The mode control enabled by specialized
gratings allows simultaneous sensing
of multiple parameters in a single fiber
strand—a potential game-changer.
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The input broadband, flat spectrum in a multimode fiber
becomes multiresonant on output (bottom), enabling the
extraction of multiple parameters from wavelength-shift
measurements of many resonances (top).

O

ptical-fiber sensors have become hugely
successful for measuring temperature
and strain—in both distributed and
quasi-distributed applications, continually and over long distances. Today,
Rayleigh, Raman, Brillouin and Bragg refer not only
to eminent scientists but to the physical principles
on which most sensing modalities are based. These,
in turn, form the core business of small and large
companies worldwide. Tall buildings, bridges, ships
and airplanes—as well as volcanoes, ocean floors and
pipelines—are now wired optically to monitor important safety, maintenance and operating parameters.
Medical applications have also increased in recent
years, mainly for localized pressure and temperature
measurements of bodily fluids.
These applications all benefit from the optical fiber’s
well-known advantages over electrical sensors. Hundreds
of sensors can be serialized along a single, hair-thin
strand of glass filament, and interrogated continually
and remotely from one end. There is no need to power
each of those point sensors individually along the way,
or to bring paired metal wires to capture the sensor’s
signal. These advantages and others have spawned a
flourishing, rapidly expanding business supported by
ever-growing research and development.
Less successful, despite thousands of research publications per year, has been the expansion of fiber sensor
markets in other important potential applications—
especially biochemical or electrochemical sensing using
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fiber-based absorption measurements, refractometry
or interferometry. These applications generally require
higher accuracies to be useful, and the measured
parameters can be noisy on widely different timescales.
Crucially, cross-sensitivities to other parameters, especially temperature and strain, must somehow be dealt
with. Another issue that impacts reliability and cost is
the need in such sensors for “functional” or sensitizing
layers of material in the fibers—which brings inherent
difficulties in controllable, repeatable fabrication.
These issues—absent from ordinary glass fiber sensors—help to explain why applications of fiber sensors
have largely been limited to temperature and strain
sensing. But progress is coming. In the lab, fiber sensors have been demonstrated that allow simultaneous
multi-parameter sensing, with the ability to address
cross-sensitivities to other variables (most notably
temperature) by separating those variables from the
parameters to be measured. This is hugely significant,
since sensors for most of the as-yet-unaddressed applications need to be located in uncontrolled environments,
where temperature may impact the sensor’s calibration
or the chemical processes being monitored.
At the heart of these new sensors are multiresonant
fiber gratings. Important research into these structures
has considerably raised their technology readiness level
over the past decade, and results emerging now appear
to confirm their status as possible game-changers.
Multiresonant fiber gratings rely on refractive-index
modulations introduced by laser irradiation in the core

Multiresonant fiber grating

A sensor consisting of a short length of fiber, equipped with multiresonant gratings such as tilted fiber Bragg gratings (TFBGs), in
principle can simultaneously detect and measure parameters commonly handled by much larger lab and field instruments.
Ellipsometer and refractometer: Getty Images / Wikimedia Commons; Multiresonant fiber grating: courtesy of the authors
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Research into multiresonant fiber gratings has raised their
technology readiness level, and emerging results appear to
confirm their status as possible game-changers.
of a normal low-cost, all-glass single-mode fiber. The
induced index modulation controls light transfer into
specific modes, guided by the cladding, and provides
a means to measure all these modes individually and
simultaneously via a simple power-spectrum acquisition.
Weakly or highly tilted Bragg gratings, eccentric
gratings (also referred to as core-offset gratings) and
long-period gratings are the most common examples of multiresonant gratings. The richness of their
spectral content has opened the door to a new range
of high-performance sensors—and new opportunities for growth in biomedical, environmental and
electric-utility applications.

