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Editorial

Editorial for the Special Issue: “Advanced
Optical-Fiber-Related Technologies”

Galina Nemova

Department of Engineering Physics, Polytechnique Montréal, 2500, Ch. De Polytechnique, Montreal, QC H3T 1J4,
Canada; galina.nemova@videotron.ca

An optical fiber is a flexible glass or plastic fiber that can transmit light from one end
to the other. An optical fiber consists of three basic concentric elements: a core surrounded
by cladding, which is then surrounded by an outer coating [1,2]. The core is usually
made of glass or plastic, although other materials are sometimes used, depending on the
transmission spectrum desired. The core and cladding form a waveguide that is essential
for transmitting light. The cladding is usually made of the same material as the core, but
with a slightly lower index of refraction. This difference in index causes total internal
reflection, which is responsible for transmitting light along the fiber without it escaping
through the sidewalls. Optical fibers do not need a grounding connection. They are
immune to electromagnetic interference. They emit no radiation themselves that might
cause interference. Fiber-optic transmission systems are superior to metallic conductor-
based systems in many applications. Copper wire is about 13 times heavier than fibers.
Fibers are also easier to install and require less duct space. Contrary to metallic conductors,
the bandwidth of optical fibers permits them to transmit signals that contain considerably
more information. In addition, optical fibers have low power loss. Optical fibers have
numerous applications. They have gained wide-spread acceptance in communications
including telecommunications, local area networks, industrial control systems, avionic
systems, and military command and control systems. The fibers themselves can be used as
a distributed sensor to measure a number of environmental effects, such as temperature,
strain, and acoustic signals. They can deliver light from a remote source to a detector
to obtain pressure, temperature, or spectral information. Optical fibers can deliver high
levels of power for tasks such as laser cutting, welding, marking, and drilling. They can
illuminate areas that are difficult to reach. Optical fibers are widely used as the active gain
medium in a special form of solid-state lasers known as fiber lasers.

This Special Issue presents the latest advanced optical-fiber-related technologies and
their applications. It includes 10 contributions that collectively offer insights into the actions
and strategies of current fiber-optics. Here, I will briefly summarize the content of the
contributions to this Special Issue.

1. Brief Review of Recent Developments in Fiber Lasers [contribution 1].

This paper reviews the recent achievements in high-power rare earth (RE)-doped
fiber lasers, Raman fiber lasers, and Brillouin fiber lasers. RE-doped fiber lasers operate in
several wavelength ranges including 1050–1120 nm (ytterbium-doped fiber lasers), 1530–
1590 nm (erbium- and erbium–ytterbium-doped fiber lasers), and 1900–2100 nm (thulium-
and holmium-doped fiber lasers). White spaces in the wavelength spectrum, where no
RE-doped fiber lasers are available, can be covered by Raman lasers.

2. Advances in High–Speed, High–Power Photodiodes: From Fundamentals to Applica-
tions [contribution 2].

Appl. Sci. 2025, 15, 11665 https://doi.org/10.3390/app152111665
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This paper reviews the fundamentals of high-speed, high-power photodiodes, mirror-
reflected photodiodes, microstructure photodiodes, photodiode-integrated devices, and
related equivalent circuits and design considerations. These characteristics of photodiodes
and the related photonic-based devices are analyzed and reviewed in detail, and the devices
are compared, providing a new path for the application of these in short-range wireless
communications in 6G and beyond.

3. Water Pipeline Leakage Detection Based on Coherent ϕ-OTDR and Deep Learning
Technology [contribution 3].

Leakage in water supply pipelines remains a significant challenge. It leads to resource
and economic waste. In this paper, the authors have developed several leak detection
methods, including the use of embedded sensors and pressure prediction.

4. Optical Cable Lifespan Prediction Method Based on Autoformer [contribution 4].

In this paper, a novel method for predicting the service life of optical cables based
on the Autoformer model combined with the calculation method has been proposed. The
method developed in the paper validates the superiority and stability of the Autoformer
model in predicting cable lifespan, which can offer a more reliable approach for ensuring
cable technology reliability and the management of associated industries.

5. A Multi-Format, Multi-Wavelength Erbium-Doped Fiber Ring Laser Using a Tunable
Delay Line Interferometer [contribution 5].

This work demonstrates the use of an erbium-doped fiber amplifier (EDFA), a tunable
bandpass filter (TBF), and a tunable delay line interferometer (TDLI) to form a ring laser
that produces multi-format, multi-wavelength laser beams. The proposed system enables
dual-wavelength spacing ranging from 0.3 nm to 3.35 nm, with a switchable wavelength
position at approximately 1527 nm to 1535 nm, providing flexible tunability.

6. Wavelength-Dependent Bragg Grating Sensors Cascade an Interferometer Sensor
to Enhance Sensing Capacity and Diversification through the Deep Belief Network
[contribution 6].

This paper used machine learning to enhance the number of fiber-optic sensing place-
ment points and promote the cost-effectiveness and diversity of fiber-optic sensing applica-
tions. The framework adopted is the FBG cascading an interferometer, and a deep belief
network (DBN) is used to demodulate the wavelength of the sampled complex spectrum.

7. A Hybrid GAN-Inception Deep Learning Approach for Enhanced Coordinate-Based
Acoustic Emission Source Localization [contribution 7].

In this paper, a novel approach to coordinate-based acoustic emission (AE) source
localization has been proposed to address the challenges of limited and imbalanced data
from fiber-optic AE sensors used for structural health monitoring (SHM). A hybrid deep
learning model has been developed, combining four generative adversarial network (GAN)
variants for data augmentation with an adapted inception neural network for regression-
based prediction.

8. Simultaneous Vibration and Temperature Real-Time Monitoring Using Single Fiber
Bragg Grating and Free Space Optics [contribution 8].

This work showcases simultaneous temperature and vibration measurement using
a single-fiber Bragg grating (FBG) sensor. The concurrent interrogation of vibration and
temperature by the FBG sensing system can be integrated with free space optics (FSO),
which reduces the costs associated with fiber-optic cables and overcomes terrain barriers.

