is a great variety of optical fibers and configurations that can be used to devise
compact modal interferometers. Several prominent examples are discussed in the
following sections.

2.3b. Basic Principle, Implementations, and Sensing Modalities

The idea to use mode—mode interference for detecting sound was proposed in the late
1970s by Bucaro and Carome [80]. The concept was simple: light at a wavelength
below the cut-off wavelength of a step-index SMF was used. Under these conditions,
the SMF becomes multimode, thereby, allowing multimode interference.

Modal interferometers implemented with optical fibers with elliptical cores and bire-
fringent fibers were demonstrated in the 1980s [81]. In these cases, the two interfering
modes were the fast and slow modes of mutually orthogonal polarizations. In these
interferometers, polarizers or mechanisms to preserve the polarization state of the
guided light were necessary.

Some issues of the aforementioned modal interferometers included the need for bulk
optics components, such as microscope objectives and polarizers, as well as mechan-
ical positioners to launch light in the fiber core. Such setups are nowadays impractical
for sensing applications. However, the concepts and ideas introduced in these pioneer-
ing works motivated more research on modal interferometers and their applications
by many research groups reporting a great variety of sensing, filtering, and other
applications.

Sensing with a classical two-arm interferometer consists of perturbing the sensing
arm with the parameter to detect while the reference arm is unaltered or isolated
from said parameter. However, in a modal interferometer, all the interfering modes
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may be perturbed with the parameter being sensed, as all the modes propagate in
the same waveguide exposed to the parameter. The latter may alter the phase of each
mode that participates in the interference. If we consider the ith and jth modes, the
phase difference between them can be denoted as A¢ = (8; — 8;)L. Thus, changes in
B will result in changes of A¢. Changes of L, which are independent of the types of
modes that participate in the interference, can also cause changes of A¢. Therefore,
sensing with modal interferometers consists in correlating the changes of A¢ with the
parameter(s) to sense.

In practice, most modal interferometers are interrogated with a broadband optical
source and a suitable spectrometer. Thus, the transmitted or reflected spectrum is
analyzed. Changes of A¢ caused by a measurand result in shifts of the transmission or
reflection spectrum. In other cases, changes in light intensity at a specific wavelength
are monitored and correlated with the parameter being sensed. Shifts of an interference
pattern or intensity changes are easy to measure with a spectrometer or photodetector.
However, this approach can only be used to measure changes in a property to be sensed,
not an absolute static value. In addition, it cannot be used to determine changes that
occur faster than the refresh rate of the spectrometer unless the wavelength change in
question is less than one inter-fringe distance. In the following sections, some specific
examples are discussed in more detail.

2.3c. Modal Interferometers Designs

Tapered fibers. A tapered optical fiber has a diameter that decreases gradually or
abruptly to a certain value before increasing again to reach the initial fiber diameter.
The narrowest segment of a tapered fiber is called the waist.

An optical fiber can be tapered by heating and pulling. A tapering station must entail
a heat source (flame, mini-oven, CO, laser, etc.) to soften the glass and translation
stages to pull the optical fiber in a controlled manner. Some fusion splicers have special
programs to taper optical fibers and capillaries. Commercially available machines can
taper optical fibers with literally any diameter and assemblies of optical fibers inside
a capillary tube, in a controlled and reproducible manner. Therefore, the technology
to fabricate tapered fibers can be considered as mature.

When a single-mode optical fiber is adiabatically tapered, the fundamental mode is
broadened gradually and there is no possibility to excite other modes, resulting in the
impossibility to devise a mode interferometer. However, if an optical fiber is tapered
with a non-adiabatic process, two or more modes can be guided by the cladding in the
taper waist. Ideally, if the shape and dimensions of the taper are designed properly, only
two modes are excited in the waist. For example, Fig. 4 schematically shows a tapered
SMF that has two abrupt transitions separated by a long uniform waist; this structure

Figure 4
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Micrograph of a tapered optical fiber and intensity patterns of the modes that participate
in the interference.
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(a) Calculated interference patterns of a tapered optical fiber immersed in different
refractive index (RI) solutions. (b) FFT amplitude as a function of frequency calculated
from the spectra shown in (a). The tapered fiber described in Fig. 4 was considered
for simulations.
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was proposed and demonstrated by Salceda-Delgado er al. [82]. The two abrupt taper
transitions allow the coupling and recombination of HE;; and HE, modes.

The transmission spectrum of the tapered fiber depicted in Fig. 4 can be expressed as
T(D) = [(A) + L(A) + 2{l(DL(D)] P eos[Ap(D)]}, (3)

where I (1) and I 5(1) denote the power carried by the two interfering modes. The
period of the interference pattern in the transmission spectrum can be expressed as

P = A\?/(ANL), (4)

where A can be taken as the peak or central wavelength of the excitation light source
and A NAA)=N | - N ,, with N | and N , the wavelength-dependent effective indices
of the two interfering modes mentioned previously. It is clear that changes in A N
will result in modifications of the period of the interference pattern. The latter can
be easily calculated by means of a fast Fourier transform (FFT). This concept was
proposed for refractive index sensing [82]. The advantage is that the refractive index
is decoded from the period of the modal interferometer instead of the shift of the
interference fringes (that are affected by both index and temperature). This feature
makes the refractive index sensor temperature independent (as long as the temperature
dependence of the two modes is similar and the thermal expansion along L negligible).
To enhance the refractive index sensitivity, the dimensions of the taper can be adjusted
to expose more of the mode evanescent fields to the surroundings [83].

Figure 5(a) shows the spectra of a tapered fiber immersed in media with different
refractive indices. The taper had the following parameters: the two transitions were
identical and had a length of 1 mm, the diameter of the waist was 10 um, and the length
of the uniform waist was 30 mm [84]. It can be seen that the period of the interference
pattern increases with the refractive index. This is due to the strong dependence of the
two modes excited in the taper on the external refractive index. The amplitude of the
FFT as a function of frequency is shown in Fig. 5(b) for some indices; each refractive
index has a unique peak in the Fourier domain.

The taper described previously was coated with a temperature-sensitive polymer to
develop highly sensitive temperature sensors. In this case, temperature changes the
refractive index of the polymer, which, in turn, alters the propagation constants of
the HE; and HE, modes. The polymer that coats the tapered fiber works also as a
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cladding and a packaging material. A temperature sensitivity of 3101.8 pm/°C was
demonstrated in Ref, [84], which is considerably higher than the sensitivity of other
fiber-optic temperature sensors (~10 pm/°C for an FBG for instance).

The interfering modes in a non-adiabatic tapered fiber can be perturbed with sensitive
coatings deposited on the waist. Thus, modal interferometers based on tapered fibers
are good candidates for bio- and chemical sensing. The detection of pesticides [85],
humidity [86], glucose [87], and pH [88], among other parameters [89,90], has been
demonstrated with modal interferometers based on non-adiabatic tapered SMFs. In
these cases, the read-out is based on the shift of the interference pattern.

Some issues concerning modal interferometers based on non-adiabatic tapered fibers
include fragility and high sensitivity to bending. The waist diameter of the tapers must
be around 10 um or less to allow the excitation and recombination of two modes. The
drastic change in the diameter of the SMF makes it fragile and difficult to handle.
Small curvatures or bending can drastically modify the transmission spectrum of a
tapered SMF. Thus, the interferometer must be properly protected and kept straight
during measurements.

SMS structures. The idea of splicing a segment of step-index optical MMF between
two segments of identical step-index SMFs was proposed in the late 1980s [91]. Such
structure was called a multifiber union, but nowadays it is most commonly denoted as
an SMS fiber structure. The fabrication of an SMS structure can be performed with a
conventional fusion splicer. The optical fibers are first cleaved and then fusion-spliced.
The resulting SMS structure is shown schematically in Fig. 6. The structure is robust
as the dimensions of the optical fibers are preserved and because the fusion-splicing
process does not compromise the integrity of an optical fiber.

In an SMS structure, the cores of the SMF and the MMF are concentric
because the axes of the SMF and the MMF remain perfectly aligned after
the splicing process. The axial and circular symmetries condition the types of
modes that can be excited in the multimode segment of the SMS structure.

The index profile of the MMF and its dimensions also determine the features of
the interferometer and, hence, the performance as a sensor. In addition to the config-
urations proposed in Fig. 6, an almost infinite sensor design space can be explored by
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Schematic representation of two SMS structures fabricated with (a) MMEF or (b) “no-
core” fiber. Here L is the length of the multimode segment. The structure shown in
(b) becomes sensitive to the surrounding medium because the evanescent field of the
guided modes extends outside the fiber surface. Therefore, such structures can be
coated with layers or nanomaterials.
___________________________________________________________________________________|
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Figure 7

multimode section of an SMS structure where the MMF had a core diameter of
105 pm. A wavelength of 1550 nm was used for the calculation.

splicing a variety of fibers together, optimized for different applications. The simple
fabrication and the low cost of the optical fibers needed to assemble an SMS structure
make it attractive, which explains its huge popularity in the sensing community.

Figure 7 shows the electric field distribution of some circular modes excited by the
fundamental mode of the SMF in an MMF with core and cladding diameters of 105
and 125 um, respectively. Calculations were carried out with the MODE (Lumerical)
waveguide simulator assuming a wavelength of 1550 nm, an SMF with numerical
aperture of 0.14, and a MMF with numerical aperture of 0.22. In this case, since the
incoming mode has an azimuthal order equal to 1 (HE;;), and because the MMF has
the same cylindrical symmetry, only HE;, modes (formally identical to LPy, mode)
are excited, and if the input core mode of the SMF is polarized, this polarization
is maintained throughout the structure (unless a bending or a coating breaks the
cylindrical symmetry).

The working mechanism of an SMS structure is multimode interference and self-
imaging [92-95]. In such a structure, the MMF is excited by the fundamental mode of
the SMF which has a Gaussian-like profile. Thus, a symmetric spot of light is injected
in the MMF so that some circularly symmetric modes are excited. Most of the energy
is coupled to lowest-order modes. Therefore, the beating between such lowest-order
modes is calculated to predict the properties of an SMS structure [92-95]. In addition
to mode profiles, their propagation in the same structure and at the same wavelength
was also calculated (also with LUMERICAL). In the simulations shown in Fig. 8, the
SMF and the MMF were assumed to be perfectly aligned.

A periodic rearrangement of the optical power distribution across the MMF diameter
can be observed along the length of the MMF. The superposition or beating of all the
circular modes excited in the MMF is what gives rise to interference and self-imaging
effects. In this simulation, the MMF section length was chosen so that the output SMF
was located at one of the self-imaging points, where the interference of the modes
replicates the shape and position of the input mode so that it couples efficiently into
the output SMF.

In sensing applications, the transmission spectrum of the SMF structure is measured
or analyzed to extract information [92-95]. As an example, Fig. 9(a) shows the trans-
mission spectrum of an SMS structure for which the MMF has a core of 50 um, a
numerical aperture of 0.22, and a length between 10.23 and 10.43 mm. The length
of 10.33 mm was found to be a multiple of the self-image when the wavelength was
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Evolution of the optical power distribution at 1550 nm along an SMS structure where
the MMF has a 105 um diameter core.
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1550 nm. Note that a deviation of 100 um in the length of the segment of MMF, i.e.,
less than 1%, changes drastically the wavelength position of the highest peak.

The effect of small changes in the size of the MMF core on the transmission of an
SMS structure was also investigated. The core diameter of MMF may fluctuate around
+2% due to fabrication errors. Thus, the transmission spectrum of an SMS structure
was calculated for an MMF core between 49 and 51 um. The results of the calculations
are shown in Fig. 9(b). A change in the MMF core of just 1 um shifts the spectrum by
nearly 60 nm.

Results shown in Figs. 9(a) and 9(b) confirm that small fluctuations in the dimensions
of the SMS structure strongly affect its transmitted spectrum. Such fluctuations are
difficult to avoid in practice. Therefore, it is difficult to have full control on the
transmission spectrum of an SMS structure. However, the exact wavelength of the
maximum of the spectrum is not important in some sensing applications as only its
shift as a function of the target parameter is evaluated.

The multimode element of an SMS structure can also be a segment of a silica glass rod
or capillary tube. Such a rod is commonly known as no-core fiber (NCF). The rod is
the core of the multimode segment whereas the external environment is the cladding
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[93,96,97]. Thus, the evanescent waves of the interfering modes can interact with the
external environment or with nanomaterials or nanocoatings deposited on the NCF.
Such materials or coatings can be designed to be sensitive to a particular chemical or
biological parameter. Their exposure to a chemical or biological parameter gives rise
to changes in the phase difference between the interfering modes.

The SMS structure has been widely exploited for sensing applications [98—100]. To this
end, the wavelength position of the highest peak (dip) of the transmission (reflection)
spectrum of the SMS structure can be correlated with the target parameter. This
means that with such a structure, absolute measurements can be taken. The wavelength
position of the highest peak can change if the SMS structure is exposed to different
parameters. Temperature, for example, alters the propagation constant of the modes
excited in the MMF. Consequently, the peak shifts to shorter or longer wavelengths
for a temperature decrease or increase. So far, different temperature sensors have been
demonstrated with SMS structures [101-107].

Vibration [108], curvature/bending [109,110], and strain [111,112] can also be sensed
with an SMS structure. The first three parameters can modify the propagation constants
of the interfering modes by different amounts due to the elasto-optic effect. In addition
to an index change, axial strain applied to an SMS structure induces a minute change
in the length of the multimode segment, which also gives rise to relative phase changes
between the modes. As a consequence, the transmission spectrum of the SMS structure
is altered.

Sensing the aforementioned physical parameters with an SMS structure requires possi-
ble temperature fluctuations to be compensated for. A reference temperature sensor is
therefore needed in practical applications. Several research groups have proposed dif-
ferent alternatives to measure simultaneously temperature and other physical parameter
with an SMS structure [98—100].

SMS structures are also affected by issues related to cross-sensitivity, nonlinear
behavior, modest reproducibility, and expensive interrogation. The shift of the trans-
mission or reflection spectrum is not necessarily linear depending on the measuring
range. The interrogation of SMS structures entails spectrometers that operate in the
well-established telecommunications wavelengths that are expensive. Thus, the inter-
rogation of a single sensor based on a SMS structure can be costly. Hence, the sensor
can be unattractive in many practical applications, particularly in those where non-
optical sensors are available and can carry out the same sensing task at a lower
cost. The fabrication of SMS structures has also some issues. Presently, there is no
means to produce such structures in batches. They are therefore fabricated one by
one which means that there may be small variations on the number of modes that
participate in the interference and their amplitudes so that repeatability remains an
issue.

The aforementioned drawbacks represent opportunities to investigate new fabrication
and interrogation approaches or the use of new optical fibers to assemble an SMS
structure. In either case, the simplicity of the structure must be preserved to keep
its advantages and robustness. Thus, so far, different variants of SMS structures and
approaches to improve their sensitivity have been demonstrated by several research
groups. These include tapered or etched MMF, combinations of MMFs, a combination
of a MMF with a NCF, cascaded SMS structures, etc. In all these cases, the input and
output SMFs are identical [98—100].

