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Abstract: Optical fiber sensors have been studied, developed, and already used in the industry for
more than 50 years due to their multiplexing capabilities, lightweight design, compact form factors,
and electromagnetic field immunity. The scientific community continuously studies new materials,
schemes, and architectures aiming to improve existing technologies. Navigating through diverse
sensor technologies, including interferometry, intensity variation, nonlinear effects, and grating-based
sensors, fiber specklegram sensors (FSSs) emerge as promising alternatives due to their simplicity
and low cost. This review paper, emphasizing the potential of FSSs, contributes insights to the present
state and future prospects for FSSs, providing a holistic view of advancements propelling FSSs to
new frontiers of innovation. Subsequent sections explore recent research, technological trends, and
emerging applications, contributing to a deeper understanding of the intricacies shaping the future
of FFS sensor technologies.

Keywords: optical fiber sensors; optical fibers; interferometric sensors; multimode optical fibers;
sensing; image processing; demodulation algorithms; future sensing solutions; fiber specklegram
sensors; speckle interferometry

1. Introduction

In the dynamic landscape of sensing technologies, the ubiquity of optical fiber sensors
has propelled them to the forefront of scientific and industrial applications. Their widespread
use is underpinned by distinctive advantages, such as multiplexing capabilities, lightweight
construction, compact form factors, and immunity to electromagnetic fields [1–3]. Optical fiber
sensors have become indispensable tools across an array of disciplines, demonstrating their
efficacy in medical diagnostics [4,5], structural health monitoring [6–9], robotics [10,11], gait
analysis [12], and the detection of chemical compounds [13]. The adaptability and versatility of
optical fiber sensors have prompted researchers to explore various technological approaches,
each contributing to the ongoing evolution of this field. A plethora of optical fiber sensor
technologies have been proposed, capitalizing on distinct effects on optical fibers to achieve
specific sensing outcomes. These include interferometry [14], intensity variation [15], nonlinear
effects [2,16], grating-based sensors [17], and fiber specklegram sensors (FSSs) as a type of
interferometric sensor [18]. The diversity within these approaches underscores the richness of
possibilities in optical fiber sensing, allowing for customization to suit the unique requirements
of different applications.

The dichotomy between multimode and single-mode optical fibers (SMF) adds another
layer of complexity to the sensor landscape. On the one hand, multimode optical fibers
(MMFs) are accompanied by drawbacks such as modal dispersion, modal noise, and modal
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behavior complexity. On the other hand, MMFs offer practical advantages such as their
ease of coupling. Moreover, multimode light propagation allows for increasing information
capacity by applying spatial division multiplexing techniques [19] and opens the possibility
for mode-related fiber sensing techniques [18]. Conversely, single-mode optical fibers,
designed for the propagation of only one mode of light, provide higher fidelity in signal
transmission but may be constrained in applications that demand greater modal diversity.
Striking a balance between these considerations is crucial in developing optical fiber sensors
tailored to specific use cases.

The inherent complexity of optical fiber sensors demands a nuanced understanding
of each sensor's approach. For instance, sensors based on fiber nonlinear effects eliminate
the need for structural modifications to the fiber, making them suitable for seamless in-
tegration into existing optical fiber communication lines [20]. However, the requirement
for bulky and expensive equipment for interrogation poses challenges in practical im-
plementation and may limit spatial resolution [21]. Fiber Bragg grating (FBG) sensors, a
significant category within optical fiber sensors, provide solutions for quasi-distributed
sensing applications but introduce complexities related to both sensor interrogation and
the specialized and sometimes expensive equipment needed for grating inscription and
interrogation [22–24]. Intensity-variation-based sensors offer a cost-effective alternative,
analyzing power variations concerning a specific measurement [25]. Nevertheless, their
low sensitivity and susceptibility to light source power variation necessitate additional
compensation techniques to maintain accuracy and reliability [26].

In response to the quest for a sensor that amalgamates reliability with key parameters
like compactness, lightweight design, simplicity, and cost-effectiveness, FSSs have emerged
as a promising alternative in the optical fiber sensing landscape [18,27]. Operating by
analyzing the specklegram created on the end facet of a multimode fiber illuminated with
a coherent light source, FSSs correlate this speckle pattern with external fiber perturbations
(EFPs). Notably, FSSs exhibit potentially multipoint capabilities through the use of beams
with different angular separations or wavelengths [28], offering a portable and low-cost
interrogation system that stands out in contrast to bulkier and more expensive alternatives.

As technology continues its relentless march forward, the intricate interplay between
different types of optical fiber sensors, the challenges associated with their designs, and
the continuous innovations in sensing methodologies form the crux of an exciting and
dynamic field of research. This review aims to delve deeper into the promising field of
FSSs, providing insights into the present state and future prospects of current technology.
Through a nuanced examination of the complexities and advancements, this paper seeks to
contribute to a deeper understanding of the intricacies that shape the future potential of
FSSs. Further sections explore recent research findings, technological trends, and emerging
applications, offering a holistic view of the advancements propelling FSSs into prospects
with improved sensing capabilities.

2. Brief Historical Background and Terminology

The first research works related to fiber speckles appeared in the 1970s: in 1976, the
investigations of speckle patterns at MMF outputs were presented in a number of pa-
pers [29,30]. Immediately after, the first works dedicated to acoustic sensors based on
intermodal interference were published in 1977–1979 [31–33]. FSSs have been attracting
noticeable attention from researchers due to their simplicity and low cost: the basic scheme
required just a coherent light source, a multimode fiber, and a photodetector (PD) or
CCD/camera matrix (Figure 1a). Moreover, with their interferometric nature, FSSs demon-
strated high sensitivity to external fiber perturbations (EFPs); however, it was estimated as
10–1000 times less depending on the number of interfering modes when compared to other
interferometric schemes such as two-arm interferometers [32,33]. Along with advantages,
FSSs also exhibited several limitations, the main limitations of which were the strong non-
linearity of a transfer function and signal fading. Therefore, a significant number of research
works have focused on overcoming these problems (see Section 4), while other papers have
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addressed FSS applications (see Section 5). It should be mentioned that in different works,
FSSs—sensors based on intermodal interference and analysis of the speckle pattern—are
also referred to as mode–mode interferometers [32,34], multimode interferometers [35,36],
statistical-mode sensors [37], and intermodal fiber interferometers [38–40].
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Figure 1. Basic schematic of (a) fiber specklegram sensor (intermodal fiber interferometer) and
(b) interferometric SMS sensor.