2
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9. Side-Illuminating Optical Fiber for High-Power-Density-Mediated Intraluminal Pho-
toacoustic Imaging [contribution 9].

In this work, the design, method of fabrication, and characterization of a new compact,
side-fire optical fiber that can deliver high-energy laser pulses for PA imaging have been
described. Side-fire illuminators were fabricated using UV laser ablation to create windows
on the side of a 1.5 mm diameter single-core, multi-mode optical fiber with a reflective
silver coating and a beveled end. Devices with 10 mm, 20 mm, and 30 mm window lengths
were fabricated and their beam profiles were characterized.

10. Novel Fiber Bragg Grating Sensing Structure for Simultaneous Measurement of Incli-
nation and Water Level [contribution 10].

This paper presents a pair of fiber Bragg grating (FBG) subsidence sensor systems
designed to simultaneously measure tilt and water levels and explore the system’s po-
tential to detect temperature variations. The configuration of the FBG subsidence sensor
is intentionally skewed to enhance measurement sensitivity. The system is capable of
concurrently detecting a 0.5 cm variation in water level and a 0.424◦ change in tilt, with tilt
measurements spanning from −1.696◦ to 1.696◦.

I believe that these works will collectively help to clarify the current state of optical-
fiber-related technologies.
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Abstract: This review covers the recent achievements in high-power rare earth (RE)-doped fiber lasers,
Raman fiber lasers, and Brillouin fiber lasers. RE-doped fiber lasers have many applications such as
laser cutting, laser welding, laser cleaning, and laser precision processing. They operate in several
wavelength ranges including 1050–1120 nm (ytterbium-doped fiber lasers), 1530–1590 nm (erbium-
and erbium–ytterbium-doped fiber lasers), and 1900–2100 nm (thulium- and holmium-doped fiber
lasers). White spaces in the wavelength spectrum, where no RE-doped fiber lasers are available,
can be covered by Raman lasers. The heat power generated inside the laser active medium due to
the quantum defect degrades the performance of the laser causing, for example, transverse-mode
instability and thermal lensing. It can even cause catastrophic fiber damage. Different approaches
permitting the mitigation of the heat generation process are considered in this review. Brillouin
fiber lasers, especially multiwavelength Brillouin fiber lasers, have several important applications
including optical communication, microwave generation, and temperature sensing. Recent progress
in Brillouin fiber lasers is considered in this review.

Keywords: fiber laser; rare earth-doped fiber laser; Raman laser; Brillouin fiber laser; radiation-balanced
fiber laser

1. Introduction

The basic principle for light confinement and propagation in optical fibers is total
internal reflection. Total internal reflection was first studied by Johannes Kepler in 1611 [1].
In 1621, it was mathematically described by Willebrord Snellius (Snell’s law), but remained
unpublished during his lifetime. In 1690, Christiaan Huygens in his Treatise on Light
showed how Snell’s law of sines could be explained by the wave nature of light [2]. Optical
fibers are one of the major technological successes of the 20th century.

The first uncladded glass fibers were fabricated in the 1920s [3]. In the 1950s, a
cladding layer was added [4–6]. The cladding layer considerably improved the fiber
characteristics. The early fibers were very lossy (~1000 dB/km). The situation changed
in the 1970s when silica fibers with a loss of ~20 dB/km were developed [7]. In 1979, a
loss level of ~0.2 dB/km near the 1550 nm wavelength was achieved [8]. It was limited
mainly by Rayleigh scattering. Such low-loss fibers have led to a revolution in optical fiber
communications and to the advent of nonlinear fiber optics, fiber lasers and amplifiers, and
fiber sensors.

Stimulated Raman and Brillouin scattering in optical single-mode fibers were inves-
tigated both theoretically and experimentally in 1972 [9–11]. In 1973, it was suggested
that optical fibers can support solitons [12]. Almost at the same time, optically induced
birefringence, parametric four-wave mixing, and self-phase modulation were observed in
optical fibers.

The use of rare earth (RE)-doped optical fibers for gain in glass fiber lasers and
amplifiers was first demonstrated by Eli Snitzer in 1961 [13]. He used a neodymium-doped
silicate glass fiber emitting at 1060 nm. In the 1990s, erbium-doped fiber amplifiers and
lasers were under intensified investigation [14]. These devises were commercialized in
1992 and employed in undersea fiber-optic communication systems by 1995.

Appl. Sci. 2024, 14, 2323. https://doi.org/10.3390/app14062323 https://www.mdpi.com/journal/applsci5
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The state-of-the-art design of optical fibers is a careful trade-off between optical losses,
optical nonlinearity, group–velocity dispersion, and polarization effects.

In 1978, Pochi Yeh and colleagues proposed the idea of a photonic crystal fiber
(PCF) [15]. They proposed to clad a fiber core with Bragg grating, which is similar to
1D photonic crystal. In 1992, Philip Russell invented a photonic crystal fiber made of 2D
photonic crystal with an air core. In 1996, the first fabricated single-mode PCF was reported
at the Optical Fiber Conference (OFC) [16]. Photonic crystals are periodic dielectric struc-
tures with the period being less than the wavelength of the light. They affect the motion of
photons in the same way as an ionic lattice affects the electrons in semiconductors. PCFs
are among the most specialized optical lightguides. For example, PCFs can range from
fibers with low levels of nonlinearities supporting high-power pulses to highly nonlinear
PCFs for supercontinuum generation.

From a theoretical point of view, an optical fiber with a circular core has no birefrin-
gence, such that the polarization of a beam sent through the fiber may not change. In
reality, however, a small amount of birefringence is always present in an optical fiber due to
external perturbations or manufacturing imperfection. Such birefringence causes random
power coupling between two polarization modes (polarization crosstalk) in an optical
fiber, which is undesirable in a number of applications. A polarization-maintaining fiber
(PMF) with intentionally induced birefringence along the entire fiber length maintains two
polarization modes without polarization crosstalk. Larger birefringence better prohibits the
polarization mode coupling. Birefringence can be induced by loss in rotational symmetry
in the refractive index profile or by the stress distribution known as stress birefringence.
The first commercially available PMF was introduced in 1983.