The promises and pitfalls of
multimode fiber sensors
Fibers with cores that can support multiple propagating modes offer intriguing sensing opportunities.
Because the modes have different phase velocities,
field distributions and dispersions (variation of phase
velocity with wavelength), each mode will respond
individually and differentially to a given physical
perturbation. The goal of fiber sensor design is to optimize these differential responses, and thus improve
the accuracy, range and reliability of each sensing
modality or combination.
Doing this requires an understanding of how changes
in the parameters to be measured affect mode propagation in such multimode structures—and the ability
to accurately measure those mode property changes.
Since perfect control of mode and mode phase is possible only in single-mode waveguiding structures,
multiresonant sensing approaches are best implemented
in limited-length multimode sections of an otherwise
single-mode system, to enable interrogation from a
distance. Such single-mode/multimode/single-mode
(SMS) fiber sensors are nothing new, and have indeed
been used extensively in interferometry.
SMS devices are based on controlling which modes
of the multimode structure are excited and recovered.
This control is akin to a filtering operation that extracts
phase and amplitude information from mode interference effects in the multimode section. The choice
of fibers and how they are connected depends on the

mode-selection property of the single-mode/multimode
interface relative to the required sensing modality.
For instance, an offset splice is often used to construct
a directional bend sensor, because bending the junction
moves the mode fields from the two fibers differently
relative to one another in the cross-section, and thus
changes the amplitudes of the modes. In this case, combinations of single-mode fibers with mismatched cores
also work, since part of the incoming single-mode field
then couples into cladding modes of the outgoing one.
Indeed, the idea of using the cladding of a single-mode
fiber as a multimode waveguide is particularly interesting, as it allows the evanescent fields of the guided
modes to extend outside the fiber, where they become
sensitive to coatings or bulk refractive indices in the
surrounding media.
The SMS configuration has spurred intense research,
because the variety of fiber-type mismatches available
offers an almost infinite design space, and because the
sensitivity of interferometers can be increased to very
large numbers simply by increasing the length of the
multimode section. But the configuration has several
key drawbacks, one of which is the periodic spectral
response of interferometers. Because of this periodicity, an increase in sensitivity generally decreases the
dynamic range for unambiguous measurements. Also,
the setup prohibits measurement of static absolute values—the spectral-fringe shift of an interferometer can
measure only changes from a known starting point.
Finally, in a typical SMS setup, cross-sensitivities to
multiple perturbations generally are impossible to
deal with.

Solving the puzzle:
Multiresonant fiber gratings
Fortunately, most of these issues can be resolved by
using a grating-assisted coupling from a single-mode
core to multiple modes guided by a co-located multimode fiber—often, in the simplest and most reliable
implementation, the cladding of the single-mode fiber
itself. Such grating-based fiber sensors have a significant
advantage: The grating periodicity provides one-to-one
phase matching between the core (single) mode and
each of the (multiple) modes to which it is coupled.
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This means that each cladding-mode coupling occurs
at a different wavelength, which can be identified as
a resonance in a transmission or reflection spectrum.
Further, the resonance amplitude can be controlled by
the overlap of the grating cross-section with the mode
fields being coupled, the strength of the refractive-index
modulation of the grating, the grating length and, in
some cases, the incoming core mode’s polarization.
These control parameters make it significantly easier
to excite modes selectively, and to measure individual
mode perturbations from changes in the measured
spectra of the corresponding resonances. Multiresonant fiber grating sensors can be thus optimized for
specific applications and configured to measure multiple parameters simultaneously by observing shifts of
different mode resonances in optical spectra.
These kinds of sensors are most easily made from
standard telecommunication optical fibers operating at
near-infrared wavelengths (1270–1620 nm), by far the
cheapest variety. And the related tools and instrumentation are widely available as off-the-shelf products for
the optical-networking industry. Fabrication of multiresonant fiber gratings can also take advantage of
different existing technologies. Gratings are commonly
inscribed inside optical fibers via photosensitivity from
ultraviolet light or through multiphoton absorption from
longer-wavelength pulsed lasers, which induce permanent refractive-index modulation inside materials thus
exposed. Periodic refractive-index changes are produced
either point by point with a shoot-and-translate technique, or through exposure to a light pattern created
in the fiber via free-space interferometry or a diffractive phase mask.