MCEF interferometers. MCFs are waveguides that have several individual cores sharing
a common cladding. An MCF can be designed with specific core arrangement and
materials to minimize or avoid optical interactions between cores. In this case, the
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fiber is called uncoupled or weakly coupled MCF and each core can be considered
as an independent waveguide. Uncoupled MCFs were conceived to overcome the
capacity limit of the current optical communication system [113]. An MCF can also
be designed to allow optical interaction among the cores, for example, by reducing
the separation between them. In this case, the fiber is called a coupled-core MCF. The
latter supports several supermodes but with certain launch conditions it is possible
to excite two supermodes only. In the following section, supermode interferometers
based on a coupled-core MCF are discussed in more detail.

MCFs with isolated cores are promising for the development of a myriad of sensors;
some are unique or have functionalities that sensors based on single-core fibers cannot
achieve. Shape sensors based on weakly coupled MCFs are a good example [114,115].
Such sensors have attracted considerable interest due to their multiple potential appli-
cations in the industry and medical sectors. In fact, MCF shape sensors have reached
a high level of readiness and are commercially available.

Interferometers can be implemented with uncoupled-core MCFs in three different
manners. In one of them, each core of the MCF is an optical path of the interferometer,
thus, each individual core of the MCF is interrogated. To do so, expensive fan-in and
fan-out devices are necessary. The advantage of multi-path MCF interferometers is that
their length can be several meters or kilometers, which makes them good candidates
for quasi-distributed sensing [116,117].

The other alternative to make an interferometer with uncoupled-core MCFs is to taper
a section of such MCEF after being spliced to an input/output SMF [118-123]. The
core of the SMF and the central core of the MCF must be aligned. The tapering of the
MCEF allows the cores of the MCF to get closer and interact. Hence, periodic coupling
between the central core and the surrounding cores takes place [118,121,123]. The
coupling between the cores depends on the diameter of the cores and their separation
as well as on the external medium. Such tapers can, thus, be used for refractive index
sensing [121,123]. Gas or chemical sensing is also feasible if the tapered MCF is
coated with layers whose refractive index changes when exposed to a gas or chemical
substance.

The last possibility to implement an interferometer with uncoupled-core MCF consists
of exciting all the cores of the MCF by means of intermediate fibers or a lateral
offset [43,124,125]. For example, microscopic segments of MMF spliced between
input/output SMF and MCF or by splicing SMF and the MCF with lateral offsets.
In this manner, fan-in/out is not necessary but with these launching conditions the
insertion losses are high.

Interferometers implemented with tapered or misaligned weakly coupled MCFs may
not be a good alternative to devise single-parameter sensors because their fabrication
entails multiple steps and the robustness of the MCF is compromised. There is no
control on the modes that are excited in a tapered or misaligned MCF either. Hence,
the performance of an interferometer may not be predicted or tailored. Therefore, said
interferometers cannot be an alternative to those based on conventional single-core
fibers.

In addition to these implementations, the concept of a photonic lantern obtained
from adiabatically merging several single-mode cores into one multimode core has
progressed. It has been largely reviewed in [126] and is not covered further here.

Supermode interferometers. Supermodes are used to describe the modes and optical
properties of a MCF for which the cores interact optically with each other. A fused
fiber coupler can be considered as the simplest case of a coupled-core MCF. In a
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certain region of such a coupler, two single-mode cores can be close to each other and
share the same cladding. In fact, the analysis of fused-fiber couplers was done in terms
of supermode beating [127-129]. MCFs with strongly coupled cores embedded in
a common cladding were demonstrated experimentally in 2014 for high-temperature
sensing [130].

In general, the number of supermodes that a coupled-core MCF can support depends
on the number of cores that compose the fiber and the number of modes in each
individual core. This means that a strongly coupled MCF can be treated as a special
form of MMF. However, under certain light launching conditions, it is possible to
excite and recombine only two supermodes in the MCF.

The fabrication of a supermode interferometer is similar to that of an SMS structure: a
segment of coupled-core MCF is fusion spliced to an input and output SMF. However,
there are substantial differences between a supermode interferometer and an SMS
structure implemented with an MMF. The most important one is that it is possible
to control which of the supermodes participate in the interference. This advantage is
important in sensing applications as described in the following.

A supermode interferometer has one of the structures sketched in Fig. 10. Such struc-
tures are most often conceived to operate in reflection to facilitate end-point sensing,
but the same principles apply in transmission. To fabricate these interferometers, the
MCF must have identical coupled cores; one of them is located in the geometrical
center of the fiber and the other cores are around the central core. The numerical
aperture of all the cores of the MCF is approximately equal to that of the SMF. In this
manner, the insertion loss of the SMF-MCF-SMF structure is minimal, no matter the
length of the MCF segment.

In the structures shown in Figs. 10(b) and 10(c), the unique core of the SMF and
the central core of the MCF are assumed to be axially aligned and in direct physical
contact. The SMF is assumed to operate in the single mode regime. Under these
conditions, only the two supermodes that have non-zero intensity in the central core
are excited in the MCF. The propagation constants of such supermodes can be denoted
as 81 and B ,. They depend on the wavelength (A) of the incident light, the size of the
cores, their separation, and the material of the cores.

Figure 10
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(a) Cross section of a coupled-core MCF. Reprinted with permission from [130].
Copyright 2014 Optical Society of America. (b) and (c) Two possible configurations
of supermode interferometers. Here L denotes the length of the MCF segment.
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The light source, materials, and core arrangement of the MCF can be chosen to
tailor the properties of a supermode interferometer. The transmission spectrum of this
interferometer can be described with Eq. (3). The reflection spectrum is described with
a similar equation, but with 2L instead of L. In either case, the interference pattern
can be characterized by its visibility (V), which is defined as V = 2VI,L/(I; + I,).
Therefore, after normalization, the reflection of the structure shown in Fig. 10(a) and
10(b) can be expressed as

Ra(4,L) = L (D)1 + Veos(4rANL/D)]/(1 + V)] (5a)

Rb(A, L) = Li(A)[1 + Vcos(2rANL/2)]/(1 + V)]?. (5b)

In Egs. (5), I 4(A) is the normalized power spectrum of the excitation light source.
In many cases, the excitation light source is a superluminescent diode (SLED), which
has a quasi-Gaussian spectral distribution. The square factor is due to the fact that the
transfer function of the MCF interferometer is applied to the light power spectrum
twice in the configuration shown in Fig. 10(b).

To predict the interference pattern of a supermode MCF interferometer, it is necessary
to calculate the wavelength dependence of AN. Thus, Fig. 11 shows the two supermodes
that are excited in the MCF when it has seven identical cores.

These two supermodes have a maximum intensity in the central core of the MCF. Fig-
ure 11 also shows that the dependence of AN on wavelength is linear. Such wavelength
dependence can be expressed as

AN() = ad +b, (6)

where a and b are the linear fit coefficients.

The predicted and measured reflection spectra of a supermode interferometer built
with the MCF reported in Fig. 10(a) is shown in Fig. 12(a). Figure 12(b) displays the
experimental evolution for the structure shown in Fig. 10(b). The spectrum was meas-
ured by launching light from an SLED to the MCF by means of a fiber coupler. The

Figure 11

4
<

T

T T T T
7.2x10* @ Calculated values

—— Fitting

6.9x10*

o

6.6x10*

Supermode 1
6.3x10*

6.0x10*

5.7x10F, . ) . ) ) ,
1500 1520 1540 1560
Wavelength (nm)

1580 1600
Plot of AN as a function of wavelength calculated for the seven-core MCF shown in
Fig. 10(a). The solid line is a linear fit. The intensity profiles of the two supermodes

are shown in the insets. Adapted from [131].
|



m | / Vol. 14, No. 1/March 2022/ Advances in Optics and Photonics 21
Figure 12

10 T T T T T T

T ]
Experimental
........ Theory

0.5

Reflection
=0

0.5

0.0

| 1 | 1
1525 1550 1575 1600

Wavelength (nm)

!
1500

Calculated (dotted line) and measured (continuous line) reflection spectra of a
supermode interferometer with (a) the SMF-MCEF structure of Fig. 10(a) and (b)
the SMF-MCF-SMF of Fig. 10(b) (equivalent to an SMS structure). In all cases,
L =60 mm.

I —

reflected light from the cleaved MCF end was analyzed with an optical spectrum ana-
lyzer. The values used in the theoretical calculations were: V =0.95, a=1.35x 1079,
and b=-1.456x 1073, An overall good agreement between the predicted and meas-
ured spectra can be appreciated in Fig. 12(a), which confirms that the design of the
interferometer can be easily mastered.

Supermode interferometers have been demonstrated for sensing a variety of physical
parameters, including high temperature [130,132], bending [26,44,133], vibration
[48,134], refractive index [135], and distance [25].

Cascaded modal interferometers. The sensitivity of modal interferometers to more
than one parameter may be an issue in practical applications. The influence of tem-
perature, humidity, vibrations, or pressure changes that might be present during the
measurement of a target parameter must be compensated for or minimized. Therefore,
two modal interferometers in cascade may be necessary. Cascaded interferometers can
be arranged in series or in parallel. In either case, one interferometer can be used as
a reference and the other as a sensor. However, the transmitted or reflected spectrum
of interferometers in parallel or in series is the sum or multiplication, respectively, of
their individual spectra. This leads to a complex pattern that may be difficult to decode
[136,137]. A practical way to do this, demonstrated in a certain number of cases, is to
take advantage of the Vernier effect between the fringe patterns of the two interferom-
eters [138]. A practical example of such strategy involving a triple microfiber coupler
interferometer was recently demonstrated to significantly improve the refractive index
and temperature sensitivities [139].

Two SMS structures in series, for example, have not been demonstrated yet, probably
due to the difficulty in controlling the features of their individual output spectra and
their high insertion losses. Tapered fibers in series impose additional challenges in
their manufacturing, handling, and packaging.
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Figure 13
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Schematic representation of phase-shifted modal interferometers.

Thus, to use two modal interferometers in cascade for sensing a single parameter it is
important to ensure control on the modes that participate in the interference as well as
on the fabrication steps of the interferometers.

Phase-shifted modal interferometers. The concept of phase-shifted modal interfer-
ometers was introduced in 2020 [134,140,141]. The idea consists of placing two
supermode interferometers in series, but the interferometers must have a proper differ-
ence in their lengths. Figure 13 shows a schematic representation of two phase-shifted
interferometers. The main requirement is that one interferometer has a length L ; and
the other a length L , that is linkedto L y as L ;=L {+Lgor L,=L | — L. Thus,
the phase difference between the two supermode interferometers will be d=27TANL
o/A, which is restricted to be bigger than zero and smaller than 7t. This means that the
values of L ( are restricted to be

0< Ly < A/(2AN). (7)

Proper lengths of the two supermode interferometers can be selected as follows. First,
the lengths of MCF that give transmission or reflection maxima are found. From
Eq. (4) we can notice that this happens when the length of the MCF segment satisfies
the following condition:

L, = m(1/AN), (8)

where m is an integer number. Thus, the lengths of MCF are as follows:
Ly = m(1/AN) + L (9a)
L, = m(A1/DN) — L. (9b)

For example, if a single maximum is desirable at a particular A, AN must be calculated
at such a A for the particular design of MCF that is used to fabricate the interferometers.
To make the devices as short as possible, the value of m must be small. It is interesting
to note that in the above equations, L |, L , and L o depend on AN. For this reason, it
is important to have full control on the modes that participate in the interference.

Figure 14 displays the reflection spectra of individual supermode interferometers
(dotted lines) when a single device of length L , or L | was in the configuration
shown in Fig. 10. The spectrum when both devices were in series is shown with the
shaded area. Such spectrum results from the multiplication of the individual spectra
that compose the series [140].

Let us now assume that one supermode interferometer is perturbed by a parameter we
want to sense and the other is not. The pattern of the perturbed device will shift and
the other will be unaltered. Consequently, the height of the peak of the spectrum of
the two devices in series will change. Therefore, by monitoring intensity changes it
will be possible to sense the parameter that perturbs one interferometer.

Figure 15 shows the measured intensity changes observed when one supermode inter-
ferometer was bent and the other was kept straight. The devices were fabricated with
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the seven-core fiber shown in Fig. 10(a) and the configuration is as shown in Fig. 10,
with L ; =12.7mm and L , =11.7 mm. Note that a small bending angle results in
quantifiable intensity changes. The advantage in this case is that there is no need to
find the point of quadrature and a low-cost SLED can be used instead of a tunable laser.
Moreover, intensity changes can be monitored at high speed with a suitable photode-
tector. Phase-shifted supermode interferometers are suitable for sensing vibrations,
acoustic waves, or any event that may bend one interferometer [41,141].

There are several issues that must be investigated before phase-shifted interferometers
find practical applications. The effect of temperature has not yet been investigated in
detail. Temperature will shift both interference patterns in the same proportion as the
devices are made of the same MCF and have similar lengths. Therefore, temperature
may not cause intensity changes. The sensitivity of phase-shifted supermode interfer-
ometers to other parameters or to the use of other types of optical fibers has not yet
been demonstrated. Several research opportunities remain open in this area.

Figure 15
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2.4. Surface Plasmon Resonances

Thin film-coated optical fibers have been widely studied and developed over the
past two decades. Among the various possibilities in terms of coatings, metal-coated
configurations remain to date the most common because of the possible excitation of
high sensitivity surface plasmon resonances (SPRs) on metal surfaces, especially in the
biochemical domain [8]. Basically, such devices become highly selective of refractive
index changes near the metal surface. The SPR phenomenon appears when a noble
metal film of appropriate thickness (typically between 30 and 70 nm) is deposited on
the fiber outer surface at a modified location (e.g., an unclad section, a strongly bent
section, or a section with a fiber grating) where an evanescent wave from the fiber
is coupled into the metal layer. The conditions required to excite SPR are: (1) phase
matching between the evanescent field of the fiber and the surface plasmon polariton
mode of the metal-surrounding medium interface; and (2) having at least part of the
evanescent field of the fiber polarized radially, which is the only possible polarization of
the surface plasmon. This phenomenon manifests itself as an unambiguous resonance
in the transmission spectrum of the fiber. In the first implementations of SPR on fibers
and many times since, a subset of the guided modes of highly multimode and cladding-
removed fibers are sufficiently phase- and polarization-matched to a surface plasmon
polariton to give rise to a relatively broad loss resonance of a few tens of percent in
transmission. As this is not, properly speaking, a multimode sensing principle, it is
not discussed further.

What is discussed is the use of fiber gratings to probe the SPR via well-controlled
modes selectively excited by the gratings. Owing to the spectral breadth of the SPR,
there can be many modes of a relatively thick underlying fiber with effective indices
at least partially phase-matched to the SPR. The effective indices of these modes have
much increased sensitivity to surface refractive index changes, reflected in wavelength
changes of the corresponding grating resonances, and the resonances also exhibit
large-amplitude changes because of the delocalization of the mode fields away from
the fiber core and towards the outer metal surface [78]. As a result, many exciting new
sensing methods have been developed to take advantage of the differential sensitivities
of these plasmon-hybridized modes, as described in Section 3.6.