Heat generation in fiber lasers is briefly discussed in Section 2. Sections 3–5 are devoted
to the latest achievements in RE-doped fiber lasers, Raman fiber lasers, and Brillouin fiber
lasers, respectively. Fiber laser applications are considered in Section 6.

2. Heat Generation in Fiber Lasers

For most lasers, the laser wavelength, λL, is longer than the pump wavelength, λP,
(Stokes shift). This is unavoidable for all optically pumped schemes where one pump
photon can generate one laser photon. The energy difference between the pump and laser
photons can be estimated using the so-called quantum defect:

ηq = 1 − λP
λL

(1)

The quantum defect is an unavoidable source of heat generation in lasers. The process
of generating coherent radiation through laser action is never 100% effective. The quantum
defect causes a substantial part of the pump energy to be converted into phonons instead
of photons. Heating due to the quantum defect manifests itself in many ways including
transverse-mode instability, thermal lensing, and catastrophic fiber damage.

Heat management is one of the most critical issues for scaling higher output laser pow-
ers. Although the very high surface-to-volume ratio and optical guidance have provided
tremendous progress in the power scalability of high-power fiber lasers, limitations on the
power handling capacity of fiber lasers are now encountered.

Under the steady-state operation (∂/∂t = 0), the heat conduction equation in an
isotropic medium can be written as follows:

∇2T(r, z) = −Q(r, z)
κ

(2)

where T is the temperature, κ is the thermal conductivity, and Q is the dissipated heat
density per unit volume. In the center of the fiber core (r = 0), the following equation

∂Tco

∂r

∣∣∣∣
r=0

= 0 (3)

6
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must be satisfied. Here, r is the fiber radius, and Tco is the temperature of the fiber core.
The core and cladding temperatures and their derivatives must be continuous across the
borders.

Tco(rco) = Tcl(rco) (4)

κco
∂Tco

∂r

∣∣∣∣
r=rco

= κcl
∂Tcl
∂r

∣∣∣∣
r=rco

(5)

κcl
∂Tcl
∂r

∣∣∣∣
r=rcl

= h[Tc − Tcl(rcl)] (6)

where Tcl is the temperature of the fiber cladding. rco and rcl are the core and cladding radii,
respectively. κco and κcl are the thermal conductivities of the core and cladding, respec-
tively. h is the heat transfer coefficient. Tc is the environmental temperature. Considering
Q(r, z) ∼= Q(z) and taking into account the boundary conditions (3)–(6), one can estimate
the temperature of the fiber [17].

Tco(r, z) = T0(z)− Q(z)r2

4κco
, if 0 < r < rco (7)

Tcl(r, z) = T0(z)− Q(z)r2
co

4κco
− Q(z)r2

2κcl
ln
(

r
rco

)
, if rco < r < rcl (8)

T0(z) = Tc +
Q(z)r2

co
2hc

+
Q(z)r2

co
4κco

+
Q(z)r2

co
2κcl

ln
(

rcl
rco

)
(9)

Here, T0 is the temperature at the core center. As seen from (7)–(9), the temperature
profiles are significantly affected by pump evolution along the fiber length [17]. The tem-
perature distribution is uneven along the fiber. In the forward pump mode, the maximum
temperature is attained at the input side of the laser cavity, which corresponds to the intense
amplification of the laser signal, accompanied by a tremendous increase in the number of
the phonons (“superfluous” phonons), causing heating of the laser medium [17,18]. In the
two-end pump mode, the temperature evolution is more even. Under these conditions, the
maximum temperature is attained on both sides of the laser cavity [17,19].

The radial distribution of the temperature profile is more even than the axial distribu-
tion. It can be ignored while significant heat is traveling through the axial direction of the
fiber [17,19].

Apart from the quantum defect, photodarkening in high-power fiber lasers can also
lead to increased background absorption, resulting in excess heating. Photodarkening is
color-center formation through some type of structural change in the glass which may or
may not be reversible [20,21].

3. Rare Earth-Doped Fiber Lasers

The wide range of industrial and defense applications has fueled the development of
RE-doped fiber lasers. Fibers used for data transmission are known as passive fibers, since
they do not change the power of the propagating signal. RE-doped fibers can amplify the
propagating optical signal. They are called active fibers. The successful development of
low-loss optical fibers doped with various RE elements, such as ytterbium (Yb), erbium
(Er), thulium (Tm), holmium (Ho), praseodymium (Pr), or dysprosium (Dy), opened the
door to creating fiber lasers. Each RE-doped fiber laser has a specific emission window
defined by its dopant. For example, Yb3+-doped fiber lasers have a window of emission
wavelengths ranging from ~1050 nm to ~1120 nm; Er3+-doped fiber lasers have a window
of emission wavelengths ranging from ~1530 nm to ~1590 nm.

A laser beam can be characterized by its brightness:

B =
P

AΩ
=

P

(M2)
2
λ2

(10)
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where P is the source power divided by the product of the mode area, A = πw2
0, and

the solid angle, Ω = πθ2
0. Here w0 and θ0 are the beam waist and half-angle divergence,

respectively. λ is the wavelenght of the laser beam.

M2 =
πw0θ0

λ
(11)

Equation (11) is used to calculate the beam quality factor.

3.1. Rare Earth Ions for Laser Applications

RE atoms include Sc, Y, and two groups: lanthanides with atomic numbers 57 through
71 (characterized by filling the 4f shell); and actinides with atomic numbers 89 through
103 (characterized by filling the 5f shell). In solids, the trivalent (3+) level of ionization
is the most stable for lanthanide ions. RE ions have the sharp spectral lines. The sharp
spectral lines in the optical spectra of trivalent RE ions are a consequence of the screening
of 4f valence electrons by the 5s and 6d electrons due to the effects of the environment. An
ion in a solid can be considered an impurity (a dopant) embedded in a host material. The
ion replaces the host ion and forms an optically active center. The host materials play a
fundamental role in the spectral nature of doped ions.