Controlling and selecting modes
So-called fiber Bragg gratings (FBGs) and their variants,
with sub-micrometer periods, serve as retro-reflecting
gratings, while long-period gratings (LPGs), with periods
from tens of micrometers to almost 1 mm, couple light
forward to co-propagating modes. Propagation direction is thus the first controllable parameter. Another
consequence of period length is the spectral density
of resonances—very dense for short-period gratings;
much less so for LPGs.
A second mode-selection handle comes from the
symmetry of the refractive-index modulation relative
to the perfect cylinder of the fiber cross-section. Mode
coupling depends on a surface integral of the product
of the incident mode field, the cross-sectional shape
of the refractive-index modulation amplitude, and the
field of the mode to be coupled to. Tailoring the grating’s
cross-sectional shape changes both which mode groups
are excited in the cladding and the amplitudes of the
coupling coefficients (and, hence, the attenuation of the
corresponding resonances). This is why multiresonant
gratings are often made from tilted FBGs (TFBGs) or
other gratings whose cross-sections are offset from the
fiber central axis.
The same principle also explains why controlling
the polarization of the core mode of the incoming
single-mode fiber (which is linearly polarized in the fiber
cross-section) allows an additional selection between
different cladding modes to be made. For instance, the
excitation of surface plasmon resonance (SPR) effects on
metal-coated fiber can occur only for cladding modes
with radially polarized evanescent fields.
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Left: A plasmonic sensor based on a tilted fiber Bragg grating (TFBG), used to monitor the metal-to-insulator transition
of a nanoscale silver layer during its dissolution by etching in liquid. Right: Polarization-dependent transmission spectra
captured during the dissolution indicate a sudden broadband disappearance of resonances at the time of the transition.
F. Liu et al., APL Photon. 5, 06101 (2020); CC-BY 4.0
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Multiresonant gratings offer formidable advantages in
designing sensors with increased accuracy, lower crosssensitivities and multiparameter sensing capabilities.
Formidable advantages
Multiresonant gratings offer formidable advantages
in designing sensors with increased accuracy, lower
cross-sensitivities and multiparameter sensing capabilities. The gratings afford the ability to detect minute
changes in phase or amplitude between spectral resonances corresponding to different modes of the fiber.
In a multiresonant FBG, a change in effective index of
10 parts per million will shift resonance by more than
5 pm, an increment easily measured by widely available instruments.
Phase changes arise from perturbations that predominantly affect modes’ effective indices (that is, their
phase velocities). While the core-mode effective index
reacts only to temperature and strain, modes guided by
the fiber cladding have evanescent fields that penetrate
the surrounding material, typically across depths of a
few hundred nanometers. That means that, in areas
such as chemical sensing, the differential sensitivities
from the core mode can be used to compensate for the
effect of temperature and strain on sensing modalities
that rely on cladding-mode resonances.
Another measurable effect is a change in the amplitude of a mode transmission resonance, which can arise
from many mode-selective physical changes in the fiber.
Even tiny increases in a fiber coating’s optical absorption,
for example, reduce and broaden cladding-mode resonances, depending on the evanescent-field penetration
in the coating. Bending or other sources of nonuniform
strain distributions in a fiber cross-section will either
increase or decrease resonance amplitudes by different amounts, often between neighboring resonances.
The abundance of data returned by multiresonant
gratings reduces measurement uncertainties. A typical
TFBG transmission spectrum shows a very dense comb
of resonances, each corresponding to a different mode
group. That means that under most perturbations, a
large number of wavelength shifts can be measured
with great accuracy; for a 1-cm-long grating, the resonances have linewidths of the order of 100 pm, implying
a quality factor of the order of 104. Further, in contrast
to interferometric spectra, each wavelength shift corresponds to a different physical process affecting different

Each of the “teeth” in the dense comb of resonances typical
in a TFBG transmission spectrum corresponds to a different mode group.

modes. Therefore, each wavelength shift represents
an independent measurement, and their combination
results in an uncertainty that scales inversely with the
number of individual wavelength shifts measured.
Taking advantage of the data returned by these
sensors requires accurate simulation tools for multiresonant gratings. The ability to simulate resonance
positions with a sub-pm average accuracy, and with
standard deviations of the order of less than 5 pm,
allows the development of mathematical models from
which experimental and simulated spectra can be
compared to extract parameter measurements from
measured wavelength shifts. Such accuracies can be
achieved only after calibrating each fiber grating to
account for changes in the fiber core index and dispersion that arise during the fabrication processes. Once
a perfect match is obtained for a grating measured in
air, for instance, the refractive indices, absorption and
thicknesses of coatings deposited on its surface can be
determined by simulations.
This is a unique feature of multiresonant gratings,
because the number of measured values (resonance
wavelengths and amplitudes) provided in a single
measurement can be processed to extract more than
one sensing parameter. The multiresonant-grating
approach is also unique in its capability to extract
absolute measurements—that is, to obtain the values
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Upon capture of cancer cells by aptamer molecules attached to a gold coated TFBG (left), resonances in the vicinity of the
SPR maximum experience contrasting, differential amplitude and wavelength shifts, even at very low capture levels (right).
M. Loyez et al., ACS Sensors 5, 454 (2020); CC-BY-NC-ND 4.0

of measured parameters without reference to a known
starting point. With a calibrated simulation model,
layers can be added or modified, and strains and local
temperature can be quantified.