2.5. LMRs

LMRs, previously called guided-mode resonances, arise when optical fibers are coated
with thin films having refractive indices larger than that of the fiber and surroundings,
and also do not absorb excessively. Even in the absence of gratings, and similarly to
SPR, LMRs occur when light guided by the underlying fiber couples synchronously
to a mode of the thin coating: the result is an apparent loss of light at certain wave-
lengths of the transmission spectrum [68]. In contrast to SPR, however, both TE and
TM modes can be excited in the thin coating so that slightly different resonances
are observed using polarized input light, with a wavelength spacing that depends
on the guiding properties of the coating. Furthermore, increasing the thickness of
the coating can lead to higher-order modes appearing, with corresponding addi-
tional resonances in transmission [68]. LMRs were observed both for semiconductor
and dielectric claddings [142,143]. Appropriate materials for LMR generation are
indium tin oxide, titanium dioxide, indium oxide, aluminum-doped zinc oxide, zinc
oxide, and polymers, with several applications reviewed recently by Chiavaioli and
Janner [144].

Finally, even at thicknesses too small for the coating to support guided modes, it has
been shown that it can modify the dispersion curves of the underlying fiber modes in
a way that produces anomalous wavelength shifts of grating resonances in such fibers
[145,146]. Apart from providing a great way to measure nanoscale thickness coatings
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in situ, the sensing properties of these dispersion modified fibers have yet to be studied
(Fig. 16).

2.6. Fiber Gratings

2.6a. Periodic Refractive Index Modulation

A periodic perturbation of the fiber along its axis defines a grating that can be used
to transfer power from one propagating mode to another, or from a forward mode to a
backward one in a SMF. This exchange of power is also described by a coupled-mode
formalism which states that efficient power coupling can only occur if the following
phase matching condition is met [145-147]:

N]iNzZ/l/A, (10)

where N; are the effective indices of the modes exchanging power at wavelength
A, and A is the dominant period of the longitudinal perturbation (usually the first
term of the Fourier expansion of any periodic perturbation along the fiber axis). This
form of the equation describes how a forward propagating mode with effective index
N 1 couples to another mode N , propagating in the direction specified by the + sign
[forward (-) or backward (+) relative to the incident mode direction]. Because they can
couple between different modes, gratings can be used for both multicore systems and
single-core, multimode systems, and, as just noted, they can couple bi-directionally.

Fiber gratings can be divided in two broad categories. As fiber modes have effective
index values generally bound between 1.0 and 1.45 (for glass fibers), Eq. (6) shows that
when the period of the perturbation is larger than the wavelength (A/A < 1), the modes
being coupled must be propagating in the same direction (co-directional coupling);
these are referred to as “long-period gratings” (LPGs) [148,149]. The opposite (A/A >
1) requires that N; and N, have the same sign, leading to contra-directional coupling.
These short-period gratings are known as FBGs [150,151].

Many of the most widely used point fiber sensor technologies are all based on FBGs
and commercially viable sensing solutions are marketed by several tens of companies
worldwide. The vast majority of FBG sensors are produced by ultraviolet (UV) irra-
diation in high-quality but very inexpensive telecommunication-grade single-mode
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optical fiber [152] and they have shown to provide reliable measurements of tempera-
ture, strain, and pressure. Gratings in polymer optical fibers (POFs) have also emerged
since the late 1990s, first in (PMMA) [153] and then in other materials under the
commercial names CYTOP [154], TOPAS [155], and ZEONEX [156].

Recent advances deal mostly with gratings designed to couple between more modes
and in specialty fibers, most often produced with femtosecond pulsed laser sources
because these can write refractive index gratings in a much wider variety of glasses
and other materials such as polymers. In the context of the present review, FBGs
and variants can be used for contra-directional coupling between the modes of a
multimode structure or as “conventional” core-mode back-reflectors in the different
cores of a MCF.

In the following sections, we present the four types of gratings in terms of mode
coupling that are illustrated in Fig. 17.


https://creativecommons.org/licenses/by/4.0
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2.6b. Short-Period Gratings (FBGS)

A permanent, uniform FBG is usually produced in the core of an SMF by exposure to
an interference pattern of intense UV light through the exploitation of a photosensitive
mechanism [148]. Pulsed excimer lasers at 248 or 193 nm and frequency-doubled
continuous-wave argon lasers at 244 nm are commonly used. Although “photosen-
sitive” fibers (with higher germanium doping) are available from specialty fiber
suppliers, normal SMF is often used, provided it is rendered more photosensitive
by first diffusing hydrogen gas into it [158,159].

As sketched in Fig. 17, a standard core mode back-reflector FBG is defined by three
main parameters: L, the physical length along which the modulation is created (usually
between 1 mm and a few centimeters); A, the period of the refractive index modulation;
and &n, the amplitude of the refractive modulation (usually between 107> and 1073).
Light is reflected over a small bandwidth around a central wavelength called the Bragg
wavelength, which is determined by the following relationship:

mAp = 2Ncore A\, (1 1)

where m is the grating order (m=1, ..., M) and N, is the effective index of core
mode at the Bragg wavelength Ap. For an effective coupling at 1550 nm, the period
of the first-order grating (m = 1) is of the order of 530 nm because N, ~ 1.447 for a
standard fiber at that wavelength. The amplitude of the resonance increases with L and
on while the full width at half maximum (FWHM) is proportional to 6n but inversely
proportional to L. A 1-cm-long FBG will have a FWHM of ~200 pm and therefore a
resonance quality factor (\/AA) of the order of 10%.

The grating transfer function for the input mode field wave is a complex quantity.
The real part yields the amplitude response whereas the imaginary part contains
the phase information. The amplitude reflection spectrum corresponds to the Fourier
transform of the refractive index modulation profile. Hence, for a first-order grating
at 1550 nm, there are higher orders at smaller wavelengths (m =2 around 775 nm,
m =23 around 517 nm, etc.). FBG sensing is largely based on the amplitude response
of uniform gratings, but some more-sophisticated sensing modalities make use of the
phase spectrum, especially with gratings that include period discontinuities, multiple
periodicities, and amplitude profiling (apodization, for instance).

Two main methods coexist for FBG inscription with respective assets and limitations:
the transverse holographic technique and the phase mask technique [159,160]. The
former uses an interferometer that splits the incident laser beam into two divergent
beams that are then recombined by lenses and mirrors to interfere at the fiber location
where the inscription takes place. The grating period can be easily tuned by modifying
the incident angle of the two laser beams, but a good laser spatial coherence and
setup stability are required for a proper operation of the technique. For the phase mask
technique, a periodic groove pattern is photolithographically etched into a UV trans-
parent (fused silica) substrate. The groove depth is designed to diffract an incoming
UV laser beam into the +1 and —1 diffracted orders (and as little as possible light in
the zero-order, straight-through direction). As a result, an interference pattern with a
power modulation period that is exactly half that of the phase mask is produced near
its surface, where the fiber is positioned. The phase mask method is necessary for use
with excimer laser sources because of their low spatial coherence which precludes the
use of the transverse holographic technique. It is also appreciated for not requiring
stringent alignment and the high reproducibility of FBG parameters it produces. This
is especially important in the notoriously cost-sensitive sensors field. The only draw-
back of the phase mask method is the need to purchase or fabricate a new phase mask
in order to change the wavelength of the FBG. The NORIA system from Northlab
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Photonics uses an excimer laser, all the optics, fiber-handling spools, and a revolving
platform with 16 slots for phase masks: it is sold as a semi-automated FBG production
platform. Other FBG fabrication tools are integrated and further industrialized: draw
tower gratings (DTGs) can even be produced in a reel-to-reel system during the fiber
drawing [161]. They are the ultimate solution to produce a cable containing tens to
hundreds of cascaded wavelength-division-multiplexed or time-division-multiplexed
FBGs. They can also be used to mass-produce individual gratings at relatively low
cost.

Aside from these classical writing methods, the advent of femtosecond pulsed lasers
has allowed alternative gratings production using phase masks and through the devel-
opment of the point-by-point, line-by-line, and plane-by-plane techniques [162—165].
There, the laser beam is focused through a microscope objective (in index-matching
oil or in air) towards the fiber location where the inscription (a controlled glass damage
process) can take place. As the laser is pulsed, the stepwise translation of the fiber
according to the pulse rate allows to pattern the glass modification and thereby create
a controlled refractive index modulation. Gratings can also be located away from the
core or partly offset from the fiber axis in a three-dimensional fashion because tra-
ditional photosensitivity mechanisms are no longer required to produce permanent,
subwavelength-scale refractive index modifications in just about all kinds of transpar-
ent materials. This technique is certainly the most flexible to date and allows to produce
many more structures in optical fibers than standard fiber grating technologies.

A uniform FBG is intrinsically sensitive to temperature changes and axial strains, as
both parameters modify the effective refractive index and the grating period [166].
This results in a wavelength shift of the FBG reflected amplitude spectrum, without
modification of shape, when uniform perturbations are applied along the grating
length. The sensitivities vary with the Bragg wavelength, the fiber composition, and
the grating type. For an SMF-28 at 1550 nm, the temperature sensitivity is close to 10
pm/°C whereas the axial strain sensitivity is of the order of 1 pm/ue. Because of its
composition and the normal photosensitive process, a standard FBG will be erased at
temperatures in the range of 250-400 °C. These standard FBGs are referred to as Type
I gratings. The temperature stability issue can be avoided by using different photo-
sensitive processes. Most notably, Type IA gratings are produced by “regeneration” of
a FBG upon thermal treatment at high temperatures for typically several hours [167].
Another commonly used technology for high-temperature resistant gratings is the Type
I, or so-called “damage” grating resulting from a single pulse of very intense UV
light [168]. The pulsed femtosecond laser process described earlier can be considered
as more advanced, more controlled form of damage gratings and they also support
higher operating temperatures without degradation, up to 1100°C in some cases. All
these approaches (and many other less-common techniques) are also applicable to the
fabrication of the other types of resonant structures described in this section.

FBGs are weakly sensitive to isostatic pressure and their sensitivity at 1550 nm is
close to ~4 pm/MPa. Pressure sensing is then usually obtained with specialty fibers
(especially microstructured and polymer fibers) or with swelling hydrogels surround-
ing the gratings. The addition of a sensitive layer around an FBG widens the sensing
modalities and opens the door to chemical sensing. The role of this layer is to transduce
the chemical species to be detected (in liquid or in gas) into a parameter that can be
measured by the grating, i.e., a temperature change or a strain [169,170]. Uniform
FBGs are not inherently sensitive to bending as the refractive index modulation is
made on the neutral strain axis of the fiber. However, when attached to a structure to
monitor and provided that they are not placed on the neutral axis of the said structure,
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they can measure the bending of the latter through extension and compression, as
obtained with electrical strain gauges.

Uniform FBGs are not intrinsically sensitive to changes of the surrounding refractive
index (SRI) because light remains confined in the core and does not enter into contact
with the outer medium. The sensitivity arises for thinned FBGs where the cladding is
removed totally or in large part to expose the core evanescent wave to the surround-
ings, following an etching process (usually with hydrofluoric acid) or a mechanical
polishing. Unless the fiber is thinned almost down to the core, the sensitivity is still
very weak in water solutions because the mismatch between the effective refractive
index of the core mode (~1.447) and that of water (~1.319) is large and, therefore,
the evanescent field of the mode does not much penetrate the surrounding. Other
configurations such as long-period fiber gratings (LPFGs) and TFBGs are much more
suited to this aim, as they access higher-order modes with effective indices closer to
that of the sensing medium [78,171,172].

FBGs can also be used for transverse strain sensing, but the readout technique relies
in this case on the birefringence effect [173]. The application of a transverse force
increases the linear birefringence, resulting in an increase of the wavelength split-
ting between the two reflected amplitude spectra: the amount of lateral force can be
determined from the measurement of the increase in wavelength separation between
both spectra. This technique is not typically used for glass fibers because of their large
Young’s modulus and relatively small photo-elastic coefficients, but a metrology based
on the polarization-dependent loss (PDL) spectrum measurement is a good alternative
in this case as it is more effective in revealing small polarization-induced wavelength
shifts [174].

2.6c. LPGs

As described in Section 2.6.1, subwavelength grating periods lead to contra-directional
coupling, but gratings with periods of several times the wavelength and more couple
modes that travel in the same direction in the fiber. In addition, because of the longer
period (typically between 100 and 500 um), an LPFG can be fabricated much more
easily than an FBG, even using periodic heating with fiber fusion tools. LPFGs were
popularized after an initial report by Vengsarkar ez al. in 1996 about periodic structures
able to couple the guided fundamental core mode of a SMF into forward-propagating
cladding modes [149]. This type of grating is a fiber analog of the previously known
grating-assisted directional couplers and mode converters [ 130]. Since cladding modes
decay rapidly as they propagate along the fiber axis because of scattering losses at
the cladding—surrounding medium interface and that they are strongly perturbed by
bending, they can only be used over short distances, which is not a problem in sensing.
Similar to FBGs, the coupling in LPGs is wavelength-selective and cladding mode
resonances appear in the transmitted amplitude spectrum of an LPFG at the following
central wavelengths:

/lclad,i = (Ncore - Nclad,i)A’ (1 2)

where N4, is the effective index of the ith cladding mode. The transmitted amplitude
spectrum of an LPFG is composed of several well-separated broadband (FWHM
~10-50nm) resonances, as depicted in Fig. 17. The wavelength positions of these
bands depend on the grating period and the order of the resonances increases from
left to right, in agreement with Eq. (12).

Although the sensitivities of LPG resonances are based on the same principle as
those of FBGs, there are two important differences: the cladding mode resonances
are sensitive to bending and to the SRI, and they are significantly more sensitive in
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general because the wavelength shifts depend on the difference of the mode dispersions
(instead of their sums in FBGs).

In fact, the sensitivity of these gratings greatly depends on the grating period value.
Dispersion curves drawn in Fig. 18 indicate the presence of a so-called turnaround
point (TAP) for higher-order cladding modes where the slope of the curve changes sign
from positive to negative [175]. LPFGs featuring resonances at these TAPs become
highly sensitive to perturbations, including SRI change, as the slope dA.s/ dA of the
dispersion curve reaches infinite values. For lower-order modes, the TAPs occur at
longer wavelengths, beyond the optical telecommunication window.

LPFGs can be manufactured following different ways. Making use of an amplitude
mask (usually made of metal) containing periodic apertures corresponding to half of
the grating period as well as point-by-point UV or CO, laser irradiation are popular
techniques for making LPGs. LPFGs can also be produced mechanically by pressing
fibers between grooved plates or by using longitudinally distributed electric arc dis-
charges (from a fusion splicer, for instance). In the context of this review, and apart
from the fact that there are at least two modes involved (the core mode and a given
cladding mode), LPFGs are rarely (if ever) used in multimodal sensors because their
resonances are too widely separated and their relative dispersions so sensitive that it
becomes impossible to design efficient sensors based on multiple resonances.