In the 2000s, another direction of intermodal interferometric sensors was launched [41].
The basic scheme of a sensor consists of a short piece of MMF coaxially aligned and
sandwiched between two SMFs. The input SMF excites a certain number of modes in the
MMF. The interferometric pattern formed at the MMF output facet is spatially filtered by
the output SMF. Thus, the output signal is proportional to the light intensity “accepted”
by the output SMF according to the interference pattern formed at the MMF facet. Unlike
“traditional” FSSs, which in the basic configuration utilize a coherent light source with a
static wavelength, this type of sensor operates in the spectral domain: either a scanning laser
at the input and a PD at the output, either a broadband source at the input and an optical
spectrum analyzer (OSA) or a spectrometer at the output have been utilized in this case.
Since the interferometric signal is sensitive to both EFPs and laser frequency (wavelength),
the output OSA spectrum (or the PD signal formed by a wavelength scan of the scanning
laser) represents an interferometric signal of a complex shape, which transforms under
external perturbations of the MMF. Thus, tracking a certain interferometric maximum
or minimum in a consecutively updating spectrum allows the measurement of EFPs.
According to the basic structure of this type of sensor, in the literature, they are usually
referred to as single-mode–multimode–single-mode (SMS) sensors (Figure 1b). It should be
noted that in SMS sensor designs, the MMF section can be replaced by various specialty
fibers providing unique properties and sensitivity to a desired measurand. For example, a
standard MMF can serve as a temperature sensor, while a section of a coreless fiber allows
for the sensing of refractive index. SMS sensors are attractive as simple and effective point
sensors of various physical quantities; however, the necessity of using a scanning source
or an OSA noticeably increases the price of these devices. In the literature, there is a wide
variety of proposed and investigated sensor configurations, which are well summarized
and categorized in several reviews [42–47].
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Let us conventionally list the main differences between “classic” fiber interferometric
FSSs and interferometric SMS sensors. In SMS sensors, very short lengths of the MMF
(typically from centimeters to several meters) are usually used, while FSSs utilize lengths
up to hundreds of meters. In a basic SMS scheme (in the ideal case), several modes with
an exclusively circularly symmetric field distribution (PL0µ modes) are excited due to a
central launch of the MMF; therefore, an interference pattern is formed as a ring-shaped
structure. By contrast, in FSSs, because of their long fiber length, even a central launch
leads to the formation of a speckle pattern due to power redistribution to other modes
including modes with a non-zero azimuthal number (due to mode coupling). Moreover, it
is usually assumed that the power is distributed among a large number of modes, so the
speckle pattern consists of many interference spots. The significant fiber length in FSSs
also leads to the introduction of random phase shifts to modes’ phases (see Section 3).
SMS sensors operate in a spectral domain, while FSSs typically work at static wavelengths.
In FSSs, the entire speckle pattern is often used for signal processing, while SMS sensors
use only a part (usually central) of the interferometric pattern, “accepted” by the output
SMF. Taking the above into account, the theory and sensor’s simulation approaches are
sometimes different or focused on different aspects. For instance, in the case of SMS sensors,
researchers often involve the effect of self-focusing [48]. Another example is a calculation
of launching conditions in a broad spectral range in the case of SMS sensors [49], thus
assuming a change in the modal power distribution (MPD) with wavelength during sensor
operation (for FSSs, it is desirable to know the MPD only at the operating wavelength).
Therefore, it should be emphasized that following the title of this review, in the next section,
we provide a theoretical background based on a “traditional” specklegram approach.

Finally, it should be mentioned that the term “SMS”, usually associated with intermodal
interferometric sensors, also simply describes a fiber structure, and therefore sensors operating
on principles other than interferometry are often called SMS sensors as well. This can cause a
certain confusion in terminology. For example, a microbend sensor, presented in [50], consists
of an SMS structure but operates as an intensity sensor with a modulated MPD.

3. Fundamentals of Optical Fiber Speckle Sensing

Optical fibers are characterized by various parameters. Among them, the parameters
responsible for modal properties are mostly fiber core diameter, relative refractive index
difference of the core and cladding (refractive index contrast), wavelength, and the refrac-
tive index profile of the core (the standard ones are step-index (SI) and graded-index (GI)
profiles) [51]. Unlike single-mode fibers, multimode fibers (MMFs) support the propagation
of many modes. Each fiber mode is characterized by its field distribution E(r,ϕ) in the fiber
cross-section and propagation constant β, where r and ϕ are the radius and the angle of
the polar coordinates in the fiber cross-section. For standard fibers, the weakly guiding
approximation is applied and the basis of linearly polarized modes (LPηµ modes, where η

is the azimuthal number and µ is the radial number) is used in simulations [51–53].
The maximum number of LP modes (herein, we refer to this simply as modes) able to

propagate in a fiber with given parameters is limited and can be estimated for SI and GI
fibers, as presented in Equations (1) and (2), respectively,

M =
V2

2
, (1)

M = V2
[

α

2(α + 2)

]
, (2)

V = ak0NA , (3)

where V is the normalized frequency, a is the core radius, k0 is the free-space wave number
(2π/λ), NA is the numerical aperture of the fiber, and α is the profile parameter [51].
Depending on the launching conditions, all modes can be equally excited in the extreme
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case (overfilled launch), or the power carried by each mode can vary from mode to mode,
providing a particular MPD [54].

If the fiber modes are excited by a coherent light source, they interfere at the fiber
end-face, forming a complex interference pattern with multiple interference peaks, which is
called a speckle pattern (SP) (Figure 2). The characteristics of SPs are strongly related to the
fiber parameters, including the number of excited modes and the refractive index profile.
Figure 2b demonstrates the SPs recorded at the end-face of MMFs with a multimode launch
provided by a mode scrambler. Generally, the higher number of excited modes provides a
higher number of speckles of smaller size, while a lower number of excited modes leads to
a lower number of speckles with larger size (see Figure 2b, GI cases, where the different
number of excited modes is provided by different wavelengths of 0.63, 1.3, and 1.55 µm).
For an SI fiber, the “boundaries” of the SP are sharp (Figure 2b, SI case) unlike the case of the
GI fiber, where intensity decays while approaching the core–cladding boundary (Figure 2b,
GI cases). This is according to the profile of the core refractive index. Figure 2c shows
interference patterns formed in the case of an underfilled launch realized by a connection
of coaxially aligned SMFs and MMFs. The presence of ring-shaped structures for the 1 m SI
MMF indicates the excitation of circularly symmetric PL0µ modes, which is a typical case
for interferometric SMS sensors (Figure 2c, 1 m SI case). With increasing fiber length, power
is redistributed to other PLηµ modes due to mode coupling, so the intensity profile at the
MMF end-face obtains the form of an SP rather than a ring-shaped structure (Figure 2, 20 m
SI case). In the case of a GI MMF, the recorded intensity profile remains almost unchanged
with length due to very low mode coupling in the undisturbed fiber (Figure 2c, 1 m and
20 m GI cases). The SP is stable in the absence of any EFPs, while it transforms under
disturbances applied to an MMF due to different propagation constants β of fiber modes.
The type of fiber interferometer utilizing the interference of propagating modes in the MMF
is known as an intermodal fiber interferometer (IFI) (Figure 1a).
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Figure 2. (a) Illustration of a speckle pattern formation at the end face of a GI MMF, (b) examples of
near-field speckle patterns recorded at the end of 50 µm GI and SI MMFs at different wavelengths
(multimode launch using mode scrambler), and (c) near-field patterns formed at the output of 50 µm
GI and SI MMFs of 1 and 20 m length with underfilled launch (by centrally aligned SMF).