Laser glasses can be divided into oxide, halide, oxyhalide, and chalcogenides [22].
Glasses are amorphous over a long range but contain a local order. Glasses are insulators
with bandgaps greater than 5 eV (the deep UV). All transitions in ions occur within the
host bandgap. The energy levels of ions typically are identified by three principal quantum
numbers: L, S, and J. L describes the total orbital angular momentum, S the total spin
angular momentum, and J the total angular momentum. There are several possible ways to
obtain a given set of values for L, S, and J. The possible states are referred to by the symbol
2S+1LJ , where L = 0, 1, 2, 3, 4, . . . corresponds to letters S, P, D, F, G . . ., respectively.
Schematical diagrams of energy levels with transitions for Yb3+, Er3+, Tm3+, and Ho3+ ions
are presented in Figure 1.

Figure 1. Diagrams of energy levels and transitions for some Yb3+, Er3+, Tm3+, and Ho3+ ions.

Several states can correspond to the same atomic energy level (degeneracy). In RE-
doped ions, this degeneracy is lifted through interaction with the local environment. Fiber
lasers have been realized with a wide variety of RE ions including ytterbium (Yb3+), erbium
(Er3+), thulium (Tm3+), holmium (Ho3+), praseodymium (Pr3+), and dysprosium (Dy3+).
The most used RE ions for laser applications are Yb3+, Er3+, and Tm3+. As one can see in
Figure 1, only Yb3+ ions have only one excited state, that is, only Yb3+ ions are free from
excited state absorption, which can serve as a source of heat generation.
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Pump radiation excites electrons from the ground level to higher levels. Excited elec-
trons can undergo spontaneous (radiative or nonradiative) decay or stimulated transition.
The spontaneous decay process can be characterized by the lifetime of the excited level τex
as follows:

1
τex

=
1
τr

+
1

τnr
(12)

1
τnr

= C
[∼

n(T) + 1
]p

exp(−αΔE) (13)

where C is an empirical parameter that depends on the host.

∼
n(T) =

[
exp

(
�Ω
κBT

)
− 1

]−1
, p =

ΔE
�Ω

, α = − ln(ε)
�Ω

(14)

ΔE is the energy gap, ε is an electron–phonon coupling coefficient, �Ω is the maximum
phonon energy of the host, � is the reduced Planck constant, T is the temperature of the
host, κB is the Boltzmann constant, and p is the number of phonons required to bridge the
ΔE gap. The empirical parameters of relation (13) for some host materials can be found
in [23–25]. The spontaneous decay process can be characterized by the mean fluorescence
wavelength, λF, or the mean fluorescence frequency, ωF.

λF =
2πc
ωF

=

∫
λIF(λ)dλ∫
IF(λ)dλ

(15)

where c is the speed of light in the vacuum, and IF(λ) is the fluorescence intensity at the
wavelength λ.

If the upper level is more populated than the lower level, a population inversion
takes place in the system. Population inversion is a necessary condition for amplification
or lasing. It is impossible to attain population inversion in a two-level system [26]. The
system must have at least three levels in order to be suitable for laser amplification. A
commonly used four-level laser scheme is presented in Figure 2a for Yb3+ ions. In this
scheme, two levels of the ground manifold and two levels of the excited manifold are
involved in a laser cycle.

(a) (b) 

Figure 2. Energy diagrams of a traditional four-level laser (a) and a radiation-balanced laser (b). λP

and λL are the pump and laser frequencies, respectively. λF is the mean fluorescence frequency. Solid
and dushed arrows illustrate photon and phonon transitions, respectively.

As mentioned above, the quantum defect, ηq, is an unavoidable source of heat genera-
tion in lasers. The heat generation process is responsible for transverse-mode instability,
thermal lensing, and catastrophic fiber damage. In RE-doped fiber lasers, heating can
also cause a reduction in both the emission and absorption cross-sections of the RE ions,
affecting the gain of the active fiber. Once the concentration of the RE ions exceeds a certain
limit, cooperative effects such as an energy transfer process, a cross-relaxation process,
nonradiative energy transfer, cooperative emission, and excitation become essential. Some
of these processes can cause heat generation [27]. Cooperative effects limit the maximum
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ion concentration that can be doped into the fiber, resulting in the use of longer fibers. On
the other hand, a longer fiber can serve as a source of nonlinear effects, for example, Raman
and Brillouin scattering.

3.2. RE-Doped Radiation-Balanced Fiber Lasers

In 1999, Steven Bowman [28] proposed a radiation-balanced (athermal) RE-doped laser
which operates without internal heating. In this laser, all photons generated in the laser
cycle are annihilated in the cooling cycle, that is, the heat generated from the stimulated
emission is offset by cooling from anti-Stokes emission (Figure 2b). The idea of optical
cooling using anti-Stokes fluorescence was first proposed by Pringsheim in 1929 [29]. It is
significant that in order to keep the radiation balance at each point in the laser medium,
the pump intensity must be distributed properly along the length of the laser fiber. Any
deviation from this distribution will result in heating or cooling in some parts of the laser
medium. In radiation-balanced lasers and amplifiers, the power of the amplified signal
increases only linearly with the length of the active medium. The theory of radiation-
balanced (athermal) RE-doped fiber amplifiers was developed in [30]. To overcome the
problem of linear signal power growth, fiber lasers and amplifiers with a cooler made from
RE ions and integrated into the body of the device have been proposed and theoretically
investigated [18,31,32]. The theory of mJ-level pulse amplifiers in Yb-doped double-clad
optical fibers was developed in ref. [33].