2.6d. Ex-TFGs

Other configurations share with LPFGs the principle of using the cladding modes
of a SMF for sensing. The most similar are the so-called Ex-TFGs that were first
proposed in 2006 at Aston University in the UK and used extensively since [176,177].
Typical Ex-TFGs have periodically slanted refractive index planes inclined more than
66.9° with respect to the normal optical fiber axis. Even when the grating period
(perpendicular to the grating planes) is short, the large angle lengthens the axial
period by 1/cos6, bringing it to the co-directional coupling regime. The usual resulting
period is typically around tens of micrometers and, therefore, supports the excitation
of higher-order cladding modes. Because of their slanted nature, Ex-TFGs introduce
an intrinsic birefringence in the core, so that orthogonal polarizations corresponding
to TE and TM modes are well resolved spectrally. The phase matching conditions for
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Ex-TFGs can be expressed as follows:
/lclad,i = (Ncore - Nclad,i)Az’ (1 3)

where A, denotes the grating period along the fiber axis.

The phase mask technique, popular for uniform FBGs inscription, and the point-by-
point technique, usually preferred for LPFGs inscription, are not suited to produce
Ex-TFGs. The amplitude mask method is the most used in practice: an amplitude
mask is tilted by the required angle in front of the fiber and the grating structure is
produced by the direct laser beam. There is a one-to-one correspondence between the
tilt angle and period of the mask and those of the inscribed grating [77].

A typical spectrum of an Ex-TFG measured with unpolarized light is shown in Fig. 19.
A series of resonances can be seen in the wavelength range 1300-1700 nm, with
bandwidths and wavelength separations similar to those of LPGs, except for the fact
that each resonance appears to be split in two.

Additional measurements with LP core guided input light in Fig. 20(b) further show
that the splitting corresponds to the separate excitation of the EH/TM group and HE/TE
group by input light polarized in the plane and out-of-the-plane of the tilt, respectively
[77,178]. The observed splitting is due to the break in cylindrical symmetry of the
fiber associated with the formation of the tilted grating. Ex-TFBGs exhibit a higher
refractive index sensitivity and a lower temperature sensitivity compared with LPFGs,
resulting from the excitation of higher-order cladding modes (i.e., with somewhat
shorter axial periods).

2.6e. Tilted Short-Period Gratings (TFBGs)

TFBGs belong to the short-period gratings family and, as Ex-TFGs, they are character-
ized by a refractive index modulation angled with respect to the perpendicular to the
optical fiber axis. The main difference from Ex-TFGs is that the tilt angles are relatively
smaller (less than 40° and typically much less, between 4° and 15°), and as a result
their axial period is short and the gratings belong to the contra-directional coupling
regime [78]. TFBGs can be manufactured following the same tools and techniques
as uniform FBGs and their production benefits from over 20 years of engineering
advances in mass production and quality-control processes. When the phase mask
technique is involved, two main options can be pursued to produce TFBGs: (1) the
phase mask is tilted in the vertical plane perpendicular to the laser beam while the fiber
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is kept horizontal or (2) both the fiber and the phase mask are tilted in the direction of
the laser beam. A refractive index modulation tilted with respect to the perpendicular
to the optical fiber axis drastically enhances the coupling to cladding modes. Hence,
when the HE;; mode of a SMF meets the blazed refractive index modulation of a
TFBG, two kinds of optical coupling take place: the self-backward coupling of the
core mode at the Bragg wavelength and multiple backward couplings between the
core mode and cladding modes, as light propagation in the cladding is intrinsically
multimode.

The core mode coupling appears at the Bragg wavelength while cladding mode cou-
plings appear at well-defined shorter resonant wavelengths. They are respectively
given by the following relationships:

Ap = 2NcoreAz (14)

/lclud,l' = (Ncore + Nclad,i)Az’ (1 5)

where A, still represents the projection of the grating period along the fiber axis
(which is related to the period of the interference pattern of the laser beam differently
depending on the tilt configuration).

Figure 20 depicts a typical transmission spectrum of a 10° TFBG, measured with a
tunable laser-based swept-wavelength measurement system using unpolarized light
and also light polarized along the S and P directions relative to the tilt of the grating
planes. Cladding mode resonances can only be seen in transmission mode, as the
optical power carried by these modes gets stripped away by the lossy jacket and various
optical components (connectors and couplers) used to collect the reflected light. It can
be seen that the Bragg wavelength is located at the right-hand side of the spectrum while
several tens of narrowband cladding mode resonances range below. The value of N,
depends on the operating wavelength because of waveguide and material dispersion.
It can be considered to be equal to 1.447 at 1550 nm for an SMF-28 optical fiber. The
cladding mode resonance order increases from right to left, according to Eq. (15),
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and the corresponding mode effective index decreases. At a ~70 nm distance on the
short wavelength side of the Bragg resonance, the effective index of the corresponding
cladding mode matches the refractive index of water at that wavelength (near 1.319)
[179]. The first cladding mode resonance to the left of the Bragg resonance is the
so-called ghost mode as it shares many properties of the Bragg resonance but is
actually composed by the overlap of several low-order nearly degenerate cladding mode
resonances [78]. The multimodal nature of a TFBG mainly depends on the tilt angle
value: the higher the angle value, the higher the extension of the range of measurable
cladding mode resonances towards shorter wavelengths. It was recently demonstrated
that for tilt angles of the order of 20° or more, cladding mode resonances extend almost
uniformly over a few hundreds of nanometers [180]. The high-order cladding mode
resonances located more than 220 nm from the Bragg resonance have effective indices
lower than 1 and they show the corresponding signature from resonances no longer
guided by total internal reflection at the cladding—surrounding interface (i.e., a sudden
increase in amplitude and background loss, and some widening). Such gratings are
therefore very well suited for refractometry in gas phase because cladding modes near
cut-off with strong evanescent field penetration in gas can be excited [180].

Figure 20 also shows that higher-order mode resonances also split according to the
polarizations of the underlying mode groups, as in Ex-TFGs, and for the same rea-
sons, with the important difference that they are much more densely occurring in
the spectrum, and that they have much narrower bandwidths, typical of FBGs. For
a detailed view of the mode splitting, see Fig. 3. The large diminution in the reso-
nance amplitudes in the unpolarized measurement (of the same grating) stems from
the fact that in this case, only half the light is in the correct polarization for each of
the resonances that couples to either S or P modes (for high-order resonances that are
spectrally separated): this brings the maximum attenuation in each resonance to no
more than 50% (i.e., =3 dB in transmission), or a little higher due to partial overlap of
neighboring resonances.

2.6f. Localized FBGs

An alternative to TFBGs that shares many of their characteristics has been reported
using highly localized grating inscription techniques relying on point-by-point fem-
tosecond pulsed laser irradiation [74,75,181,182]. Instead of grating planes extending
across the fiber core, smaller dimension periodic structures along the fiber axis can
be localized anywhere in the fiber cross section, and in this particular case away from
the fiber core. As in TFBGs, this breaks the cylindrical symmetry of the core and,
thus, couples a forward-propagating core mode to a very large number of backward-
propagating cladding modes. Unlike TFBGs, however, where the amplitudes of the
cladding mode resonances strongly depend on the tilt angle, peaking at a specific
distance from the Bragg resonance, localized FBGs generate an apparently infi-
nite number of cladding mode resonances extending for hundreds of nanometers
from the Bragg wavelength with approximately equal amplitudes. Figure 21 shows
the measured transmission spectrum of such grating with air as the surrounding
medium.

2.6g. Sensing in Multimodal Systems with Fiber Gratings

Theoretical considerations. Both LPG and FBG devices have been used extensively
in sensing applications because the wavelengths at which resonances occur can be
measured easily and accurately using widely available and relatively inexpensive
instrumentation. Furthermore, resonance wavelength and amplitude shifts occur when-
ever the fiber mode fields and effective indices are perturbed, by changes in or around
the fiber. Finally, gratings allow core guided light to be coupled to selected cladding
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modes or groups in order to probe the fiber and its surroundings with specific light
distributions and polarization states.

Within grating-based sensors, there is an interesting trade-off between co-directional
(LPGs and Ex-TFGs) and contra-directional gratings (FBGs, TFBGs, and localized
FBGs). The modal resonance widths of typical contra-directional gratings lie between
0.1 and 1 nm (for gratings of a few millimeters in length) and, thus, have large qual-
ity (Q) factors (resonance wavelength/resonance width) between 10° and 10*, which
facilitates the accurate determination of small wavelength shifts. However, their rela-
tive wavelength shift sensitivity to a perturbation “x” ((AA(x)/A) is proportional to
ANX)/(N 1+ N »), i.e., of the order of AN(x)/N. Co-directional grating resonances
on the other hand have widths between 10 and a few 100nm, i.e., much lower Q
factors (10-100). However, their relative wavelength shift sensitivity is proportional
to AN(x)/(N | — N ;), which is potentially orders of magnitude larger than that of
FBGs (for coupling between modes with similar effective indices, i.e., A very large
relative to A). What matters in the end is the limit of detection, which is equal to the
ratio of the smallest wavelength shift that can be detected reliably to the wavelength
shift sensitivity. Although co-directional gratings largely win on sensitivity, their Q
factors and limits of detection are not superior to those of FBGs and other short period
gratings.

So, what makes a grating become a sensor? Predominantly two effects:

(1) achange in the effective index of one (or both) of the modes being coupled, or of
the grating period, will change the wavelength at which a resonance occurs.

(2) achangeinthe complex permittivity or dimensions anywhere within the waveguid-
ing structure will change the mode profiles and therefore the coupling coefficient
between modes, including mode loss, resulting in a change in the resonance
amplitude.
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What is relevant in the context of this review is the fact that in a multimode system,
different modes (or modes of different cores) may have different sensitivities to each
kind of perturbation and the simultaneous measurement of several resonances can be
used for: (a) multiparameter sensing, (b) dealing with cross-sensitivities (temperature,
for instance), (¢) improving the limits of detection by using multiple resonances to
measure a given parameter and, thus, averaging out the measurement noise from each
of the resonances. We have also established that in multimode systems, it is possible to
enhance the coupling between different groups of modes through the use of gratings
that break the cylindrical symmetry of the fiber. The main consequence of this is an
opportunity to optimize the grating response for specific measurands. The break in
symmetry also enhances the polarization dependence of the grating responses and
opens up new sensing modalities, in bending and lateral force sensing for instance, as
well as in plasmonics for fibers with metal coatings.

Mode sensitivity simulations. The development of point fiber optic sensors has tradi-
tionally relied on experimental determinations of sensitivities. In practice, it is much
easier to test out and calibrate the response of sensors than to predict them theoreti-
cally. This being said, a good theoretical model of a sensing modality can serve two
purposes: optimizing the sensor design by predictive calculations instead of trial and
error; and, more importantly, extracting more-accurate information from measured
data.

In the following, we use simulations of the multiresonant transmission spectrum of
a TFBG to demonstrate model-based sensor interrogation techniques. The first step
in the process is to model the TFBG transmission spectrum in a known state, i.e., a
state where all the parameters of the fiber waveguiding structure are as well known as
possible. The fiber chosen for the device is a CORNING SMF-28 without its jacket and
in air at 23°C and atmospheric pressure. The waveguiding structure at wavelengths
near 1550 nm is then defined by the refractive index and dispersion of pure silica for
the cladding, and a core index difference of 0.35% [183], and the refractive index of air
(1.00027 for the whole C-band), along with core and cladding radii of 4.1 and 62.5 um,
respectively. A TFBG with a tilt angle of 10°, length of 1 cm, and period near 557 nm
was written in this fiber using standard UV photosensitivity (KrF laser irradiation at
248 nm through a phase mask, with hydrogen loading to enhance the photosensitivity).
As reported by Zhou et al. [60], a calibration process must be used to correct the fiber
and grating parameters to accurately model the transmission spectrum because the
inscription process changes the optical properties of the fiber (the formation of an
absorption band in the near-UV following the laser irradiation changes the refractive
index dispersion of the core [ 184]) and of the grating (a slight tension is used both in the
grating inscription process and in the grating holding tool used during measurements).
The calibration process can determine the fiber core index to at least 107 accuracy
and the dispersion to 5%. A large number of TFBG calibrations have shown that for
the FBG fabrication conditions listed above, the average core index of the irradiated
SMEF-28 at 1610 nm increases to values in the vicinity of 1.4497, i.e. an increase of ~5
x 1072 from the value of the pristine fiber core. What is more important in the context
of using many resonances distributed over a 100 nm spectral window, the core index
dispersion increases from 1.2 x 107> to values in the vicinity of 1.8 x 107> nm~! (a very
significant increase of 50%). Without such adjustment, simulated grating resonances
deviate from measured ones by hundreds of picometers (this calibration process can be
made automatically by iterative use of a mode solver and TFBG simulation tool). Fig-
ure 22(a) shows the best fit obtained between the simulated and measured data, whereas
Fig. 22(b) shows the individual resonance wavelength errors between the simulation
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and measurement. The average error has been reduced to less than 1 pm with a standard
deviation of 4 pm.

Taking as a starting point the parameters of the calibrated TFBG in air, it is now
possible to calculate predicted wavelength shifts of all the resonances under a given
perturbation, such as changing the temperature, strain, surrounding medium, or adding
a layer of material. Figure 23(a) shows a typical case of simulated wavelength shifts
of the resonances of a calibrated TFBG caused by SRI increases from a starting
point in a surrounding medium made of pure water. It is clear that the sensitivity
increases with cladding mode order, as expected from the increase in evanescent field
penetration. In contrast, Fig. 23(b) shows corresponding simulations for strain applied
to a TFBG, where the sensitivity decreases with increasing cladding mode order.
These examples show that differential measurements between several modes can be
used to improve the measurement accuracy and help identify the sources of unknown
perturbations.

Figure 23
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A similar approach can be taken for plasmonic-assisted sensors, by adding a layer of
metal to a calibrated grating in the simulations and calculating wavelength shifts for the
given sensing modality [70,183—-187]. Figure 24 shows how the simulated spectrum
of a gold-coated TFBG in liquid varies with the refractive index of the liquid.

Given that full-scale simulations of fiber gratings are very computationally intensive
(a full-spectrum calculation at 10-pm resolution takes several hours on a personal
computer), other tools are available to calculate grating wavelength shifts from sim-
pler starting points. Because of the long history of FBG sensors and their extensive
use in real applications, the sensitivities of mode effective indices to strain and tem-
perature have been studied and characterized extensively. In the case of gratings, the
“rules of thumb,” 10 pm/°C and 1 pm/ustrain, have been found to be useful and con-
venient approximations [166]. However, these depend on the wavelength of the Bragg
resonance and slightly more accurate estimates can be found using “gauge factors”
in the form of AMA (where A is the wavelength of a resonance). In those terms, the
temperature and strain gauge factors for SMFs have been found to be 6.25 x 1076/°C
and 0.8 x 107%/ustrain, respectively, for wavelengths in the near-infrared [188]. Still,
more exhaustive characterizations or empirical calibrations are often carried out in
applications where the highest possible accuracies are required, and the cost of such
additional work justified.