Photonics 2024, 11, 299 6 of 24

Due to the interferometric nature of the SP, the light intensity at a certain point (r,ϕ) of
the fiber output facet can be described as [53]

I(r, φ, M, L) =
m

∑
k=1

(Ak)
2(Ek(r, φ))2 +

m

∑
i=2

i−1

∑
k=1

Ak AiEk(r, φ)Ei(r, φ) cos[∆βikL + ∆ϕik] (4)

where the first term is a constant component and the second term is an interferometric
component representing the sum of interferences of all pairs of excited modes, m is the
number of excited modes (2 ≤ m ≤ M), L is the fiber length, Ai is the amplitude of the i-th
mode, Ei(r,ϕ) is the mode function of the i-th mode (normalized mode field distribution),
and ∆βik = βi − βk is the difference in propagation constants β of modes i and k. The cosine
argument also contains a phase shift difference ∆φik = φi − φk, where φi(k) is the i(k)-th
mode’s phase shift, which is usually considered random (uniformly distributed in the range
of [−π; π]). This is due to the phases of the initial mode at the fiber input and accumulated
random phase shifts obtained at some fiber inhomogeneities, bends, twists, etc. If the fiber
remains static, φi(k) remains random but static. It is also assumed in Equation (4) that the
fiber is lossless and the light source is monochromatic and highly coherent; the polarization
of modes is not taken into account (i.e., we use a scalar IFI model). A consideration of
polarization would increase the complexity of analysis; however, the practical effect is
mainly a reduction in the SP contrast, as orthogonally polarized modes do not interfere; in
practice, a polarizer is often used at the output of an MMF to maximize the SP contrast [55].
The IFI signal is considered to be recorded in a near-field. The surface area of a PD is
considered to be smaller or similar to the typical size of the speckles to provide maximum
signal contrast and dynamic range.

If the fiber experiences external perturbation, the arguments of the cosines in Equation (4)
change, leading to an SP transformation. In simulations, EFPs are often considered as
changes in fiber length: L = L0 + δL, where L0 is the initial fiber length and δL is the fiber
length alteration (deterministic value) caused by EFPs. Also, it is usually considered in
simulations that the IFI signal is caused only by modal interferences but not mode coupling,
mode parameter transformations, and other effects. Otherwise, the complexity of the model
and simulations rises drastically. This explains the lack of theoretical models in papers
related to specklegram systems, for example, with an exposed core, where contact of the
core with the surrounding media can change not only the modes’ phases but also local
propagation constants, mode coupling coefficients, and field distributions [56].

It should be mentioned that in several works, the actual mode functions and mode
amplitudes are replaced by a random value of the product AiEi at a PD coordinate (r,ϕ)
for simplicity [53]. This is substantiated by the fact that the local mode intensities are very
different at the particular point of fiber cross-section even for a known MPD. The latter is
due to the mode field complexity, which rises with the order of modes.

An example of an IFI signal I versus fiber elongation δL is presented in Figure 3. Here,
a large δL was used to show the general dependency I(δL). It is seen that the signal response
to fiber elongation is quite complex and highly nonlinear. The complexity of the signal is
conditioned by the number of pairs of interfering modes with their propagation constant
differences ∆βik, phase shifts ∆φik, and local products of AiEi(r,ϕ) at the PD position in
the fiber cross-section. If only two modes are excited, the signal has a sine shape, while
the complexity of the signal increases with the number of excited modes: each pair of
interfering modes contributes with a sine-shaped signal with its period (provided by ∆βik)
and phase. Moreover, fiber rearrangement, bending, or environment condition changes will
result in changes in L0 and ∆φik and, therefore, in different dependences I(δL) in Figure 3.
The IFI response can be very different at different coordinates of the SP (Figure 3a,b) that
is used for signal processing such as averaging over the fiber cross-section or correlation
processing (Section 4).
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It is seen that the entire signal has certain quasi-linear zones (for example, points 2,
4, and 5 in Figure 3). On the contrary, at points 1 and 3, the response would be nonlinear.
Moreover, the sensitivity at point 3 would be close to zero (fading effect). It is also seen that
while the response at one coordinate of the SP is quasi-linear, at the same time, it can be
nonlinear at another coordinate (points 2 and 6 in Figure 3). Even in quasi-linear zones,
the sensitivity and the dynamic range (points 2 and 5) as well as the phase of the signal
(points 4 and 5) can differ.

Thus, in the case of weak EFPs, a quasi-linear response can be achieved by choos-
ing a correct operating point. However, in practice, it is very problematic to keep the
operating point fixed: slowly changing environmental conditions (e.g., temperature), fiber
rearrangements, and laser frequency instabilities lead to operating point drift or jumps that
change sensitivity (fading effect) and a transfer function. Thus, the fundamental problems
of IFIs and FSSs are signal fading, nonlinearities, and quasi-random responses in general. It
should be mentioned that in several works, two mechanisms of the mode’s phase difference
modulation have been suggested: the first is related to the modes’ optical path changes de-
scribed above, and the second is related to fiber bending, twisting, and other perturbations
causing a mode coupling [57–59]. In the latter case, the modulation of the phase difference
of the modes occurs due to mode coupling but not due to simply δL. This complicates
the analysis and makes fading behavior even more unpredictable [58]. To overcome the
problems described above, various signal-processing solutions have been developed and
investigated. They include averaging, correlation analysis, machine learning, and other
techniques that are reviewed in Section 4.