Intriguing application space
As the discussion thus far suggests, recent advances in
fabrication, measurement and simulation capabilities
for multiresonant fiber gratings have opened prospects
for multispectral measurements that provide a wealth
of information for increasing detection accuracy and
simultaneously detecting multiple parameters.
In TFBG SPR sensors, for instance, the plasmonic
attenuation band is typically at least 10 nm wide and
thus overlaps five to ten individual cladding-mode
resonances. As the SPR wavelength shifts to longer
wavelengths—for example, in response to binding with
a biomolecule of interest—cladding modes ahead of the
SPR decrease, while those behind the SPR increase.
Simultaneously, the core-mode resonance tracks the
temperature change, and resonances farther away
on the short-wavelength side can measure the bulk
refractive index of the surrounding medium from the
critical angle for total internal reflection. The result
is an all-in-one thermometer/SPR biosensor/Abbe
refractometer.
Similarly, detection of circulating breast cancer
cells via gold-nanoparticle-assisted multiresonant
sensing demonstrates how the differential sensitivities
of several cladding modes can identify the presence
of binding events in a self-referenced approach by
comparing resonances. In a recent development,
our team has used these principles to differentiate
between the formation of a 1-nm-thick molecular
adlayer on the surface of a gold-coated TFBG and
bulk refractive-index changes of the medium in which
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the experiments were taking place. This addresses
a fundamental problem in SPR sensing: commonly,
while these sensors sport high refractive-index sensitivity, they can’t differentiate between bulk and
surface changes.
Still another example comes from an application
that represents a major new opportunity in fiber sensing: monitoring electrochemical processes in batteries
and photocatalysis systems. Their combined surface
sensitivity to refractive index, local electric fields and
temperature makes SPR-assisted multiresonant gratings ideal probes for in situ, in operando measurement
of the charge state and aging processes in electrolytes
and working electrodes. Combined with low-cost
photonic-chip spectrometers custom-designed for
these specific applications, such measurement systems could be widely deployed in electric vehicles
and building systems.

Achievements, challenges,
opportunities
Today’s multiresonant fiber gratings possess demonstrated unique qualities that are already driving advances
in measurement science and wavelength-selective light
path control in optical fibers—taking these devices
well beyond simple point sensors. Further developments will rely on customization capabilities from
polarization-dependent light-coupling mechanisms in
single- and multicore fibers, along with further leveraging of the grating localization potential of femtosecond
pulsed lasers. In applications where small size and
remote monitoring are key—endoscopes, catheters,
bioreactors and batteries all being highly relevant
examples—gratings are poised to change the game.
In a larger sense, the rise of multiresonant fiber
gratings underscores that fiber sensors should be
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A setup using a TFGB-SPR device (lower left) to measure ion transport kinetics and electrolyte–electrode interactions at
electrode surfaces of batteries during operation. Adapted from R. Wang et al., Nat. Comm. 13, 547 (2022); CC-BY 4.0

viewed as much more than just sensors connected
to an instrument by a fiber. A wide variety of optical
measurement technologies use benchtop instrumentation in which light is generated, routed and measured
using lenses, mirrors, prisms or diffraction gratings.
Fiber-coupled equivalents of these individual components, including multiresonant gratings, exist; their
use would make refractometers, SPR devices and
polymerase chain reaction (PCR) devices much simpler to fabricate, smaller and potentially more reliable
and less expensive. Once they are mass-produced,
multiresonant gratings will cost very little to make,
and thus could be introduced as single-use, easily
replaceable parts in more complex systems while maintaining a high level of metrological performance—an
opportunity further opened by the recent commercial
development of accurate photonic integrated circuit
spectrometer systems.
A final element of this bright future stems from the
enormous current investment in machine-learning
and artificial-intelligence tools to extract information
from large data sets. Multiresonant gratings return a
lot of data; an SPR or PCR measurement, run using
100-nm-wide spectra at few-pm resolution, churns
out nearly 50 million data points during a 30-minute

measurement span. Digging through these numbers
is sure to reveal new gems and unforeseen advances
in medicine, environmental protection, safety and
productivity. OPN
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