Sensitivity calculations. The wavelength shift sensitivity of a guided mode resonance

[TPR1)

at wavelength 1 due to a grating of period A and under a perturbation “x” can be
summarized in the following expression for the corresponding gauge factor K, :

_lda Z(Ny + Ny) + (Ny + Ny) 42 (17)
T ddx (Ng1 + Ng2) ’

where N,; is the group index of the guided modes being coupled (see Supplement 1
for details).

Measurement and peak finding methodologies. The determination of the exact position
of grating resonances is an important factor in increasing the accuracy of resonant fiber
sensors, and gratings, in particular. Even for FBGs and their contra-directional variants
that benefit from a high Q factor, there are some challenges. For “simple” uniform
gratings, and assuming that the sensing modality does not lead to a chirp of the grating
period or refractive index along the grating, it is possible to obtain sub-picometer
wavelength position accuracy even using spectrometer with spectral resolutions of the
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order of 100 pm [189]. This is obviously significantly more difficult for gratings with
wider linewidth resonances (LPGs, Ex-TFBGs) or when measurements are carried
out with lower spectral resolution. In order to achieve such precision, peak fitting
algorithms have been developed for the most common FBGs [190-196], based on
model function fits, centroid calculation or Hilbert transform approaches. Of course,
these techniques remain available for FBGs in multicore systems, as long as the cores
are single mode. For multimode systems, and especially those where nearly degenerate
modes combined into each grating resonance, the resonance shapes can be slightly
asymmetric and variable across the spectrum. For instance, Fig. 25 shows some of the
individual resonances of a 1-cm long, 10° tilt TFBG across its transmission spectrum:
in this case, it is obvious from this that conventional peak fitting algorithms must be
adjusted according to the distance from the Bragg wavelength to account for the shape
changes.

These issues are sometimes avoided by the use of pre-calibrated wavelength sweeping
detection systems [197], or spectral “envelope” detection methods where individual
resonance amplitude and wavelength fluctuations are averaged out [198-202]. When
the measured transfer function of a sensor device in its initial (or rest) state can be
simulated with a certain measurable accuracy, any change in the device state due to
a “sensing event” can be traced back quantitatively to the cause of the change by
varying those changes in the model until it fits the new measured state of the device.
As an example, an accurate model of a specific resonance of a gold/palladium-coated
TFBG was used in Ref. [185] to determine how the permittivity of the palladium
changed upon exposure to hydrogen gas. All that is required is to change the per-
mittivity in the model until the simulated resonance corresponds to that of the
measurement.

Multiparameter sensing from multiple resonances. Despite the peak fitting challenges,
multimode systems offer important advantages in multiparameter sensing. The avail-
ability of multiple independent measurable variables in a fiber response means that
more than one parameter can be measured, or that one parameter be measured with
greater accuracy by averaging the response calculated from each measured variable.
Mathematically, the impact of M kinds of perturbations on a system with N measurable
variables (where M < N) can be expressed as follows (using three parameters, tem-
perature 7, SRI, and strain (¢), and five resonances (Ai) for instance. The parameters
of the matrix (i.e., Kj;) are the individual gauge factors of each mode resonance and
they can either be determined empirically or from reliable simulations and theoretical
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considerations:

(AL /A [Ki Ko Kis)
Ay [ 2, Ky Ky K AT
Ad3/ 23 K31 Kz Ks;

b = = ASRI| = Kx. 18
Ady/ A4 Ky Ky Kz Ae * (18)
Als/ s K51 Ks; Ks3
|A6/As|  |Kei Koo Kes]

This is an “overdetermined” linear system of equations (more measurements than
parameters to find), so once the gauge matrix K is known, the inverse problem of
finding the best values of AT, ASRI and Ag (in the least squares sense) from the AA;
can be solved (using the function “mldivide” in MATLAB® for instance, identified by
the operator “\” below):

[AA; /2]
ATy
ASRI| = k\ |73 73], (19)
As Ady/ A4

Alds/ s

Adg/ A

The right-hand side of the operation shown in Eq. (19) is functionally similar to
multiplying the column vector of measured wavelength shifts by the pseudo-inverse
(also called the “Moore—Penrose generalized inverse”) of K (“pinv”’ in MATLAB). The
two approaches provide a different “best” solution to the problem within the roundoff
error of the calculation. In principle, the precision of the result should increase with the
number of measurements (i.e., wavelength shifts), a result which has not been proven
yet in fiber sensors. In the minimum case, i.e., equal numbers of measurement, the
solution of the inverse problem only exists if the determinant of matrix K is non-zero,
because the solution is then given by

AT AL A
ASRI| =k~'| A1, | = ZdJ(K) Al | . (20)
Ae A/7.3 et(K) Aﬂg,

Given this form, any error in the measurement of 44 will lead to increasingly large
errors in the parameters to be measured for smaller values of the determinant of M.
Several examples of this can be found in the literature, but rarely with more than two
parameters [6,24,35,47,203-206].

In addition to measuring several parameters at the same time, the availability of mul-
tiple measurements for a given sensing event provides the possibility of removing
crosstalk from unwanted variables. This is particularly important for removing the
effect of “intrinsic” sensitivities (temperature, fiber strain and curvature) from the
target sensing application. In the case of wavelength-based SRI measurements with
a strain-free sensor for instance, parasitic temperature variations affect the values of
the measured wavelengths, but they also change the refractive indices of the fiber and
surrounding media through thermo-optic effects. In such case, the separate measure-
ment tells the user at which temperature the refractive index was measured. This is
routinely done with TFBGs where the core mode resonance is inherently insensitive to
changes occurring solely outside the core mode field cross section, as long as the group
index contribution is taken into account in the measurements of the other resonances
[14,207-210].
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3. RECENT ADVANCES IN SENSING APPLICATIONS

3.1. Temperature

Although temperature sensing is already very well addressed by SMF sensor technolo-
gies, it is discussed here for two reasons: applications at higher temperatures than those
of common FBG technologies and dealing with the cross-sensitivity to temperature
of multimodal sensors for other applications. In the case of modal interferometers,
the wavelength shift of a fringe maximum at A,, due to a change in temperature AT is
given by

Ad, = (a + ——) A - AT, (21)

where « is the thermal expansion coefficient of the fiber and AN the difference in
effective indices of the interfering modes.

In Fig. 26, we show the interference patterns observed at different temperatures
in a packaged SMF-MCEF structure fabricated with 2.54 cm of the MCF shown in
Fig. 10(a). In this case, the cleaved end of the MCF was used as a reflector. It can be
noted that at high temperatures the shift is nonlinear. The sensitivity in the 700—1000°C
range was found to be approximately 33 pm/°C, which is around 300% more sensitive
than an FBG, which cannot operate at high temperatures.

On the gratings side, FBGs and arrays of FBGs in SMFs have been used for temperature
sensing for decades. From the point of view of multimodal sensing, what changes is
that each mode resonance will shift slightly differently according to its temperature
gauge factor derived from Eq. (16) as

_lda (N1 + Ny) + (Ny + Ny) 1 42 (22)
T AdT (Ng1 + Ng2) ’

Kr

Therefore, more accurate temperature values can be obtained from simultaneous
measurements of the slightly different wavelength shifts of multiple resonances.
This property allows to produce dual temperature and strain sensors [206]. Recent
advances in the development of grating-assisted temperature sensors include high-
temperature measurements, beyond the value (most probably around 850°C according
to the previous reports) at which silica turns into cristobalite, weakening the fiber.

Figure 26
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(a) Normalized reflection spectra observed at different temperatures in a packaged
SMF-MCEF structure. (b) Calibration curve; the peak centered at around 1522 nm was
correlated with temperature. The inset photograph shows the packaged sensor after its
exposure to 1000°C; the sketch of the sensor structure is also shown. The length of
the seven-core MCF was 2.54 cm. Adapted from [132].
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Sensing up to 1050°C or even slightly more has been achieved with femtosecond laser-
induced FBGs [211,212]. Very recently, similar conclusions have been observed for
TFBGs [213].

3.2. Strain and Shape

3.2a. Axial Strain

In the case of axial strain, multimodal point sensors can be used to increase the
measurement accuracies or decrease cross-sensitivity in applications where more
conventional fiber sensors do not suffice.

If a modal interferometer is subjected to an axial tension, its length increases and
this gives rise to a phase shift difference between the interfering modes. For an axial
tension o (the applied force per unit area of the fiber), the change in length of an
interferometer of length L, will be AL= oL/Y (where Y is Young’s modulus of the
fiber). Furthermore, the refractive indices of the device will change due to the photo-
elastic effect. For the simplest case of a SMF under tension, the following equation
can be used for the change in the refractive index of each material making up the fiber
[214]:

S—Z_ = —%”3[.012 —v(pu +p12)l, (23)
where n is the refractive index of the core, v is the Poisson ratio of the fiber, and p 1,
and p |, are the appropriate components of the strain-optic tensor.

The shift of the interference pattern can be estimated in a similar manner as previously.
By differentiating Eq. (20) with respect to L and by assuming a constant temperature,
we obtain

L 0AN
A, = (1+AN 6L) me (24)
In this expression, the strain € = AL/L. Equation (24) suggests that the shift of the
interference pattern is linear with the applied strain to the device (assuming that the
photo-elastic contribution implicit in the JAN/JL term is small enough to be in its
linear range). The main issue of modal interferometers when they are used for strain
sensing is their cross-sensitivity to temperature. Thus, it is important to compensate
for the effect of temperature to measure strain, pressure, or force with high accuracy,
which is often done with an additional modal interferometer isolated from strain,

pressure, or force used as a reference.

Supermode interferometers have been employed for sensing strain in real-world envi-
ronments. It was demonstrated that such devices can provide information as accurate
as a commercial Bragg grating strain sensor [215]. The advantage of modal interfer-
ometers is their capacity to operate at high temperatures, up to 1000°C, because they
can be made of all silica fibers.

In the case of grating resonances, because (1/A)(0A/de) = 1 the gauge factor for axial
strain is equal to
C1dd PR (N + )

- Z% B (Ngl +Ng2) (25)

and, as for temperature, each guided mode shifts by a slightly different amount under
strain [216]. As the K. and K7 of the modes are different, a single measurement of the
shifts of a group of cladding modes can, in principle, be used to differentiate strain
and temperature with a single multimodal grating.
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3.2b. Shape (3D Strain, Curvature)

Fiber-optic curvature sensors have several potential applications; probably the most
attractive is shape sensing, which, in turn, has applications in the industry and biomed-
ical sectors [45,50,211,217]. An ideal curvature sensor must provide the amplitude
and the direction of curvature, and this is where multimodal sensors become ideal, as
in [44,218].

Mechanically, an optical fiber can be treated as a homogeneous circular rod. If the
fiber is subjected to curvature, its refractive-index profile will change due to the stress
experienced by the fiber materials. The changes of the index profile alter the shape of
the modes that are excited in the curved fiber. In the particular case of bending, a good
approximate formula for the change in refractive index of the materials making up the
fiber is given by

n'(x,y) = n(x,y) (1 + Rxﬁ), (26)

where n’(x,y) and n(x,y) are the refractive index profiles of the bent and straight fiber,
respectively, x is the radial distance from the center of the fiber in the plane of bending,
y the orthogonal direction to x in the fiber cross section (with z along the fiber axis).
Here R,y is a function of the photo-elastic tensor coefficients (p 1; and p 1) and Poisson
ratio v of the fiber [219]:

R
1— n(x,y)2 _ ’
=== (P12 —v(pu +p12)

The above equation indicates that the index of the core and cladding will increase
or decrease gradually and non-uniformly with respect to a straight fiber, depending
on the direction of the curvature. As different modes occupy different spaces in the
fiber cross section, they experience different values of index change as they propagate,
which, in turn, shifts the interference pattern and also often induces a change in its
amplitude.

Rey = (27)

A second consequence of bending is a shift and deformation of mode fields [220].
Figure 27 shows the profiles of two circular modes when the MMF is straight (left-
hand graphs) and when it is curved (right-hand graphs). The direction of curvature is

Figure 27
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(a) Refractive index profile of a MMF when it is straight (solid line) and when the
fiber is curved (dotted line). (b) Profiles of two circular modes in the MMF calculated
at 1550 nm when it is straight and curved. The white lines indicate the direction of the
applied curvature to the fiber. In all cases, the core of the fiber is 50 um.
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indicated with the white arcs. It can be observed that the mode shifts in the direction
of curvature or to the region of the core where the refractive index is higher.

It is mostly this mode field disturbance which enables the measurement of curvature via
gratings, for the following reasons. As seen from Eq. (26), for pure bending the index
change at the center of the fiber is zero. This minimizes the effect of bending on mode
effective indices and, therefore, on resonance wavelength shifts. On the other hand, the
coupling coeflicients between a core mode and cladding-guided modes depend on their
overlap integral, and whereas the core mode (nearest to the fiber axis) shifts very little,
cladding mode fields extend much further and shift significantly. These shifts produce
amplitude changes of the grating resonances instead of wavelength shifts. In all cases,
if the optical fiber is symmetric, these approaches measure the magnitude of bending
only, not its direction [51]. To identify the direction of the curvature, an asymmetry
in the segment that supports the interfering modes is necessary [26,133]. Likewise
for gratings, the same curvature will lead to large differential resonance amplitude
changes that are direction-specific only for gratings that break the symmetry (i.e.,
TFBGs, Ex-TFGs, and localized FBGs) [221-223].

As a particular case of curvature or strain sensing, the measurement of vibrations
with high sensitivity and precision is important in a wide variety of sectors (structural
health monitoring, ground motion monitoring, and condition monitoring). In the con-
ventional way to detect vibrations with an optical fiber sensor, usually a seismic mass
is coupled to the optical fiber. Vibrations move periodically the mass and the optical
fiber experiences cyclic strain or displacements. The disadvantages of this approach
include bulky sensors and risks of breaking the optical fiber when the sensor is in
resonance. If a modal interferometer is used to detect vibrations, no mass is needed.
The periodic bending, strain, or curvature of the multimode segment of the interferom-
eter gives rise to cyclic phase shifts, which periodically shifts the interference pattern
[48,134,224,225]. Some modal interferometers are so highly sensitive to curvature or
bending that small-amplitude vibrations can be detected at frequencies approaching
100 MHz [224-227].

Finally, a recent example of the use of MCF gratings for 3D shape sensing is shown
in Fig. 28 [50]. The fiber is interrogated by optical frequency domain reflectometry
which provides the value of the local Bragg wavelength as a function of distance along
each fiber, which then can be analyzed to provide the local curvature and strain over
the full fiber length [114].

3.3. SRI Sensing and Related Sensing Modalities

The excitation and control of evanescent fields propagating outside the cross section of
fibers opens up a myriad of sensing opportunities, from simple bulk refractometry to
applications in chemistry, materials characterization, thin-film deposition monitoring,
electro-chemistry, biochemistry, and medical devices. In the following, we describe
how cladding mode measurements by resonant or interferometric processes can be used
for each kind of sensing application and review some of the most recent advances.