It is seen from Equation (4) that the IFI properties (range of sensitivities, complexity of
the signal, spectral components) depend on a set of parameters: mode amplitudes Ai(k) and
number of excited modes m (or MPD), a coordinate of the PD at the fiber cross-section, prop-
agation constant differences ∆βik, and mode field distributions Ei(k)(r,ϕ). The last two pa-
rameters (∆βik and Ei(k)(r,ϕ)) significantly depend on the refractive index profile of the MMF.
In the case of an SI fiber, fiber modes are well approximated by Bessel modes [51,52,54],
while modes of graded-index fibers are usually approximated by Laguerre–Gaussian (LG)
modes [60]. For LG modes with a low radial number µ, the mode fields are “concentrated”
closer to the core center, while they tend to occupy the entire physical space of the core
cross-section with the rise in µ. This is not the case for Bessel modes where mode fields



Photonics 2024, 11, 299 8 of 24

occupy approximately the entire cross-section of the core (see, for example, Figure 2c).
This affects the IFI properties depending on the PD position in the fiber cross-section: the
averaged IFI sensitivity decreases with the displacement of the PD from the core center
towards the core–cladding boundary in the case of the GI fiber [55,61].

An even more important parameter is the difference in the modes’ propagation con-
stant ∆β. For SI fibers, propagation constant β can be calculated by solving the characteristic
equation for the tangential field components at the core–cladding boundary [51,52]. In
the SI case, modes have different β and disordered spacing ∆β between “neighbouring”
modes (i.e., modes with adjacent values of β) (Figure 4a). (We note that graphs in Figure 4
are plotted using the modes’ refractive index n for convenience, according to relation
β = 2πn/λ; the vertical axis in Figure 4a takes into account the presence of two degenerated
modes for modes with non-zero azimuthal number η.) Therefore, the interferometric signal
formed by the interference of different neighboring modes (and, therefore, by other pairs of
modes) will demonstrate different sensitivity, period, and beat length Λik = 2π/∆βik. Note
that some of the modes have very close propagation constants (Figure 4a) and, therefore,
quite a long beat length (several centimeters). Thus, the resulting IFI signal I(δL) becomes
quite complex with many spectral components.
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A completely different case takes place for the GI fiber. Here, particular sets of
modes are combined into mode groups (MGs): each MG contains modes with (approxi-
mately) equal propagation constants [51,54]. Using the Wentzel–Kramers–Brillouin (WKB)
approximation, the analytical expression for each MG’s propagation constant can be
derived [51,54,62]:

βm =
2π

λ
n0

[
1 − 2∆

(
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) 2α
α+2

] 1
2
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where mg is the MG number taking integer values from 1 to Mg (index g emphasizes the
modes' groups instead of separate modes), ∆ is the refractive index contrast, n0 is the core
refractive index at the fiber axis, α is the profile parameter, and Mg is the maximum number
of MGs able to propagate:

Mg = a
√

∆
2π

λ
n0

√
α

α + 2
(6)

The number of modes belonging to a given MG is defined by the number of combina-
tions (µ; η), which can be found for a given mg according to the formula mg = 2µ + η − 1.
Taking into account two degenerated modes for modes with non-zero azimuthal number η,
it can be seen that the number of modes belonging to an MG is equal to an MG number.
The consideration of two polarization states for each mode will further double the number
of modes in each MG.

An interesting case is a parabolic profile of refractive index (α = 2) where propagation
constants of MGs are equidistant (Figure 4b). This means that the interferometric signal
formed by the interference of any neighboring MGs has the same period and beat length
according to the same propagation constant difference of adjacent MGs ∆βp (index p
emphasizes the parabolic profile of refractive index). Therefore, the IFI signal I(δL) is
expected to be less complex with significantly fewer spectral components compared to
the step-index case. The spectral components are equidistant as well; if all modes are
excited, the first spectral component corresponds to the interference of the adjacent MGs
(provided by ∆βp), while the last spectral component corresponds to the interference of
the fundamental mode and the modes belonging to the highest-order MG (provided by
the maximum ∆βpmax = ∆βp(Mg − 1)). As the propagation constants within the MGs are
approximately equal, the interferometric signal formed by modes belonging to the same
MG is insensitive to EFPs (∆βik ≈ 0 in Equation (4)). Thus, in the case of the GI profile, the
number of modes m in Equation (4) can represent the number of mode groups mg, and the
mode amplitudes and field distributions are those of mode groups as well.

To complete the topic of IFI signal formation, the effect of laser frequency modulation
(LFM) must be discussed. Apart from the EFPs, the LFM also generates the IFI signal as
∆βik in Equation (4) is sensitive to optical frequency shifts δν. In fiber communications,
this effect has been studied within the topic of modal noise [63]. To consider the LFM as
a source of the IFI signal, the product ∆βikL0 can be decomposed into Taylor series in the
vicinity of the optical frequency mean value ν0 [53]:

∆βkiL0 = (βk(ν0)− βi(ν0))L0 +

(
dβk(ν0)

dν
− dβi(ν0)

dν

)
δν · L0 = (βk(ν0)− βi(ν0))L0 +

(
1

Vk
− 1

Vi

)∣∣∣∣
ν0

δν · L0 (7)