In 2021, the first radiation-balanced silica fiber amplifier was demonstrated. An Yb3+-
doped silica fiber served as an active medium [34]. The core diameter of the silica fiber was
21 μm. Its numerical aperture was 0.13. The Yb3+ concentration was 2.52 wt.%. The fiber
was co-doped with 2.00 wt.% Al to reduce concentration quenching. The wavelength of
the pump was 1040 nm and the signal wavelength was 1064 nm. The mean fluorescence
wavelength of Yb3+ was 1003.9 nm and the radiative and quenching lifetimes were 765 μs
and 38 ms, respectively. The Yb3+ critical quenching concentration was 21.0 wt.%. The
absorptive loss of the fiber was 18 dB/km. The temperature of the fiber decreased to
∼130 mK below room temperature. Different schemes of athermal lasers and amplifiers
are overviewed in ref. [35]. The latest advances in radiation-balanced fiber lasers and
amplifiers are considered in ref. [36].

3.3. Power Evolution of RE-Doped Fiber Lasers

The rapid development of active RE-doped optical fibers has led to the development
of high-power lasers with output powers of tens or hundreds of watts, sometimes even
several kilowatts, from a single fiber. High-power laser sources are widely used in industrial
precision processing. They can serve as a new platform for strong-field physics research
using peak power over petawatt.

As noted above, Yb3+ ions are widely used in fiber lasers. Since they have only two
manifolds, they are free from a number of cooperative effects. The quantum efficiency
of Yb3+-doped fiber lasers is close to 100% due to the low energy difference between the
pump and laser photons. The Yb3+ ions possess a broadband absorption spectrum ranging
from ~850 nm to ~1080 nm, with the peak in the range between ~915 nm and ~980 nm.
The window of emission wavelengths from Yb3+-doped fiber lasers is limited to a small
band (1050–1160 nm). At this junction, all-fiber laser oscillators operating at ~1000 nm are
well developed. Their power evolution throughout the past several years is presented in
Figure 3 [37–48].

As can be seen in Figure 3, the maximum power ~8.5 kW was reached in 2020. Fiber
lasers with wavelengths of 980 nm, 1007 nm, 1018 nm, and 1150 nm have attracted signif-
icant interest since they are very useful in nonlinear frequency conversion and efficient
pumping of other RE-doped fibers which have absorption bands located near these wave-
lengths. A 1.3 kW, 1018 nm fiber laser with a beam quality M2 less than 1.1 was reported
by IPG Photonics [49].
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Figure 3. Power evolution of all-fiber laser oscillators operating at ~1000 nm [37–48].

The Er3+-doped and Er3+-Yb3+ co-doped fiber lasers partly complement the emission
range of 1530–1590 nm. The power evolution of these fiber lasers at ~1500 nm throughout
the past several years is presented in Figure 4 [50–61]. The highest power achieved with
Er3+-doped fibers with a relatively multimode operation (M2 ~ 10.5) is 656 W [56].

Figure 4. Power evolution of Er3+-doped and Er3+-Yb3+ co-doped fiber lasers operating at ~1.5μm [50–61].

The Tm3+-doped and Tm3+-Ho3+ co-doped fiber lasers have an emission range be-
tween ~1900 nm and ~2100 nm. The output power ~1.2 kW at ~2000 nm was obtained with
these lasers in 2018. Their power evolution is presented in Figure 5 [62–71].

Recent experiments have demonstrated the single-mode Ho-doped fiber laser provid-
ing 407 W of output power [72].

The Er3+- and Tm3+-doped lasers are significantly limited in power and efficiency
compared to Yb3+-doped fiber lasers. As one can see in Figures 4 and 5, the erbium lasers
are limited to a few hundred watts; the thulium lasers have achieved power levels of
around a kilowatt. Greater quantum defects, difficulty in increasing the ion concentration,
excited state absorption, and cooperative effects prevent the erbium and thulium dopants
from competing in the output power with ytterbium.

Although fiber laser systems exceeding 100 kW are commercially available [73], there
is still a lot of room for further development of the RE-doped fiber lasers with excellent
optical properties.

11



Appl. Sci. 2024, 14, 2323

Figure 5. Power evolution of Tm3+-doped and Tm3+-Ho3+ co-doped fiber lasers operating at
~2 μm [62–71].

4. Raman Fiber Lasers

There are substantial white spaces in the wavelength spectrum where no RE-doped
fiber lasers are available. Raman fiber lasers can cover these white spaces. In contrast to
RE-doped lasers, Raman lasers are free from photodarkening.

4.1. Heat Mitigation in Raman Fiber Lasers

In 1963, Charles Townes introduced the concept of stimulated Raman scattering
(SRS) [74]. In ref. [74], it has been shown that since the laser light incident on a medium is
coherent, the resulting emission occurs through a parametric process due to the interaction
between the coherent molecular oscillations (optical phonons) and the coherent laser light.

The lasing mechanism of Raman lasers is based on stimulated Stokes Raman scattering
(SSRS) in a Raman medium (Figure 6a). An incoming pump photon with the energy �ωP
scatters into a lower-energy Stokes photon �ωS and a phonon with the energy �Ωop, which
serves as a source of heat generation. As can be seen in Figure 6a, Raman lasers, like RE-
doped lasers, suffer from heat dissipation inside the active medium caused by the quantum
defect between the pump and lasing (Stokes) photons. Like in the case of RE-doped lasers,
heat generation in Raman lasers can degrade their performance. Heat mitigation in Raman
lasers can be achieved in different ways.

 
(a) (b) (c) (d) 

Figure 6. Processes that take place in a Raman laser: (a) stimulated Stokes Raman scattering (SSRS),
(b) stimulated anti-Stokes Raman scattering (SARS), (c) coherent anti-Stokes Raman scattering (CARS)
when it converts a Stokes photon and a pump photon to an anti-Stokes photon and a pump photon,
annihilating two phonons, and (d) CARS when it converts an anti-Stokes photon and a pump photon
to a Stokes photon and a pump photon, creating two phonons. ωP, ωS, ωaS, and Ωop are the pump,
Stokes, anti-Stokes, and optical phonon frequencies, respectively.