3.3a. Bulk Refractometry

The simplest extrinsic sensing modality consists of exposing the evanescent fields
of fiber modes to a change in refractive index in the surrounding medium, i.e., the
depth over which the evanescent part of each mode extends, which, in turn, depends
on the mode. In fiber-optic refractometers, the link between the refractive index to
be measured and device output is the mode effective index, and how it depends on
the SRI. Regardless of the sensing configuration used (resonant or interferometric),
the AN;/dngg; factor of a given cladding guided mode depends on the power fraction
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(a) System for the inscription of a continuous Bragg grating in all the cores of a
seven-core fiber. (b) Photograph of the cross section of the fiber. (c) Diagram showing
that the fiber is twisted along its axis. Reprinted with permission from [50]. Copyright
2017 Optical Society of America.

of the mode that is located in the surrounding medium: higher-order modes (less
confined) will be modified more strongly than others and have their optical path
lengths or resonant wavelengths (for interferometers and gratings, respectively) vary
more than that of other modes (Fig. 23). This is, for instance, why the sensitivity
of fiber refractometers is sometimes increased by reducing fiber diameters to bring
modes closer to cut-off and to extend their evanescent fields further in the medium to
be sensed.

Although both interferometric and resonant SRI sensors can measure refractive index
variations with very high accuracy, only the latter can perform an “absolute” refrac-
tive index measurement, i.e., provide a refractive index value without a reference
measurement. This was first demonstrated for TFBGs, based on a measurement of the
wavelength of the last guided cladding mode resonance. Much like an Abbe refrac-
tometer, the effective index of this last guided mode (which is related to its resonance
wavelength by Eq. (15)) is nearly equal to the SRI because it corresponds to the end of
the total internal reflection of light by the cladding. It is in such cases beneficial to have
the highest possible spectral density of modes (i.e., using TFBGs or localized FBGs
instead of LPGs or Ex-TFGs, and a large diameter of the guiding structure relative
to the wavelength) to reduce the uncertainty arising from the wavelength separation
between resonances [56,178]. Figure 29 demonstrates this sensing modality for saline
solutions.

Of course, it is only needed to measure refractive index shifts in many other applications
instead of an absolute value, and generally over very limited ranges. In such cases, as
in biosensing for instance, it is then more advantageous to track the wavelength shifts
and/or amplitude changes of the modes near cut-off, as proposed in [ 186]. Although the
cut-off modes reach their maximum sensitivity, of the order of 10-20 nm per refractive
index unit (RIU) over a very limited range [78], their resonance wavelength can be
measured with picometric accuracy, giving a limit of detection of the order of 107*
for that sensing methodology. Of course, TFBGs and localized FBGs also provide
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(a) Measured TFBG spectra following immersions in liquids with increasing SRI (as
indicated by the salt concentrations of the water solutions in the legend). The inset
shows the details of a spectrum near the cut-off point where the mode effective index
is equal to the SRI. (b) SRI determined from the cut-off mode effective index as a
function of salt concentration in water, with reference data for the index of saline
solutions from the literature. Reprinted with permission from [179]. Copyright 2015

Optical Society of America.
____________________________________________________________________________________________|

the inherent advantages of a simultaneous measurement of the in sifu temperature,
from the Bragg wavelength measurement, and of uncertainty reduction techniques by
combining multiple resonance shifts in the data processing algorithms.

Although these features are interesting, there are many applications where higher
accuracies are required. These can be achieved using plasmonic amplification of the
modal sensitivities: for both TFBGs and localized FBGs, it is possible to selectively
excite TM polarized cladding modes at the fiber surface and to couple energy to
surface plasmons in noble metal layers deposited on the fiber surface. As such, for a
metal thickness ranging between ~30 and ~70 nm and upon the use of P-polarized
light, a strong modulation of the cladding mode resonance spectrum for cladding
mode resonances phase-matched to the surface plasmon. The hybridized plasmonic
cladding modes have as much as 70% of their power density located in the surrounding
medium at the peak of the surface plasmon phase matching resonance and as a result
this resonance condition becomes highly sensitive to the SRI. In the case of gold-coated
TFBGs in water with a Bragg wavelength near 1610 nm, the plasmonic resonances
occur near 1543 nm (whereas the cut-off mode occurs at 1537 nm, for the same fiber
without gold layer; see Fig. 30), and the location of the surface plasmon shifts by
550 nm/RIU (about 50 times more than the most-sensitive cladding mode resonance
near cut-off). However, the SPR is relatively broad and poorly resolved (by the comb
of cladding mode resonances in the spectrum). As shown in the application examples
provided in later sections, it is often preferable and much more accurate to infer the
SPR shift due to SRI changes from the individual wavelength shifts and amplitude
changes of the mode resonances located just before and after the maximum of the SPR
(where the resonances are almost completely attenuated).
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An interesting variant of bulk refractometry is the use of fiber gratings to detect liquid
level changes. It has been known for a while that the response of a partially immersed,
relatively long fiber grating refractometer shows a transmission spectrum that has
features corresponding to the two media which surround the grating, in proportions
corresponding to the fraction of the grating length in each medium [228]. This idea was
recently extended to dynamic measurements of the motion of a fluid boundary along
the grating to determine the flow velocity and direction [229,230]. The same principle
was used in the measurement of the surface tension of liquids in the milli-Newton
range but in this case for partial contact of a water bead around the circumference of the
fiber grating [231]. In all cases, the required information is obtained from differential
amplitude and wavelength shifts of selected resonances in the transmission spectrum
of TFBGs and partially gold-coated TFBGs.

3.3b. Thin-Film Characterization and Modifications

A closely related problem to bulk SRI measurement, but in many ways more impor-
tant, is the addition or modification of a thin layer of material on the fiber outer
surface. This is the situation in most instances of chemical and biochemical sensing,
where a “functional” layer is needed to provide selectivity of the sensor to a particular
substance or reaction. As those layers are typically extremely thin (most often mono-
layers of the order of a few nanometers in thickness), the approximate perturbation
methods described in Section 2.2 could, in principle, be used to calculate the effect
of functional layers and their modifications on mode fields and, thus, to simulate and
analyze sensing events. However, the optical properties of the nanoscale layers used
in most cases are not known accurately (especially for organic molecules exposed to
liquid buffers) and any error in the actual thickness of the layer changes the mode field
overlap by the largest amount (the rate of exponential decay of mode fields is largest
at the cladding surface). As the accuracy needed in chemical experiments is typically
very high, these uncertainties make simulations of functional layer sensors extremely
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(a) Discontinuous coatings on a fiber and (b) their equivalent layer model. The possible
polarizations of the probing light electrical field are also indicated. Reprinted with
permission from [72]. Copyright 2014 Optical Society of America.

challenging, if not impossible. Therefore, these kinds of sensors are typically charac-
terized experimentally on a case-by-case basis, which may explain their lack of broad
acceptability outside of research settings.

These issues are complicated further when the functional layers are discontinuous. In
these cases, even the definition of a layer thickness is problematic, and the average
complex permittivity of the layer also depends on the properties of the surround-
ing medium (and what happens to it during experiments). The general problem for
measuring with discontinuous nanoscale coatings is sketched in Fig. 31.

In conventional (free space and bulk material) optics, effective medium theories, such
as the Maxwell-Garnett and Bruggeman formulas, have long been used to predict the
optical properties of mixtures of different materials, including metals and dielectrics
[73,232]. Although some attempts have been made to use these approaches in guided
geometries, their use in the case of deeply subwavelength thicknesses over multi-
wavelength interaction lengths has not been very convincing so far [71,72].

Another factor that is only occurring in discontinuous coatings is the possibility of
mode loss which is not associated with absorption, but rather scattering [233,234].
Although both these sources of loss lead to mode attenuation and its effect on grating
resonances (amplitude and width) or interferometer fringe visibility, their effect on
the real part of the mode effective index dispersion differ: absorption changes are
related to refractive index changes through Kramers—Kroenig relations, but scattering
losses are not. As modal sensitivities are strongly affected by mode dispersion, it
remains an unsolved challenge to deal with the scattering versus absorption issue in
simulating fiber sensor properties of discontinuous nano- and micro-scale coatings
and binding events on fibers. Figure 32 shows how the scattering out of a gold-
nanoparticle-coated TFBG depends strongly on the polarization state of the cladding
mode evanescent field, leading to an apparent differential loss in the transmission
spectrum.

Nevertheless, polarization and selective excitation of cladding modes enable very pre-
cise measurements of the optical properties of thin films. This is especially critical
for metallic and near-metallic films at near-infrared wavelengths. It has been found
that ultrathin continuous and discontinuous metal coatings have a major effect on
the amplitudes and wavelengths of polarized cladding mode resonances in TFBGs.
By comparing measured changes with simulated models, the properties of several
kinds of thin metal coatings have been determined in the last few years [181,235,236].
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Polarization-resolved cladding mode scattering from gold-nanoparticle-coated fiber.
Reprinted with permission from [72]. Copyright 2014 Optical Society of America. The
larger scattering occurs for P-polarized input light, and the corresponding transmission
spectrum shows much higher resonance loss.

___________________________________________________________________________________|

This application of multimodal fiber sensors constitutes one of the most promising
directions for developing a new class of in situ, real-time monitoring tools for coating
systems, including widely used coating processes such as chemical vapor deposi-
tion (CVD), magnetron sputtering (MS), pulsed vapor deposition (PVD), thermal
evaporation, atomic layer deposition (ALD), chemical binding, and crystallization.

Furthermore, it has been recently shown that optical fiber sensors can be used to
measure the linear electrical properties of metals [70] as well as their electro-chemical
[237] and nonlinear optical properties [182]. To this aim, optical fiber devices have
been used in a wide variety of configurations to deliver extremely sensitive and accurate
thin-film properties and growth data. Table 1 provides a sample of relevant references
and their main features.

For a recent example, Ref. [251] shows how a very uniform nanoscale ITO coating
increases the modal birefringence between S and P resonances of a TFBG in the
mode transition regime (ITO thicknesses near 250 nm), where the sensitivity of the
resonances to perturbations (twist in this case) is magnified (Fig. 33). Measuring the
TFBG during deposition will allow the desired thickness to be achieved precisely
regardless of variations in deposition rates or differences between the thickness on
fiber with that obtained from external thickness monitors.

3.4. Electromagnetic Sensors Based on Surface Refractometry

Although most optical fiber materials do not have a second-order optical nonlinearity,
it is possible to build fiber electric field sensors by surface refractometry with the help
of electro-optic coatings. The most frequent examples of this have been liquid crystal
coatings (or infiltrations into the holes of microstructured fibers), but those are limited
to static or relatively low-frequency measurements [252-254]. Recent developments
in the accuracy and sensitivity of fiber-based refractometers open up new possibilities
using solid electro-optic coatings at frequencies limited only by the speed of the fiber
interrogation systems (at least tens of gigahertz for single wavelength/photodetector
detection systems) using laser light tuned on the edge of a transmission resonance, as
in [186]. Similarly, fiber-optic refractometers can detect the presence or displacements
of magnetic particles around the fiber surface or of changes in magneto-optic coatings
(Table 2).

Although fiber-optic magnetic field sensors based on Faraday rotation of the mode
polarization have been around for a long time, this is relatively weak effect and it
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requires special fiber materials with a large Verdet constant as well as long interaction
lengths. Much stronger response, including magnetic field orientation determination
(as well as magnitude) was demonstrated using fiber gratings immersed in magnetic
fluids (a stable colloid suspension of magnetic Fe;O,4 nanoparticles). In the presence
of a magnetic field, the nanoparticles accumulate asymmetrically around the fiber
circumference according to the orientation and strength of the magnetic field. This
accumulation changes the local refractive index (and loss) of the material around the
fiber, a change that can be detected easily with evanescent field fiber sensors, especially
when polarized light is used along with plasmonic enhancement thanks to a thin gold
film on the TFBG, as depicted in Fig. 34.

3.5. Electrochemical Plasmonics in Renewable Energy

In the context of the global transition towards renewable energies, the need for new
monitoring tools to ensure safety and optimum operation of storage and power sources
has emerged [272]. Due to the outstanding importance of this recent application and
the fact that fiber optics is often the only way to make certain kinds of measurements,
it is treated here separately and includes pioneering work using SMF optic sensor
designs. Progress in this direction was first demonstrated in 2013 [273], with further
developments using the wavelength dependence of FBG sensors on the local tempera-
ture (T), pressure (P), and strain (¢) [274—277]. In particular, FBG sensors embedded
within a battery were used to image the temperature distribution [278,279] and to pro-
vide state of charge (SoC) and state of health (SoH) estimations [280-282]. Similar

Table 1. Selected Examples of Fiber-Based Configuration of in situ Monitoring
Deposition Process

Optical Reactant Substrate Coating Deposition Interrogation Ref.
Fiber Con- Material Method Wavelength
figuration (nm)
TFBG Au nanoparticles SiO; (fiber) Au Electroless 1520-1570 [238]
and HAuCl4 plating
TFBG [Au(NMe,(N'Pr),],  SiO; (fiber) Au CVD 1520-1610 [236,239,
/[Au(Me2'Bu-'p)], 240]
TFBG Au source SiO, (fiber) Au Electron beam 1566-1568 [79]
TFBG [Cu(NMe,(N'Pr),],  SiO, (fiber) Cu p-CVD 1520-1600 [241]
TFBG Ag Source SiO; (fiber) Ag Thermal evap- 1530-1620 [70]
oration/etching
TFBG AgNO3, Ethylene Ag-SiO, Ag Covalent 1520-1600 [235,242]
glycol and poly (fiber) nanowire binding
(vinyl pyrrolidone)
TFBG O,-plasma, Zn SiO; (fiber) ZnO Sputtered 1540-1580 [243]
source
TFBG Cysteamine, AuNP SiO; (fiber) Biotin- Protein binding ~ 1525-1625 [244]
colloid Avidin
TFBG Trimethyl SiO; (fiber) Al,O3 ALD 1529-1575 [245]
aluminum, H,O
Au-coated Au source, SiO, (fiber) Au and Thermal 1552-1576 [187]
TFBG 1-Dodecanethiol DDT evaporation
(DDT) and Covalent
binding
Au-coated Au source, Pb** SiO; (fiber) Auand Pb  Electrochemical 1547-1548 [246]
TFBG ions compound
LPG Al(CH3)s, H,O SiO; (fiber) Al,O3 MS and ALD 1200-1600 [247]
Ag and NaCl Ag, Fe-C and Ag and Electroplated 1550-1620 [248
Fe—C-coated SiO; (fiber) Fe-C 249-250]
LPG
ITO-coated ITO film, air SiO; (fiber) ITO Sputtering 1550-1620 [251]

TFBG




50  Vol. 14,No. 1/March 2022/ Advances in Optics and Photonics Review

Figure 33
(a)

Rotation

270 nm

= —

TE mode
— = — TM mode

1.34
0 200 400 600 800 1000 1200 1400 1600
Wavelength (nm)
(e) (f)
-5t w2
38 -10f g *
.5 non-polarization 5 — no:rpolarization
2 ’ 2 2
5 £ 5
=== .10
. 15 F ;
.20 | p-polarization el e 180 pm ——— p-polarization —a =— 580 pm
—— s-polarization " : 20 s-polarization gt g
1558 1560 1562 1558 1560 1562
Wavelength (nm) Wavelength (nm)

(a) Rotated magnetron sputtering technique. (b) Microscopic images of the bare TFBG
and ITO-coated TFBG. (c) SEM image of the fiber cross-section with ITO coating.
(d) Calculated effective mode indices for HE/TE and EH/TM modes as a function of
ITO thickness, showing mode transitions (accelerated mode dispersions) occurring
at different thicknesses. (e) Experimental spectra measured with unpolarized input
(black), P-polarized input (red) and S-polarized input (blue) for (e) bare TFBG and (f)
ITO-coated TFBG. Reproduced with permission from [251]. Copyright 2021 Optical

Society of America.
____________________________________________________________________________________________|

sensors were developed to decouple the effect of thermal and strain on Li-ion batteries
[283,284]. First attempts at in situ chemical parameter identification of electrolytes for
the optimization of Li-ion batteries were carried out by Raman spectroscopy with a
multifiber probe for measurements of ion concentrations close to the electrode surface
[285]. More recently, similar studies were performed in commercial Na(Li)-ion cells
with specially configured FBGs in microstructured fibers [286]. Figure 35 shows some
of the features of this system and the correlations between the fiber sensor data and
the electrical measurements.