where Vi(k) is the group velocity of the i(k)-th mode (a linear approximation was applied
when decomposing into a Taylor series). It is seen that the first term in Equation (7) is fixed,
while the second term is proportional to frequency shift δν and fiber length L0. Thus, the
IFI sensitivity to laser frequency modulation rises with fiber length. This is a principal
difference from the case of EFPs, where the IFI sensitivity depends on the fiber section
subjected to the EFP but not on the entire fiber length. Also, the IFI sensitivity to LFM is
radically stronger for the SI fiber compared to the GI fiber with α ≈ 2, where the mode
propagation times are equalized [53,64]. Even though the LFM caused by fluctuations
in laser frequency can be considered a source of noise for IFIs [65], intentional frequency
modulation can be useful. It has been proposed as an averaging method of IFI signals [55]
and for advanced IFI signal processing providing signal linearity and fading mitigation [66].
The LFM principle is also used in interferometric SMS sensor schemes, where periodically
updating wavelength scans are used to extract the signal [42]. It should be mentioned
that the mechanisms of the IFI with LFM have been utilized in other specklegram-related
applications such as MMF-based spectrometers [67].
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As discussed above, if no processing algorithms are used, the IFI demonstrates a
quasi-random transfer function and sensitivity, the response can be highly nonlinear, and
the useful signal experiences fading. This complicates both the effective sensing and the
determination of the IFI properties, which depend on fiber parameters, the laser wavelength,
and the MPD. To enable a convenient analysis of IFI properties, the apparatus of so-called
averaged amplitude characteristics (ACs) has been developed [53]. It is based on ensemble
averaging of the IFI response to EFPs and plotting the graph of the averaged standard
deviation of the signal versus EFP amplitude, for example, fiber elongation δL (Figure 5a).
Unaveraged ACs are quasi-random and strongly nonlinear (gray curves in Figure 5a),
while the averaged AC is stable and reproducible (red dashed curve in Figure 5a). It
contains a rising part and a saturation part. The saturation occurs when the EFP amplitude
exceeds the maximum beat length of adjacent modes (modes with minimum ∆β). The AC
method allows for effective analysis (theoretically and experimentally) of the IFI properties
depending on fiber parameters, wavelength, and MPD [35,55,61]. Figure 5b shows an
example of averaged ACs for two wavelengths of 0.63 and 1.3 µm and two MPDs for the
0.63 µm wavelength. The graphs allow us to compare averaged sensitivities and to estimate
a range of δL when the quasi-linear response can be achieved. In the given example, it is
seen that the average sensitivity in the rising part of the curves is significantly stronger for
the multimode case than for the few-mode case at 630 nm, while the multimode case at
630 nm is more sensitive to EFPs than the multimode case at 1300 nm due to a higher
number of modes able to propagate at 630 nm than at 1300 nm. It should be mentioned
that the quasi-linear part of the dependences ends at significantly lower EFP amplitudes
for the cases with stronger sensitivities (630 nm, multimode case) than for the cases with
lower sensitivities (1300 nm multimode, and 630 nm few-mode cases).
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Further, various averaging methods have been experimentally analyzed using the
AC method [55,61]. They include ensemble averaging, averaging “over long realization”,
laser frequency averaging, spatial averaging over the fiber cross-section, and their com-
binations. While the first two methods are useful for the assessment of IFI properties,
the spatial and frequency averaging methods have also been used for real-time sensing
applications. To complement the ACs for the EFPs of strong amplitudes, the averaged
spectral characteristics (SC) have been introduced as well; thus, the IFI can be characterized
by the pair of AC and SC for the full range of EFP amplitudes [53].

It should be noted that the IFI signal registration can be performed in the near-field and
far-field zones. Practically, the selection of one of these two methods to use depends on the
equipment and convenience: near-field registration allows us to use a camera matrix and to
analyze the entire SP, but it requires the use of imaging optics (e.g., microscope objective),
while registration in the far-field using one or multiple photodetectors is simpler, but it does
not allow us to analyze the entire speckle pattern, rather only parts of it. For theoretical
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investigations of IFIs, in particular, for the analysis of IFI characteristics depending on
fiber parameters (refractive index profile, MPD, etc.), the use of the near-field is more
straightforward. The far-field distribution of modes can be calculated by the Fourier
transform of the near-field distribution, and the results can be different depending on the
refractive index profile of the MMF [54]. It has been demonstrated that the modes’ field
shapes are the same for the near- and far-field for a GI profile, while they significantly differ
in the case of an SI fiber [54]. The same behavior can be expected for speckle patterns.

In this section, we considered the basic physics of IFIs, and we discussed signal
characteristics and limitations and the relations between fiber parameters and IFI properties.
We note that the theoretical background was limited by a weakly guiding approximation
and two cases of refractive index profiles (step-index and graded-index), while a great
variety of specialty optical fibers can be applied for specklegram sensing. The consideration
of this variety of fibers, however, would significantly complicate the theory and is beyond
the scope of the format of this article. In the following sections, signal processing approaches
and the FSS applications are reviewed in more detail.

4. Signal Processing and Data Analysis

In Section 3, we mentioned two main problems of FSSs: the quasi-random and nonlinear
transfer function (changing under drifting environmental conditions) and, as a result, signal
fading. The first problem does not allow precise measurement of EFPs; rather, the sensor can
detect some events disturbing the fiber, for example, heartbeats in medical applications [68,69] or
intrusion into a secured territory in perimeter surveillance applications [70]. If the interferometric
signal is detected using one PD (or camera pixel), the second problem, signal fading, does not
allow reliable measurement of the perturbation amplitude. Moreover, the perturbation can be
completely missed, since the sensitivity can drop down to almost zero. Therefore, the main
purpose of signal processing algorithms and approaches is to overcome the above problems.
Researchers have been trying to reach this goal either via a spatial domain (analyzing different
parts of the speckle pattern, i.e., performing multichannel signal detection and processing, or
analyzing the speckle pattern as a whole), or spectral domain, using a scanning light source or
broadband source with an OSA (or spectrometer). Below, various signal processing techniques
are categorized and reviewed.

4.1. Intensity Approach

In the simplest case, intensity-based FSSs can be realized by receiving an intensity-
modulated signal after spatial filtering of the SP using one PD. As it was mentioned
above, the signal will experience nonlinearity and fading under changing environmental
conditions. As a solution, multichannel signal detection provides a mitigation of fading that
allows the realization of reliable threshold sensors (e.g., heartbeat monitoring, perimeter
surveillance). This approach is well investigated [36,59,71]. For instance, in works [36,59],
the authors compared algorithms based on calculation moduli of the signals from several
photodetectors; the work [71] analyzes the influence of the number of photodetectors on the
effectiveness of fading mitigation. The authors of these papers assume that the useful signal
has a high-frequency spectrum compared to slowly changing (quasi-static) environmental
conditions. Therefore, the signal was subjected to high-pass filtering before applying the
algorithms. It should be noted that amplitude single-channel and multichannel detection
(spatial filtration) can also be realized by using one or several single-mode fibers serving as
spatial filters at the output of the MMF [72]. In this case, the electronic part of the scheme
can be a good distance away.

A more advanced approach consists of the use of a CCD or camera matrix instead of a set
of PDs [37]. This allows camera pixels to be used as separate PDs that significantly increases
the number of spatial channels and, therefore, can improve the effectiveness of data processing.
One camera matrix can even be used to record SPs from several MMFs simultaneously [73].
However, the use of cameras can significantly limit the bandwidth of the sensor, which can
be inappropriate in some applications. Generally, the same algorithms investigated for the
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case of multiple photodetectors can be applied with the use of cameras. For example, in
works [37,74], the sum of absolute values of signal changes is analyzed; in work [55], the
effectiveness of the averaging of signal amplitudes for fading mitigation (and, therefore, for
the stability of the response) is experimentally investigated for different wavelengths (that
define the maximum number of propagating modes) and MPDs. It should be mentioned that
the use of the absolute value of the alternating signal (e.g., sine shape) leads to the doubling of
signal spectrum width [37]. In works [69,70,75], authors applied a time differentiation of the
camera pixel’s signal. The work [76] demonstrates the results of the application of various
image processing algorithms (both intensity-based and correlation-based) for speckle pattern
processing. Authors assumed that the type of EFPs, microbends, causes not only DPM but
also strong mode coupling between core modes and further between core and cladding modes.
The latter means that the condition of constant total intensity at the fiber output is no more
valid that was considered in the investigated processing approaches. It should be noted that
authors compare the processing algorithms in terms of linearity, sensitivity, and dynamic
range, while the effectiveness of fading mitigation is out of the scope of this work. In [77],
the low frame rate and response time of cameras and CCD arrays usually considered as
disadvantages, were proposed as a way to measure the amplitude of high-frequency EFPs by
calculating the contrast of the SP: the higher the amplitude of the EFP, the lower the contrast
of the SP due to averaging of the SPs over the response time of the camera matrix (a similar
principle is also applied for SP elimination, i.e., minimization of the SP contrast towards zero,
in MPD and encircled flux measurements).