One way to mitigate heat dissipation in Raman lasers has been proposed in [75–77]. It
relies on three different Raman processes that can occur inside the medium of an optically
pumped Raman laser illustrated in Figure 6. Besides SSRS, stimulated anti-Stokes Raman
scattering (SARS) and coherent anti-Stokes Raman scattering (CARS) can take place in the
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Raman medium. The maximum Raman gain point is considered in Figure 6, that is, all
scattering processes are exactly at the Raman resonance. As stated above, the SSRS, which
is responsible for lasing, is a source of heat generation. In common with SSRS, the SARS
process generates quantum-defect heating too. In this process, an anti-Stokes photon is
converted into a pump photon and a phonon (Figure 6b). CARS at the Raman resonance
presented in Figure 6c is a four-wave mixing process. It converts a pump photon and a
Stokes photon into a pump photon and an anti-Stokes photon, annihilating two phonons
responsible for heating [78]. This process reduces the quantum-defect heating in the Raman
medium. Phase matching is very important in this scheme. If it is not satisfied, the induced
phase variation along the propagation direction of the amplified signal will cause the CARS
process to alternate, reversing periodically at the coherence length (Figure 6c,d). This
approach to Raman processes, which was developed by Bobbs and Warner in ref. [78], is
different from the traditional one, where the CARS is seen as a mechanism that converts
two pump photons into Stokes and anti-Stokes photons without exchanging energy with
the Raman medium. By this means, the intrinsic heat-mitigation technique in Raman lasers
relies on CARS (Figure 6c) instead of anti-Stokes fluorescence.

The harnessing of frequency-selective dissipative coupling to reduce the heat gen-
erated by CARS reversed cycles in active Raman media with phase mismatching was
proposed in ref. [79] for waveguide systems. This approach can be applied to a fiber Raman
system too. Heat mitigation in this approach is accomplished using a coupled waveguide
structure, which includes the active Raman waveguide (RW), where the Stokes signal
undergoes amplification via SSRS, and a dissipative waveguide (DW), which is tuned to
the anti-Stokes wavelength so as to evacuate the corresponding anti-Stokes photons from
the RW by coupling. The DW introduces optical loss that partially offsets the growth of the
anti-Stokes signal in the RW and hence suppresses the reversed CARS cycles that would
otherwise result in heat generation in the RW. It is shown that the frequency-selective
dissipative coupling provided by the DW can reduce the heat in active Raman media by a
factor of up to five when the CARS phase mismatch is compensated for by the optimum
level of coupling between the RW and the DW.

The alternative approach to mitigating heat dissipation in Raman lasers is based on
an ultralow quantum defect. In the majority of cases, high-power Raman fiber lasers are
made of pure silica fibers or germanium-doped fibers. The lowest quantum defect for such
a Raman laser pumped at 1064 nm and emitted at 1075 nm is 1.02% [80]. The pump power
of the laser is 6.5 W and the output power is 1.1 W. It is difficult to achieve a high-power
Raman output with such a low quantum defect, because the Raman gain in the pure silica
fiber or germanium-doped fiber is relatively low at such a small frequency shift.

In 2020, the phosphosilicate-doped passive fiber was proposed for low quantum defect
applications [81]. This fiber has a strong boson peak and a Raman gain peak at a frequency
shift of ~40 THz in its Raman gain spectrum. The Raman gain peak is related to the
asymmetric stretching vibrations supported by phosphorus–oxygen double bonds. This
peak has been used for high power generation in Raman fiber lasers [82]. The boson peak in
the phosphosilicate fiber is ascribed to an excess density of vibrational states [83]. In ref. [81],
an ultralow quantum defect Raman laser based on the boson peak in phosphosilicate fibers
has been reported for the first time. In this laser, the amplification process is based on a
strong boson peak located at a frequency shift of 3.65 THz in its Raman gain spectrum. At
a pump wavelength of 1066 nm and a pump power of 18.6 W, the Stokes output at the
wavelength 1080 nm has reached 12.5 W. The quantum defect is 1.3%. For the increased
pump wavelength, 1072 nm, the output power at 1080 nm is 10.7 W. In this case, the
quantum defect is 0.74%. This is the lowest quantum defect ever reported for Raman
fiber lasers.

4.2. Brightness Enhancement in Raman Fiber Lasers

In cladding-pumped RE-doped fiber lasers, the low-brightness pump light is coupled
into the fiber cladding while the laser signal undergoes amplification in a fiber core, which
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supports only low-order modes with superior brightness relative to the pump. Brightness
enhancement in the system can be estimated as follows:

BE = BL/BP (16)

where BL and BP are the laser output brightness and the pump input brightness, respec-
tively. Like RE-doped fiber lasers, Raman fiber lasers can provide brightness enhancement
too. For example, one can use the same cladding-pumped approach (usually based on
double cladding) to achieve brightness enhancement in Raman lasers.

Another way to achieve brightness enhancement in Raman fiber lasers consists of
utilizing multimode graded-index (MM-GRIN) fibers. As in the case of the cladding-
pumped approach, in the MM-GRIN approach, the Stokes laser signal is generated in the
high-brightness core, while the pump propagates through a larger diameter of the fiber
cladding. The first Raman fiber laser based on MM-GRIN fibers was demonstrated in
2018 [84]. A total of 135 W of the output power was obtained with 68% efficiency relative
to launched pump power. Its brightness enhancement was BE ≈ 5.6.

Much progress has been made in the last few years in both of these techniques. In 2018,
the highest brightness enhancement BE ≈ 7 for the cladding-pumped configuration was
demonstrated at a record Raman fiber laser power of 1.2 kW with 85% efficiency relative to
launched pump power [85]. At such high (over kW) output power levels, the beam quality
M2 ≈ 2.75 was obtained.

In 2019, a Raman fiber laser power of 1002.3 W at 1060 nm with 84% efficiency was
demonstrated using the MM-GRIN configuration [86]. The brightness enhancement was
about 2.57 at the maximum output power. The beam quality was M2 ≈ 5.