Finally, plasmon-assisted fiber sensors such as TFBG-SPR devices are ideally suited
to detect electrical processes and charging states within batteries and supercapacitors
used in energy storage because their properties depend strongly on the distributions
of charges along the metal-coated surfaces. Placing a metal-coated fiber sensor in
proximity to an electrode should respond to the state of the electrode and to the
local concentration of electrolytes. The first demonstrations of such sensing perfor-
mance were published in 2018 and showed simultaneous optical and electrochemical
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Table 2. Selected Examples of Fiber-Based Electromagnetic Field Sensors

Configuration Coating Sensing Range Sensitivity Wavelength Ref.
(Vector (Y/N)) Field (nm)
LPG + D- Magnetic Magnetic 1.4-191.2 176.4 1520-1570 [255]
shaped fluid mT pm/mT
fiber
Microstructured Magnetic Magnetic 0-300 Oe 1.946 nm/Oe ~967.56 [256]
LPG fluid
TFBG-SPR Au film Magnetic 0-18 mT 2 nm/° 1520-1560 [257]
(Yes) and 1.8 nm/mT
Magnetic

fluid
TFBG (Yes) Magnetic Magnetic 0-28 mT 0.038 dB/rad 1522-1524 [258

fluid 0.39dB/mT 259-260]
TFBG Liquid Electric 1.0-4.8 0.287dB/ 1520-1550 [261]

Crystal field kV/ecm kV/ecm

MZ- Magnetic Magnetic 0-238.2 —170 pm/Oe 1440-1640 [262 263
interferometer fluid Oe -0.21268 264-265]
(Yes) dB/Oe
Sagnac Magnetic Magnetic 0-1000 Oe 1.17 nm/Oe ~1160 [265]
Interferometer fluid
Multimode Magnetic Magnetic 0-500 Oe - 1150-1350 [266]
interference fluid 0.01939dB/Oe
Taper Magnetic Magnetic 38-250 Oe 56 pm/Oe 1520-1610 [267,268]
Interferometer fluid 0.13056 dB/Oe
(Yes)
Fabry—Pérot Magnetic Magnetic 0-400 Gs 0.0431 nm/Gs 1530-1565 [269]
Interferometer fluid
Few-Mode- Au film Magnetic 0—400 Oe 0.692 nm/Oe- 550-850 [270]
Fiber-Based and 11.917 nm/°
Plasmonic Magnetic
(Yes) fluid
Side-Polished Magnetic Magnetic 0-300 Oe —0.053 nm/ 1450-1610 [271]
MMF (Yes) fluid 0Oe—5.68 nm/°

measurements of a supercapacitor under charge—discharge cycles, as shown in
Fig. 36 [287].

3.6. Chemical/Biochemical/Medical Advances

Biochemical sensors have known cutting-edge improvements in the recent years, both
in terms of technology, miniaturization, versatility, response time, and sensitivity.
Optical fiber biosensors are part of the game and have undergone multidisciplinary
progress in both biochemical sciences and photonics engineering. As grating-assisted
optical fibers are highly resolute refractometers, they possess intrinsic properties that
make them suited to detect molecular events happening on their surface. [157,288]

In that philosophy, bare modal sensors such as TFBGs or LPFGs and their etched
versions, FBGs and etched-FBGs, ex-TFGs, made in silica or polymer fibers can be
functionalized with biochemical receptors through different ways (Fig. 37). Indeed,
the immobilization of receptors on glass and polymeric materials has been the
subject of an abundant literature, especially for the functionalization of chips and
site-directed anchoring. [289,290] Reliable biochemical immobilization processes
therefore exist through covalent or non-covalent bindings. While covalent bindings
present higher stability, passive adsorption on surfaces remains highly exploited
in biochemical assays such as for enzyme-linked immunosorbent assay (ELISA)
microtiter plates and leads to sufficient binding forces to operate in successive
solutions and samples. [291] Surface treatment such as plasma [292,293], chemi-
cal modifications [294], or UV-0O; exposure coupled with deep surface drying are
often needed to ensure sufficient molecular adhesion for physical adsorption [295].
More than passive layers, optical fiber biosensors are able to directly self-monitor
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(a) Liquid-crystal-assisted TFBG electric measurement. Reprinted with permission
from [261]. Copyright 2017 Optical Society of America. (b) Magnetic-fluid-assisted
TFBG-SPR magnetic fields measurement. Reprinted from [257]) under a Creative
Commons 4.0 license .

the binding of receptors in real time, where other devices have to rely on the
efficiency of a chemical process and further perform quality tests, after receptors
immobilization.

The molecular building blocks to manufacture grating-assisted optical fiber biochem-
ical sensors differ, depending on the target application. Receptors such as antibodies,
DNA or RNA, aptamers, affimers, proteins, enzymes, molecularly imprinted polymers
(MIPs) are only few examples within the numerous categories of bioreceptors and bio-
mimicking receptors developed nowadays. Antibodies remain a safe bet with a large
commercial availability when DNA probes show higher stability and versatility. Both
antibodies and DNA-based molecules therefore remain gold standards in biosensors
[296,297].


https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0

Review ” i/ Vol. 14, No. 1/March 2022/ Advances in Optics and Photonics 53

Figure 35

(a)

—
O
~

— 4
Single mode fiber Microstructured >
(SMF) optical fiber (MOF) 0. 3
st
8 1% charge
>° NVPF/HC, NP30
% B
Cladding
£
&
Core =
<
1]
£
o
o
©
=

Time (h)
Fiber-based measurements of electrical parameters in Na(Li)-ion battery. (a) Two types
of fiber used; (b) simultaneous voltage and FBG wavelength shifts in the two types of

fiber. Reprinted by permission from Macmillan Publishers Ltd: Huang et al., Nature
Energy 5, 674-683 (2020) [286]. Copyright 2020.

The use of antibodies on bare gratings has been investigated through covalent binding
and non-covalent binding via direct adsorption. Other strategies such as the use of
intermediate proteins as the so-called “protein A,” which binds to the constant region
of IgG antibodies, have also been investigated to better orient antibodies on their
surface. It appears that covalent binding of antibodies on glass can be performed
through silanization using (3-aminopropyl)trimethoxysilanes (APTMS). Silanization
is often performed to ensure a strong anchoring layer that can further bind to many
types of chemical groups, as many substitutes exist [298,299]. Silanized optical fibers
can, for instance, be coupled with antibodies using glutaraldehyde to create covalent
bonds. On the other hand, electrostatic adsorption can be applied on silanized surfaces
by adding receptors directly after that surface pre-modification. Last, but not least,
protein A intermediates can be added to the process through these two procedures as
well [300]. They, however, need additional steps and increase the distance between
receptors and the optical fiber surface, whereas closer events are detected with higher
impacts. These three aforementioned immobilization techniques have all demonstrated
fine detection features on bare gratings [301] and can still be adapted and optimized
according to the nature of the optical fibers and the experimental conditions.

DNA receptors can also be attached on glass thanks to crosslinkers or silanization
processes. The main advantage of such synthetic molecules is their ability self-bind
according to the orientation of their binding site, so the efficiency of the receptors layer
is better assured. Spacers can easily be added chemically to reduce steric hindrance
and boost the binding performance of the anchored bioreceptors. [302] On the other
hand, MIPs are not considered as biomolecules but as bio-mimicking components.
These receptors have also been investigated through covalent binding on bare fiber
surfaces and are increasingly being studied. They are mostly produced through the
synthesis of reticulated polymers in the presence of templates made of targets (ions,
macromolecules, cells, etc.). A vinylization of silica is often needed to ensure a strong
binding of the MIPs while non-imprinted polymers (NIPs) are used as references.
MIPs demonstrate an increasing interest for gas sensing, as they are able to catch
molecules flowing onto the sensor’s surface [303].
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tative electrical measurements (top) and corresponding response of the most sensitive
TFBG resonance (bottom). Reprinted from [285] under a Creative Commons 4.0

license.

It is also important to mention that bare optical fiber configurations do not only rely
on a direct use of the grating structure in its original integrity, but sometimes need a
surface etching to expose the grating to the outer medium and enhance its sensitivity

Figure 37
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Table 3. Representative Non-Plasmonic Optical Fiber Grating Sensors:
Non-Exhaustive List Since 2014

Optical Fiber Receptor / Target Bulk Refractive Limit of Ref.
Configuration Index Sensitivity Detection
and Detection (nm/RIU) (LOD)
method
TFBG Molecularly imprinted NA ~ 1-10 ng/mL [303]
polymer (MIP) / Maltol
TFBG Antibody / Cytokeratin 17 ~20 nm/RIU 14 pM [298]
Etched-TFBG Aptamer / thrombin 23.4 nm/RIU 75-110 pM [305]
Etched-FBG Aptamer / Thrombin 17.4 nm/RTU 10 nM [306]
LPFG Aptamer / cocain 6000 nm/RIU 20 uM [307]
Etched-LPFG Antibody / T7 phage 4300 nm/RIU 5% 103 [304]
(virus) PFU/mL
Etched-LPFG Graphene oxide - antibody 670-1035 nm/RIU 0.15ng/mL [145]
/ C-reactive protein
LPFG Lipase enzyme / N.A. 177.1 mg/L [308]
triacylglycerides
LPFG Polycarbonate - Graphene ~2000nm/RIU <0.2aM [309]
oxide - Streptavidin /
Biotinylated BSA
LPFG Polycarbonate — ~3560 nm/RIU 0.2% (v/v) [310]
Cryptophane A / methane
LPFG DNA/DNA wine variety N.A. 62 nM [311]
Ex-TFG Glucose Oxidase / Glucose 1168 nm/RIU 0.013- [312]
0.02 mg/mL

[304]. Using this strategy, structures such as LPFGs or TFBGs can improve bulk
refractive index sensitivities and reach very high values, making them intriguing for
biochemical detections, as reported in Table 3. Non-plasmonic fibers can therefore
only rely on their intrinsic sensitivities which explains why intermediate steps such as
etching procedures are sometimes mandatory. Surface amplifications may therefore
also be necessary to enable the detection of very low target concentrations. This is
often achieved by adding nanoparticles or nanostructures that play the role of hotspots
on the surface and locally enhance local refractive index changes in relation with the
target detection.

Although these bare-grating approaches have led to significant advances, most optical
fiber biosensors are relying on sensitivity amplification by SPR or localized surface
plasmon resonance (LSPR) effects. [313] These sensors are exploiting the similarity of
the TFBG-SPR approach to the Kretschmann prism principle used in many commercial
biochemical affinity sensors but with the addition of the grating to generate high-Q-
factor resonances to help quantify small wavelength shifts and to provide a local
temperature reference. This is in contrast with the abundant literature on claddless
MMEF SPR sensors [314,315] which do not use individual modes of the fiber to
measure fine changes, and which are not discussed here.

Different metal layers or particles can be selected to improve plasmonic properties and
many bioconjugation strategies can therefore be applied, depending on the selected
configuration. Gold (Au) is the most suitable noble material to reach high stability
and sensitivity, but the use of other materials such as silver [316], platinum [317],
palladium [318], copper [319], or tungsten also exist [320]. Hybrid phenomena using
both continuous metal layers and nanoparticles or nanoparticle clusters have been
studied in recent years. [321] The quality and uniformity of the metal layer deposited
on the cylindrical surface of optical fibers is of paramount importance, and clearly
plays a role in the reproducibility and sensitivity to biodetections. The generation of
nano-islands and thermal influences on nanometric metal films have been recently
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explored to identify their effects on the film adhesion and its related surface sensitivity
[322,323].

Continuous metal films are only one part among the many possible uses for plas-
monics. Indeed, localized effects can be generated and amplified using dedicated
nanostructures. Among these effects, the use of nanodots, nanorods and nanowires,
nanospheres, nanocages, or other specific particles shapes are commonly used in the
development of molecular sensors [237]. The local effects provoked by these edifices
on the optical signal cause modifications which affect both the surface refractive index
and the molecular construction. For example, gold nanoparticles can be coated with
bioreceptors and then bind to targets already immobilized on the optical fiber surface.
This results in a local refractive index change but also in the formation of strong
molecular bonds, which consequently generate a permanent and cumulative effect on
the surface as long as stable conditions are maintained [324]. Other configurations rely
on biochemical detections to bring nanoparticles closer to the surface or to move them
further to play on localized hotspots [325]. This diversity is an infinite resource for
combining technologies and precisely adjusting the capacities of each configuration,
according to specific needs linked to experimental conditions (temperature, pH, nature
of targets and receptors, surface roughness, etc.).

Bioreceptors are varied and can all be biochemically combined with metallized
surfaces. DNA receptors and antibodies are often covalently bound to metal sur-
faces thanks to the formation of self-assembled monolayers (SAMs) and chemical
crosslinkers can be selected to tune the anchoring of the receptors. For instance, DNA
strands or aptamers sequences can be modified to possess thiol ends and directly
bind on gold or silver after a reduction process. Furthermore, classical functional-
ization with antibodies often relies on carbodiimide crosslinking, through NHS/EDC
(N-hydroxysuccinimide and carbodiimide). Carboxyl-reactive chemical groups bind
to primary amines and provoke the anchoring of bioreceptors on the surface. Both
chemistries have been studied on metal-coated gratings for the detection of proteins
and cells and have shown limits of detection comparable with those obtained with lab-
oratory techniques such as the ELISA. The monitoring of small refractive index shifts
on the sensor’s surfaces allow a label-free detection, which means that no enzymatic
or fluorescent labeling is necessary. Blocking agents such as bovine serum albumin
(BSA), casein, fish gelatin, and others, need to be handled and well balanced to
ensure high surface selectivity, while maintaining sufficient target binding. This ratio
between available bioreceptors and sufficient blocking drives the whole performance
of the system, while establishing the rate of false-positive or false-negative detections.

The number of biosensors based on metal-coated gratings is increasing and there is a
real interest in many applications (environmental sensing, in vivo measurements, rapid
diagnostic tests, etc.). In recent years, high performance has been reported for metal-
coated gratings (Table 4) and many strategies have been highlighted as alternatives to
more traditional biosensors.