4.2. Correlation Approach

In general, the correlation approach is based on the comparison of an SP recorded
by a camera matrix at a given moment in time with a certain reference SP recorded in the
absence of EFPs. In this case, the problem of signal fading is effectively solved, since the
entire SP is analyzed. Several research groups have developed the SP correlation approach
for FSSs. For example, work [78] demonstrates the correlation approach for the case of fiber
axial strain. The authors confirmed the stability of the sensor response for different initial
conditions of the SP, which indicates the robustness to signal fading. The authors also
showed the influence of the radius of the analyzed part of the SP on the correlation curve,
and the influence of the camera saturation on measurement errors; they demonstrated a
method of increasing the sensor’s dynamic range by periodically updating the reference
image. In work [79], the authors considered microbend perturbations of an MMF and
proposed the normalized inner product coefficient for analysis of EFPs; the “updating
reference” technique was also applied for the extension of sensor’s dynamic range. In
work [80], the authors investigated the effectiveness of the correlation method when just a
few modes were excited in an MMF; they proposed the utilization of diffusion transparency
to improve the quality and stability of the measured signals (Figure 6a). In [76], the authors
investigated various image processing correlation techniques for FSSs. As mentioned in
the previous subsection, the authors assumed the possibility of changes in the total output
power due to the possible coupling of core and cladding modes under fiber microbendings.

Various image processing techniques utilizing the correlation approach are proposed
and investigated in other works as well [81,82]. For example, in paper [82], the authors
propose the application of morphological image processing for strain sensing: they con-
verted SP images into binary form and compared them with a set of reference images
recorded in advance during a controlled ramp of strains applied to the fiber. This approach
demonstrated an enhanced dynamic range towards stronger amplitudes of perturbations.
We suppose, however, that this approach requires stable environmental conditions (temper-
ature); otherwise, the procedure of periodical recalibration is necessary.
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The correlation approach can be realized not only by camera image processing, but
also using a single PD. In early works [83,84], authors proposed an FSS with a photographic
plate that served as an amplitude-transmission spatial filter (Figure 6b). The filter was
recorded onto a photographic plate using the reference SP (in the absence of EFPs). The
light that exited from the MMF and transmitted through the filter was focused into a PD.
After the filter recording, the SP and the negative image in the filter were spatially matched
if the fiber was undisturbed. Therefore, the PD signal was minimal. The alternation of the
SP from its reference position under acoustic pressure applied to the MMF generated a
PD signal proportional (under a condition of weak enough perturbations) to the acoustic
pressure amplitude. This approach was attractive since it required only one PD; however,
its practical use was limited since the reference SP must be unchanged and must exactly
match the spatial amplitude filter, which is problematic in real conditions in the presence
of temperature drift and possible fiber rearrangements. The spatial amplitude filter ap-
proach was further developed to allow its adaptive self-adjustment under slowly changing
environmental conditions (and therefore under slowly transforming SP). In work [85], the
authors proposed the adaptive correlation filter based on the photorefractive fanning effect
(Figure 6c), while in [86], the author proposed the use of photochromic glasses for the same
purpose (Figure 6b).

Finally, the holographic correlation approach has been proposed and investigated
in [27]. This method provides a significant increase in the sensor’s sensitivity. Notably, it
exhibits potential for multiplexing capabilities through the use of reference laser beams
with different angular separations or wavelengths [28]. However, since it utilizes principles
of holography, it requires a reference laser beam that increases the complexity of the sensor
(Figure 6d). In addition, the problem of reference SP drift under environmental conditions
remains a reality.

4.3. Machine Learning Approach

The machine learning (ML) approach in FSS data processing and analysis is the newest
among others. An impressive number of publications dedicated to fiber-specklegram-
related applications have been published in the past few years: FSSs; MMF-based image
transmission, recognition, and reconstruction; and MMF spectrometers [44,87]. Various
network types, such as VGGNet, AlexNet, ANN, ResNet, and others, have been trained,
and their effectiveness and reliability have been investigated for these applications. The



Photonics 2024, 11, 299 14 of 24

feature of the ML approach to FSSs is that it does not involve any theoretical basis on
MMF light propagation and SP formation; it operates simply with images, being trained
to recognize various scenarios of fiber perturbation from the SP evolution. FSSs studied
with the use of ML include bending and curvature [88–90], tactile [91], biomedical [92], and
intrusion detection [93] sensors. In several works, the investigation of the possibility of
EFP localization along the MMF is presented [94–96]. In general, the ML techniques applied
to FSSs have demonstrated impressive results of measurement accuracy and have opened
new sensing capabilities; however, this approach also has significant practical limitations.
For reliable measurements, the system must be trained for a given sample of MMF, keeping
it in a particular, unchanged position, and in perfectly stabilized environmental conditions.
Any fiber parameter changes (length, core diameter, refractive index profile), rearrange-
ment, and temperature drift drastically reduce system performance. To the best of our
knowledge, the ML-based FSSs resistive to environmental condition changes have still not
been demonstrated. A detailed review of recent achievements of the ML application to
FSSs is presented in [87].