5. Brillouin Fiber Lasers

Brillouin scattering is the interaction of optical waves with acoustic waves in a medium.
It was described by Leon Brillouin in 1922 [87], and independently by Leonid Mandelstam
in 1926 [88]. In the 1960s, Charles Townes, who introduced SRS in 1963, realized that
parametric interactions could also occur between laser light and the acoustic branch of the
phonon spectrum, that is, between laser light and acoustic oscillations (acoustic phonons),
or sound waves. This process is known as stimulated Brillouin scattering (SBS). The first
demonstration of SBS was reported in 1964 in quartz and sapphire crystals [89]. As a third-
order nonlinear optical process, SBS requires intense radiation. Compared to typical Raman
frequency shifts (50–1400 cm−1), the Brillouin frequency shift (0.1–2 cm−1) is extremely
small. Brillouin scattering (both stimulated and spontaneous) manifests itself through the
generation of backward or forward propagating waves shifted from the frequency of the
incident pump wave by an amount determined by the frequency of the acoustic phonon.
When the acoustic wave is moving away from the pump light beam, the Stokes shift takes
place in the system (Figure 7a). When the acoustic wave is moving toward the pump light
beam, the anti-Stokes shift takes place (Figure 7b).

 
(a) (b) 

Figure 7. The energy level diagram of Brillouin scattering. (a) Brillouin Stokes scattering; (b) Brillouin
anti-Stokes scattering. ωP, ωS, ωaS, and Ωap are the pump, Stokes, anti-Stokes, and acoustic phonon
frequencies, respectively.
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The energy and momentum conservation requirements of Stokes and anti-Stokes
Brillouin scattering have the forms

ωS = ωP − Ωap and kS = kP − Kap (17)

for Stokes scattering and

ωaS = ωP + Ωap and kaS = kP − Kap (18)

for anti-Stokes scattering. Here ωP, ωS, and ωaS are the pump, Stokes, and anti-Stokes
photon frequencies, respectively. Ωap is the acoustic wave frequency. kP, kS, kaS, and
Kap are the pump, Stokes, anti-Stokes, and acoustic phonon wave vectors, respectively.
In the SBS process, Ωap � ωP, ωS, ωaS. As for Raman scattering, the Stokes scattering
process is accompanied by phonon generation (heating); the anti-Stokes scattering process
is accompanied by phonon absorption (cooling).

SBS can be used for the development of Brillouin lasers. A typical Brillouin laser
involves coupling a laser pump light source, whose spectral width is much less than the
Brillouin gain bandwidth, to the optical fiber in order to produce SBS with the Stokes signal
propagating in the backscattered path of the incident pump light. The first Brillouin fiber
laser was presented in 1976 [90]. Since then, remarkable progress in the development of
Brillouin fiber lasers has been made. Great effort went into the development of lasers
with a relatively low pump threshold, high efficiency, small linewidth, and especially
multiwavelength configurations.

Multiwavelength Fiber Lasers

SBS is the most attractive technique for the development of multiwavelength fiber
lasers, which have the advantages of a narrow linewidth, low-intensity noise, stable
operation at room temperature, and potential applications in optical communication,
optical sensors, gas spectroscopy, and microwave photonics.

The cascaded SBS process occurs when the power of the first-order Stokes signal
reaches the SBS generation threshold of the second-order Stokes (Figure 8). The first-order
anti-Stokes signal can also be generated due to the four-wave mixing process between the
pump and the first-order Stokes wave. The typical frequency shift in the Brillouin spectrum
in most glass is about ~10 GHz. This narrow frequency shift is a challenge for the demul-
tiplexing and signal filtering processes in optical communication applications. Several
approaches have been developed to increase the frequency spacing range and to reduce
the complexity of demultiplexing. These approaches include widely used double Brillouin
frequency spacing of 0.17 nm [91–93] and a triple Stokes line spacing of 0.25 nm [94–97]. A
quintuple wavelength spacing of 0.4 nm was presented in ref. [98], where four quintuple
Brillouin Stokes signals with a high Stokes power of 10 dBm and a signal-to-noise ratio of
50 dB were achieved. The recorded Stokes signals were tuned over a wavelength range of
40 nm (1540–1580 nm).

Figure 8. Illustration of the cascaded SBS process. It occurs via the interplay of SBS and four-wave mixing.
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The sextuple Stokes signal 0.48 nm has been demonstrated in ref. [99], utilizing a triple
unidirectional ring laser cavity. Three sextuple channels are achieved and tuned over a
wavelength range of 15 nm (1560–1575 nm). In this work, up to three sextuple Stokes lines
with a high signal power of 10 dBm and a large optical signal-to-noise ratio of more than
55 dB have been demonstrated. It has been shown that the generated Stokes lines can be
tuned over a wavelength range of 15 nm from 1560 to 1575 nm.

A switchable multiwavelength Brillouin fiber laser has been proposed and demon-
strated with channel spacing from 10 GHz up to even more than 100 GHz at a step of
10 GHz [100]. The structure comprises two nonlinear fiber loops, a feedback path, and a
tunable optical bandpass filter for switchable operation. The multiwavelength Brillouin
fiber laser is generated in the nonlinear fiber loop, where a dual-pump source produces
dual Brillouin lasers that give rise to a wideband multiwavelength Brillouin fiber laser via
the four-wave mixing effect. Some achievements of multiwavelength Brillouin fiber lasers
across different spectral regions have been discussed in ref. [101].

Fiber lasers based on backward SBS have been studied and employed for over
thirty years. As mentioned, SBS in fibers takes place in the forward direction as well,
with amplification bandwidths which are narrower by two orders of magnitude. The
first forward Brillouin fiber laser, using a bare off-the-shelf, panda-type PMF, has been
reported in ref. [102]. Pump light in one principal axis provides Brillouin amplification
for a co-propagating lasing signal of the orthogonal polarization. Feedback is provided
by Bragg gratings at both ends of the optical fiber cavity. Single-mode, few-mode, and
multimode regimes of operation have been observed. A laser threshold has been observed
at a pump power level of 26.5 dBm. The output power of the laser was saturated at 250 μW
due to the onset of backward SBS in the fiber cavity. The differential slope efficiency of
the laser output power between the threshold and saturation was approximately 0.005.
Forward SBS fiber lasers are extremely sensitive to changes in media outside the cladding.
They can serve as highly coherent laser sources and ultraprecision forward SBS sensors.