This table points out a very large range of limits of detection, from femtomolar to
micromolar levels. It is important to mention that most works dealing with optical
fiber biosensors and more generally with optical devices are calibrated through bulk
refractive index measurements (sucrose or glucose, lithium chloride solutions, oils,
etc.). These calibrations are useful to roughly determine bulk sensitivities, but it turns
out that it does not necessarily reflect the same level of performance for surface sensing,
especially when the range of the evaluated solutions are not in the same range of buffers
used for biosensing. Devices with approximately same reported refractive index sen-
sitivities finally end up with very disparate sensitivities to target surfaces. This can be
explained by the various affinities between receptors and targets, efficiency of surface
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Table 4. Representative Coated Optical Fiber Grating Sensors Since 2014
Optical Fiber Configuration Receptor / Target Bulk Refractive Limit of Ref.
and Detection Method Index Sensitivity Detection
(nm/RIU) (LOD)
Gold-coated Aptamer / cyanobacterial 3891.5 nm/RIU ~ 5ng/mL [326]
Dual-Resonance LPFG toxin
(DR-LPFG)
LPFG with titania-silica Antibodies IgG / > 2000 nm/RIU ~ 10 pM [327]
sol-gel Anti-IgG
LPFG with silica core gold biotin / Streptavidin N.A. 0.86 pg/mm? [328]
shell nanoparticles anti-IgM and 22
/Immunoglobulin M pg/mm?
Micro-tapered LPFG with GO / hemoglobin N.A. 0.02 mg/mL [329]
graphene oxide
LPFG coated with atactic Antibody / ~ 1700 nm/RIU 0.12 pM [330]
polystyrene (aPS) Thyroglobuline
TFBG with Au/Graphene Aptamer / Dopamine N.A. 160 fM [331]
layers
Ex-TFG with graphene Glucose Oxidase / 110-127 nm/RIU mM range [332]
oxide Glucose
Ex-TFG with gold Antibody / Newcastle 180 nm/RIU ~25 pg/mL [333]
nanospheres disease virus (NDV)
Gold-coated TFBG Concanavalin A / Glucose 688 nm/RIU 0.1 pM [334]
Gold-coated TFBG Boronic acid derivative / 576.04 nm/RIU 15.56 nM [335]
Glycoprotein
Gold-coated TFBG Antibody / Cytokeratin 17 N.A. 14 pM [336]
Gold-coated TFBG Antibody / Cytokeratin 7 N.A. 0.4 nM [337]
peptides
Gold-coated TFBG Biotin / Streptavidin ~500 nm/RIU 2 pM [338]
Gold-coated TFBG Aptamer / Thrombin N.A. 1 nM [339]
Gold-coated TFBG DNA / dopamine N.A. 0.1 pM [331]
Gold-coated TFBG Aptamer / HER2 102.03 nm/RIU ~8.6 tM [340]
124.89 nm/RIU
Gold-coated TFBG Aptamer / cells N.A. 10-49 [341]
cells/mL
Gold-coated TFBG Aptamer / Thrombin N.A. 22.6 nM [342]
Gold-coated TFBG DNAzyme / Pb** N.A. 8.56 pM [325]
Gold-coated TFBG Estrogen receptors / N.A. ~5.5pM [343]

environmental estrogens

bindings, experimental conditions (temperature, pH, distance between the surface and
the immobilized targets, orientation of bioreceptors, etc.). All this affects reproducibil-
ity and fair comparisons between similar biosensing strategies. It is therefore needed
to highlight and draw more uniform assessments for biosensing analysis in the near
future to enable a better evaluation of the intrinsic performance for each approach.

3.7. Specific Gas Detection: the case of Hydrogen

The general advances in bulk and surface refractive index sensors described in previous
sections of this paper are also applicable to detection in gaseous media, but as in other
cases of chemical sensing, fiber devices must be conditioned to be selective to the target
gas species chosen. Here the important case of hydrogen is chosen to demonstrate the
use of multimodal techniques because it is one of the most studied gases for its potential
use as a source of clean energy [344,345], but also because it poses serious security
risks in storage and utilization [346,347]. To alleviate these concerns, reliable and
inexpensive sensors are required to monitor hydrogen concentrations in and around
storage tanks and fuel cells [348,349], including fiber-optic implementations that are
desirable from a safety point of view as they avoid the use of electricity and are immune
to chemical degradation [350-353]. Selectivity in this case is provided by chemically
reactive thin film coatings used to translate hydrogen levels into measurable changes
in optical signals. A favorite coating for this purpose has been palladium (Pd) metal
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as it absorbs hydrogen in proportion to its relative concentration by a combination
of dissolution of H, molecules within the metal framework and reaction with the
metal to form palladium hydride (PdH, where x is the atomic ratio of H:Pd). Both
dissolution and reaction change the average complex permittivity of the metal film
by significant amounts and also its volume (i.e., thickness) in a reversible manner,
detectable by the evanescent fields of suitably excited fiber modes [354-356]. As in
other cases of chemical sensing, plasmonic amplification can also be used to increase
the sensitivity and accuracy of fiber-based hydrogen sensors by combining hydrogen
selective coatings with thin films able to support SPRs [357-359].

More recently, multiresonant approaches were developed based on extending the
TFBG-SPR approach to measurements in gaseous media (i.e., media with refractive
indices in the vicinity of 1.0) by using larger tilt angles near 37°. This allows the efficient
excitation cladding modes with effective indices between 0.92 and 1.18 that can be
phase-matched to surface plasmons at a metal—air interface [180]. This unique feature
can then be used to perform accurate refractometric measurements in dilute gases and
in thin films surrounded by air or other gaseous substances, in particular for hydrogen
detection using palladium or palladium—gold coatings (Fig. 38) [185,360,361]. These
devices have been shown to achieve faster response times (less than 20 seconds of stabi-
lization time during association phase, and less than 30 seconds for that of dissociation
phases) and improved deactivation resistance (higher than 99% per test cycle).

4. MEDICAL APPLICATIONS OF FIBER SENSORS

4.1. Cancer Biomarkers and Monitoring Living Cells

Although most biosensors are restricted to in vitro usage with sampled biomaterials,
such as the first demonstration of the evolution of living cells under various stimuli
by gold coated TFBG-SPR sensors [362], optical fiber-based technologies can be
embedded into catheters and to perform in situ measurements. One of their major assets
is to be able to sense on-site biomarkers and cellular environments which is a sought-
after advantage to diagnose pathologies and cancers. Nowadays, most cancers can now
be diagnosed by means of scans and blood tests, but some cancer or cancer subtypes
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remain undetermined after these examinations and still require molecular analyses of
a biopsy. One relevant example is lung cancer because it calls for invasive surgery
in most cases, which require general anesthesia of the patient. Localized detection
could therefore reduce the invasiveness and speed up the diagnosis. This challenge
was carried out as a world premiere using gold-coated TFBGs for the detection of lung
cancer biomarkers inside freshly resected human lung tissues [363]. TFBGs covered
with antibodies and blocked with BSA were embedded inside a biocompatible polymer
packaging allowing its insertion inside an endoscope. The flexibility of this setup was
calculated to be sufficient to reach the upper lobe region, where the catheters experience
an important bend. Tests were carried out on anesthetized pigs to determine whether it
was possible to generate a plasmonic effect inside a living organism, while controlling
the navigation of the instrument within the lungs thanks to an experienced thoracic
surgeon. These first conclusive tests then led to repeated assays on a panel of patient
samples, using both healthy and tumoral tissues which were further analyzed through
immunohistochemistry, to validate the higher expression of cytokeratin-17 proteins
(CK17) inside tumorous samples (Fig. 39). Optical fiber biosensors were then used
inside dense cellular matrices and have demonstrated the feasibility of this technology.
Recent works have also shown: the possibility to detect Neuropsin (Opn5) in the brain
tissue of a murine model using LPFGs [364]; the use of ultrasound for tissue imaging
[365]; fluorescent imaging in brain tissue [366]; the use of Raman spectroscopy using
in vivo optical fiber applications [367]; and so on. These studies on tissues and living
organisms are not a final outcome, but a first stone which paves the way towards new
challenges such as multiplexing, live imaging, and tumoral cells/bacteria detection.

4.2. Theranostic Devices Combining Light Activation and Sensing

In addition to the wide deployment of photonic-based technologies in the medical
and pharmaceutical disciplines, the interaction of light with living systems has been
the subject of intense research for applications in diagnostic and treatment of dis-
eases [368-370]. Multimodal fiber-optic sensors can also play a role, as they can be
used to deliver light very efficiently into living organisms or in their vicinity, while
simultaneously performing measurements that can be processed remotely.

For instance, the multiresonant features of a TFBG sensor with a light-absorbing
coating was recently used to heat a limited region of a tissue phantom to a precise
and stable temperature in the range desired for hyperthermal treatment of tumors but
also to measure the local temperature in real time to avoid overheating and damaging
neighboring healthy tissue. The heating was provided by an amplified near-infrared
pump light signal from a tunable laser at a wavelength coupled to cladding modes
whereas the temperature was measured from the wavelength shift of the Bragg wave-
length using low-intensity broadband light launched simultaneously in the same fiber
[371].

Another configuration of light delivery and control using a multimodal fiber sensor
has been used towards the development of a point-of-care device for polymerase chain
reaction (PCR) detection of viruses and DNA mutations. The same idea of generating
heat from cladding-coupled near-infrared pump light and temperature measurement
was used to alternatively split and recombine polymer-embedded DNA molecules
spot-deposited on the fiber cladding by rapidly cycling the temperature between 40
and 80°C with a cycle time under 1 minute. This kind of device is the starting point for
the development of a rapid, multiplexed PCR devices small and inexpensive enough
for broad point-of-care deployment [372].
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(a) Experimental setup with a gold-coated TFBG embedded inside an endoscope. (b),
(c) Spectra inside healthy and tumoral lung tissues over 5 min. (d) Detection of CK17
molecules inside healthy and tumoral tissues of a same patient sample. Reprinted
from Biosens. Bioelectron. 131, Loyez et al., “In situ cancer diagnosis through online
plasmonics,” 104—112, copyright 2019, with permission from Elsevier [363].

5. REMAINING CHALLENGES AND OPPORTUNITIES

After 40 years of development and thousands of publications and patents, the only
widely used applications of fiber sensors are still in temperature and strain sensing,
with some advances in pressure sensing. One can argue that developments for other
important applications such as (bio)chemical sensing are more recent and less mature,
but what are the reasons for their limited penetration in actual field use and industrial
applications? We believe that there are a number of current limitations that can be
viewed as opportunities for the near future.
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First, “canonical” problems in the chemical realm for which fiber-optic solutions would
be ideal have not yet been clearly identified and accepted by the sensor and potential
user communities. Having such targets would lead to better standardization of systems,
methods, and qualification procedures to reach technology readiness levels approach-
ing the commercialization stage. It would also spur the development of customized
portable packaging and user-friendly interfaces compatible with smartphone applica-
tions and other forms of data transmission and storage. Better integrated microfluidics
systems to facilitate the contact between samples and fiber surfaces are also needed
and would help to standardize the way sensors are tested against different molecular
targets. This would further allow the acquisition of much more experimental data
and statistical validations to compare between different systems. Part of the difficulty
in much of the current fiber sensors literature is the lack of sufficient methodolog-
ical detail on experimental conditions and statistical measures (measurement noise
quantification, limit of detection calculations, validity ranges, etc.) to ensure sufficient
reproducibility and validation by the research community.

What needs to be understood and appreciated is that competing technologies (electrical
sensors, in particular) are mass-produced at extremely low cost and that they use
standardized, familiar interrogation units (usually for voltage or current measurements,
that are also typically much less expensive than optical counterparts). Lowering the cost
of optical instrumentation while maintaining the high resolution of mainframe optical
tools is the key for a subsequent deployment of the technology. This will be enabled
by advances in photonic lightwave circuits and optical processing, notably through
the creation of the equivalent of ASICs (application-specific integrated circuits) in
photonics and opto-electronics.

The vast majority of optical sensor systems developed currently rely on optical instru-
mentation designed for other purposes (optical telecommunications and spectroscopy,
for instance) and, therefore, feature capabilities or performance levels that may not
be absolutely necessary for sensors. Similarly, and specifically for chemical sensing,
better control of the quality and reproducibility of functional coatings is also required.
This will be achieved by optimizing the fiber-coating processes for mass production.
An interesting idea here is to use some of the fibers being coated as in situ monitors
for the batch deposition. These advances will allow the development of chemical fiber
sensor stubs packaged with a connector ferrule compatible with fiber-based instru-
ments and that would be so economical that they can be replaced after a single use
(which is often a feature of chemical sensing through functional layers) and yet sturdy
and reliable enough to be shipped and stored securely for extended periods of time
prior to use.

In addition to these essential steps, it will also be useful to consider lowering the
complexity of fiber device configurations, for instance by avoiding the use of sophisti-
cated precision splicers when dealing with multifiber combinations or micro-machined
parts of the fiber. Configurations compatible with mass production such as unclad fiber
combinations or fiber gratings should be privileged. In the case of gratings, it is also
essential to lower the dependence of sensor performance on exact grating parameters,
which will allow mass production at low cost. Improving the numerical modeling of
such configurations will help in this regard.

Finally, a great opportunity lies in the development of machine learning and artificial
intelligence in optical fiber sensing. Both interferometers and grating-based sensors
can be designed to generate highly complex optical spectra that contain enormous
amounts of information (there are 10,000 optical power level points in a 100 nm wide
spectrum at 10 pm measurement resolution), and yet very low-level peak-level fitting
routines of single resonances are still most commonly used. Much of the spectral
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content is therefore thrown away while meaningful parameters could certainly be
obtained to make the data extraction process from the optical measurements more
robust and more accurate. Progress in this direction is beginning to occur but much
more needs to be done to take full advantage of optical techniques, especially in
multimodal systems based on gratings [373,374] and interferometers [375].

Given the wealth of applications that can be addressed with multimodal optical fiber
sensors, compared with FBG arrays and distributed acoustic sensing that have found
significant commercial success in niche applications, researchers are still looking
for research problems that have no competition from other sensing technology and,
therefore, that would justify the necessary investments to realize the advances that
were described in this paper. An example of this was the relatively rapid transition
of multicore shape sensors from research labs to burgeoning commercial success in
robotics, biomedical devices, and structural sensing.

6. CONCLUSION

In this paper, we have extensively discussed the physics, fabrication, and applications
of multimodal optical fiber sensors. From basic interferometer to more advanced fiber
grating configurations, we have highlighted their common mathematical formalism
and reviewed the recent advances that they have enabled in diverse physical and
(bio)chemical sensing applications. At a time where single-mode optical fiber sensors
are a mature commercial technology, mode-division and spatial-division configura-
tions considerably widen the sensing modalities while offering multiparameter sensing
opportunities with a high resolution. Considering the recent rise in technology readi-
ness level of such configurations, we look forward to a spread of practical and industrial
applications, as fabrication techniques and metrological performance further improve.
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