4.4. Spectral Domain Approach

The spectral domain approach utilizes the phenomenon of the dependency of the
modes’ propagation constant on laser frequency (wavelength) (Section 3). As a result of
different group velocities of modes, the SP is sensitive to laser frequency changes. This
effect is widely used in SMS-type sensors [41]. As discussed in Section 2, the basic scheme of
the SMS sensor contains a short piece of MMF sandwiched between two SMFs. Few modes
in the MMF are excited by a scanning light source via the input SMF. The interferometric
signal spatially filtered by the output SMF is recorded by a photodetector. As a result, a
spectral response (which is a dependency of the interferometric signal versus laser fre-
quency) of the SMS structure can be formed and updated in real-time (Figure 7). The same
effect can be obtained using a broadband light source and an optical spectrum analyzer
(or spectrometer). EFPs, applied to the MMF section, cause spectrum transformations.
Due to a small number of excited modes and the short length of the MMF, the transmis-
sion spectrum represents a small number of interferometric maxima and minima, while
spectrum transformations obtain a form of movements of the spectrum towards higher
or lower wavelengths proportionally to EFPs (the shape of the spectrum remains almost
unchanged). Thus, tracking a wavelength position of a spectral maximum or minimum
(red arrows in Figure 7) opens a possibility for a simple measurement technique. In this
case, the problem of signal fading is not explicitly present, which is a strong advantage of
this sensor configuration. Also, a good linearity of the sensor response can be achieved. It
should be noted that the spectral-domain SMS sensor can also be considered a set of FSSs
receiving a signal via one spatial channel (output SMF fiber) and operating at different
wavelengths within the range of scanning wavelength (the number of FSSs is equal to the
scanning range divided by the OSA resolution or by the sampling rate of the photodetector).
Interferometric time signals formed by fiber length modulation at two wavelengths λ1 and
λ2 are schematically illustrated by black curves in Figure 7. Spectral-domain SMS sensors
have a great number of variations based on fiber types, interrogation techniques, and
combinations with other sensing techniques, applications, etc., that are comprehensively
reviewed in several articles [42–47]. It should be noted that a potential problem of the
peak-tracking technique can occur in the case of a highly multimode propagation regime
and long lengths of MMFs increasing the sensor’s sensitivity. Here, spectrum transforma-
tion ceases to represent simply shifts towards higher and lower wavelengths, but obtains
more complicated behavior, changing the shape of the spectrum. Therefore, peaks that are
supposed to be tracked can appear and disappear, and their tracking becomes impossible.
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tracking of some interferometric peak shifting under EFPs (red arrows). The scheme can also be
considered a set of interferometers operating at different wavelengths (black curves at λ1 and λ2).

Another promising approach that can be used instead of spectral peak tracking is
the analysis of the fast Fourier transform (FFT) of the SMS transmission spectrum. The
FFT spectrum of continuously updating wavelength scans demonstrates several spectral
peaks (harmonics); each harmonic corresponds to a particular pair of interfering modes.
Thus, by analyzing the phase on the frequency of the particular harmonic, one can measure
EFPs [97–101]. This approach provides a linear relation between the phase and EFPs,
which is a strong advantage. The sensor’s dynamic range can be extended towards strong
perturbations by implementing a phase unwrapping technique. Phase demodulation for
SMS structures with a length of the MMF section up to 50 m (GI MMF, few-mode regime)
has been demonstrated [102]. However, obtaining reliable results, as well as in the previous
technique of peak tracking, becomes more complicated with the increasing number of
excited modes, since the spectral components corresponding to different pairs of interfering
modes can be very close to each other and even overlap, making the phase tracking of
harmonics unreliable.

One more approach proposed for a spectral domain FSS consists of the use of the auto-
correlation function of the spectral interferometric signal [66]. The correlation coefficient is
calculated between the reference wavelength scan, which is recorded under the absence
of EFPs, and the signal scan, updating in real-time and transforming under EFPs. This
approach can be considered an alternative to the correlation processing of the specklegram
image described in Section 4.2; however, it allows for obtaining a linear sensor response by
applying a certain wavelength shift to the reference scan, thus shifting the operating point
to a linear part of the correlation function. This approach confirmed its reliability even with
the highly multimode regime of the GI MMF.

5. Sensing Applications

Optical fiber specklegram sensors have proven their capability in measuring a diverse
array of parameters, including micro-bending, strain, vibration, temperature, and refractive
index. These sensors find applications in various sectors such as healthcare, structural
health monitoring, and security or surveillance.

The sensing parameters can be categorized into two main groups, i. physical and
ii. chemical parameters, as summarized in Table 1. Within the physical parameters group,
we can include strain, pressure, vibration, sound, bending, and temperature. On the other hand,
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the second group primarily focuses on liquid or gas measurements, where light must physically
interact with the ambient environment, encompassing refractive index and relative humidity.

Table 1. Categorization of the different basic parameters, which can be measured using optical fiber sensors.

Group A—Physical Group B—Chemical

Strain Refractive index
Temperature Relative Humidity

Pressure Gas sensing
Curvature pH
Vibrations

Regarding the materials used in developing these sensors, the main types are silica
and polymer fibers. It is noteworthy that depending on the material, certain parameters
may transition from one group to another. For example, many polymers exhibit hydrophilic
characteristics, enabling a mechanism where the polymer absorbs water content, causing
the fiber to swell. This swelling can lead to local expansion of the fiber dimensions. In
cases where only the cladding of the fiber absorbs water, pressure is applied to the core.
Consequently, fluctuations in relative humidity can be directly detected through strain or
pressure sensitivity.

Figure 8 illustrates these two main categories of sensing parameters, physical and
chemical, and also shows an overlapping area where some chemical parameters can be
measured indirectly through physical parameters. For example, the relative humidity
concentration can be measured indirectly when a hydrophilic material absorbs the water
content and swells. As a result, a strain is applied to the fiber core.
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In FSSs designed for physical parameters (group A), the sensing mechanism and
sensitivity are conditioned only by properties of the fiber (possible number of propagating
modes, refractive index profile, fiber material, elasticity, Young’s modulus, strain-optic
coefficient, thermal expansion, and thermo-optic coefficients). As a result, the sensing
procedure and analysis are more straightforward. On the other hand, for the measurement
of parameters of group B, the fiber needs to be specifically designed to make light in the
fiber core interact with the ambient environment. Such specialty fiber solutions include
designing fibers with an exposed core or fiber tapers, designing them to be side-polished
or coreless, among others. In most cases, the second group of sensors has been realized in
the form of spectral-domain SMS sensor [42]. However, sensor designs utilizing a static
wavelength and analyzing the entire speckle pattern have been investigated as well [103].
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As mentioned in Section 2, the very early FSS works were dedicated to acoustic and
hydroacoustic sensing [31–33,83]. Further, the scope of potential applications expanded
towards vibration measurement [37] and perimeter surveillance [104]. These applications
as well as new directions have also been investigated in the following years: vibration [105],
intrusion detection [70], security of museum collections [72], temperature sensors [106–108],
strain [109,110], force sensors [111,112], tactile sensors for human–system interaction appli-
cations [111,113], monitoring of gas leakage along the pipelines [114], current sensors [115],
displacement sensors [116–119], and bending sensors [120].

From the 2010s, medical applications of FSSs, especially the topic of vital sign monitor-
ing, became quite popular in the research community: human movement detection, and
heartbeat rate and breath rate measurements [68,69,121,122]. Indeed, these measurands
produce event-like (pulsed) signals that can be easily detected by FFSs with simple signal
processing. Recently, the topic has been extended to other applications such as pulse wave
velocity monitoring [123], blood pressure monitoring [124], and blood glucose sensing [92].

In recent years, significant attention has been paid to specklegram chemical- and
biosensors involving various specialty fibers or standard fiber pre-processing, allowing
light interaction with surrounding media. The applications of chemical sensors include
salinity sensors [125,126], refractive index sensors [103,127–132], biosensors [133], and even
DNA-related sensors [134].

Finally, we would like to mention some other fiber-speckle-related applications whose
principle of operation involved intermodal interference effects: fiber spectrometers [135–137],
optical tweezers [138,139], and estimation of MMF bandwidth [140,141].

6. Challenges and Future Directions

Fiber specklegram sensing has emerged as a promising low-cost technique that demon-
strated a potential for application in various fields, from physical (strain, vibration, tem-
perature, etc.) to chemical applications. As demonstrated in previous sections, the main
challenges of FSSs are the quasi-random nonlinear transfer function and signal fading. We
described existing solutions for overcoming these main problems. The problem of signal
fading has been effectively solved for highly multimode regimes utilizing multichannel
signal processing and by correlation processing of SPs or in the spectral domain. The
problem of the stable linear transfer function seems more complicated, and it has been
solved with several limitations usually related to the dynamic range of the linear response.
At the same time, spectral-domain SMS sensors demonstrate good linearity. However, the
length of a sensitive element can be a restriction for some applications in the form of limited
sensitivity, limited dynamic range, and the inability to distribute sensing.

On the other hand, for some recent applications of FSSs, especially utilizing specialty
fibers, the problem of fading is less critical. For example, for refractive index measurement,
it is necessary to record a reference SP and then perform contact with the measured liquid.
This requires quite a short time, during which the environmental conditions are expected to
be stable enough and will not provoke noticeable additional transformations of the SP. Thus,
a correlation approach can be effectively applied in this case. One of the improvements for
FSS performance seems to be a selection of fibers with low-temperature cross-sensitivity:
temperature-insensitive fibers could be a solution for strain-related applications with
enhanced stability [142].

One of the significant challenges and a prospective research direction is the problem of
spatially resolvable distributed measurements. The topic of external impact localization has
been addressed in several works. Some early solutions dedicated to intrusion detection ap-
plications consisted of simultaneously using several separate FSSs covering different zones,
so the perturbation location can be found by analyzing all FSSs together [143]. Another
approach for the same application also utilized multiple FSSs and involved the mechanical
isolation of specific parts of MMFs [104]. The patent [144] describes a distributed sensor
where the EFP localization is realized using time-multiplexing based on measurements of
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the time of flight of light impulses (that should significantly increase the sensor’s cost), and
the specklegram technique is mentioned as one of the possible sensing principles.

Recent works involving machine learning approaches have also addressed the EFP
localization problem [94–96] with promising results for identifying the EFP’s location for
up to 10 fiber sections. However, as discussed in Section 4.3, the main limitation of the
practical application of the machine learning method is the requirement of perfect stability
of the setup. Therefore, more research should be focused on obtaining reliable results under
changing environmental conditions, fiber rearrangements, laser frequency drift, and other
factors leading to SP transformations.

Another concept proposed as a localization problem solution suggests the use of
changing the number of propagating modes along the GI MMF. It was found that the
sensitivity of the FSS depends on the number of interfering modes at the location of
perturbation, while the SP can be formed by a significantly higher number of modes [34,145].
Therefore, if the experimental setup provides an increasing number of excited modes
along the MMF using mode controllers or the mode coupling effect, the sensitivity of the
output SP will depend on the number of excited modes at the perturbation location. The
proof of concept has been realized with three MMF segments and several FSS schemes,
including two counter-propagating light beams (bi-directional scheme) [146,147] or two
co-propagating beams at two different wavelengths [148]. In both cases, two SPs were
simultaneously analyzed and by comparing the amplitude of the recorded SP signals,
the place of perturbation can be found. Air gaps between MMFs [147,148], as well as
long-period gratings [149], have been tested as mode controllers. Moreover, by applying
spatial averaging or a correlation approach for signal amplitude determination, the system
becomes robust to changing environmental conditions, i.e., becomes fading-free. However,
this approach has two main factors that would limit the number of resolvable fiber segments:
a limited number of mode groups in the GI MMF and difficulties with the selective modal
launch and their transformations; in practice, modes are excited not stepwise, but as a
certain MPD containing a set of modes with different amplitudes.

In addition to the prospects described above, the development of the FSS topic could
evolve towards the application of various types of specialty multimode fibers that can
exhibit new sensing features [56,103,150]. Also, combinations of different signal processing
methods (e.g., spectral domain approach and multichannel signal processing with analysis
of the entire SP) could provide new measurement capabilities such as enhanced linearity,
EFP localization, and multiparameter sensing. The latter can also be achieved by combining
FSSs with other sensing techniques, e.g., fiber Bragg gratings (this is already widely imple-
mented for short-length spectral-domain SMS sensors [42,44]). Advanced data processing
methodologies, including machine learning and AI, are crucial for improving measure-
ment accuracy and real-time decision making. The development of algorithms resistant
to changing mechanical conditions of the MMF and changing environmental conditions
would radically improve the efficiency of the machine learning and AI approaches.

7. Conclusions

While fiber specklegram sensing has achieved significant milestones, acknowledging
current challenges and charting future directions are imperative for its sustained success.
This field holds significant potential, promising substantial contributions to industrial
applications due to its simplicity and low cost. Consequently, it remains an exciting area
for continuous research and innovation. As technology evolves, the integration of fiber
specklegram sensing into various applications could soon become commonplace, ushering
in advancements across diverse fields, from healthcare to infrastructure monitoring.

In conclusion, the trajectory of fiber specklegram sensing is poised for transformative
enhancements, driven by a synergy of cutting-edge technologies. The incorporation of ma-
chine learning and artificial intelligence emerges as a pivotal force, refining speckle pattern
analysis, improving measurement accuracy, and expediting decision-making processes.
Moreover, the integration with other sensing elements holds the promise of fostering a
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comprehensive understanding of systems, expanding the application scope in complex
environments. As advancements in miniaturization techniques unfold, the prospect of
more compact and portable fiber specklegram sensing devices takes center stage, unlocking
transformative applications, especially in medical procedures and on-site diagnostics. The
embracement of robustness, adaptability, and technological innovation is certain to propel
fiber speckle sensing to new frontiers of capability and utility.
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