6. Fiber Laser Applications

At present, fiber lasers are used widely in both science and industry. As mentioned
above, in the 1990s, fiber lasers came into wide use in the realm of the telecommunications
industry, providing high-quality single-mode low-power systems. Fiber lasers in fiber
telecommunications are mainly used as light sources. Since fiber lasers have the charac-
teristics of high efficiency, stability, and good modulation performance, they can provide
stable and high-quality optical signals.

With the collapse of the telecommunications markets in the early 2000s, fiber laser
producers shifted their focus to meeting the needs of industrial material processing, and of
military and medical sectors. This shift to alternative markets required higher-power lasers.
One particular advantage of fiber lasers is that they are inherently simple and can therefore
provide easily manufacturable systems to meet a range of power levels and output quality.

6.1. Material Processing

The application of fiber lasers in the field of material processing mainly includes
laser cutting, laser welding, and laser marking. High-speed and high-precision material
processing can be achieved using high-power and high-beam-quality fiber lasers.

The use of fiber lasers has allowed, for the first time, for the generation of striation-
free cuts in the case of oxygen-assisted laser cutting of 1 mm and 2 mm thick mild steel
sheets [103]. Nowadays, fiber laser flexibility enables the cutting of a wide range of
materials from steel and aluminum to nonmetal materials such as plastics and glass of
different thicknesses. The fiber laser cutting process results in a high-quality cutting edge.
High-power CW fiber lasers are commonly used for industrial applications. As the power
output increases, the cutting speed and the ability to process thicker materials improve,
making them ideal for high-volume production.
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The excellent mode quality and high focusability of low-power single-mode fiber
lasers are the most important features for achieving small spot sizes in the range of some
microns. As a result, the welding of microparts with very high processing speeds, the
lowest energy input, reduced heat-affected zones, and minimized distortion has been
achieved [104]. At present, fiber laser welding creates strong welds and good-quality joints,
even with dissimilar materials. With the benefit of consistent accuracy, laser welding is
well suited to manufacturing processes with repetitive operations. Fiber lasers are also
very useful in microprecision welding and laser spot welds.

Fiber lasers are perfect for laser marking. Laser marking is a process in which a laser
beam is used to mark or engrave a surface at a high speed and low-operating cost.

6.2. Military Sector

Fiber lasers have high temperature and high corrosion resistance, which is especially
suitable for military applications. Fiber lasers can serve as one of the main light sources of
tactical laser weapons [105]. In fiber optic radar, fiber lasers can be used as laser sources to
provide high-power and high-stability laser signals for target detection and tracking.

6.3. Medical Sector

With the continuous progress of science and technology, fiber lasers are increasingly
widely used in laser therapy [106]. Laser energy can be delivered through optical fibers
to accurately treat diseased tissues. In laser therapy, fiber lasers have the advantages of
high energy density, high orientation, and minimally invasive treatment. The application
of fiber lasers in laser therapy includes but is not limited to laser beauty treatment, laser
eye therapy, laser tumor therapy, and laser endoscopic therapy.

6.4. Optical Frequency Combs

The invention of optical frequency combs (OFCs), also known as the rulers of light, has
enabled numerous applications in the fields of optical metrology, spectroscopy, astronomy,
and quantum and attosecond science [107].

Over the past two decades, various types of OFC sources have been demonstrated, in-
cluding solid-state or fiber-based mode-locked combs, electro-optic combs, and microresonator-
based combs. At present, mode-locked fiber combs are technically mature and have a
deeper degree of commercialization. This is due to their low noise performance and long-
term reliability. OFCs can be realized utilizing various mode-locking techniques, such as
nonlinear polarization rotation, a real saturable absorber, and a nonlinear amplifying loop
mirror. Fiber laser-based OFCs are particularly attractive for free-space time–frequency
transfer, low-noise microwave generation, and gas molecule detection.

6.5. Quantum Applications

Quantum optics is based on lasers as light sources. Fiber lasers can be used as pump
sources in single-photon emitters and in waveguide quantum electrodynamics [108]. Fiber
lasers are actively engaged in the manipulation and readout of quantum bits. They are
used widely in the trapping and cooling of atoms and ions as well as in quantum sensing
and metrology.

7. Conclusions

The present work gives a brief overview of the latest achievements in fiber lasers in-
cluding RE-doped fiber lasers, Raman fiber lasers, and Brillouin fiber lasers. In comparison
to conventional bulk lasers, fiber lasers have a number of advantages.

• The inherently flexible structure of fibers enables the use of much longer (up to
several kilometers) gain distances, which provides higher optical gains, compared to
other lasers.

• The optical feedback in fiber lasers is usually provided by fiber Bragg gratings im-
printed in the fiber. This integrated design provides a stable optical cavity.
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• In fiber lasers, single-mode fibers typically offer the best beam performance, which is
very important in a number of applications.

• In fiber lasers, the optical path is enclosed within protective cladding layers, and
as a result, the laser beam is less susceptible to exterior disturbance compared to
traditional lasers.

It has been shown that the Er3+- and Tm3+-doped lasers are significantly limited in
power and efficiency compared to Yb3+-doped fiber lasers, which can reach output powers
of tens or hundreds of watts. Heat generation in traditional high-power fiber lasers is a
serious problem.

• One solution to the heat generation problem is the development of radiation-balanced
lasers based on cooling with anti-Stokes fluorescence. The efficiency of the laser
cooling process can be improved by applying novel low-phonon fiber materials. The
recent achievements in implementing new materials in high-power fiber lasers have
been presented in ref. [109], where adverse interactions between the laser light and
the host are discussed, and novel composition glass fiber designs and fabrication
methodologies are presented.

• The alternative approach to mitigating heat dissipation in Raman lasers is based on an
ultralow quantum defect.

As of now, the development of multiwavelength Brillouin fiber lasers with an increased
number of Stokes channels that present high flatness and reasonable optical-to-signal
ratio is a challenge that fiber laser technology still faces. Multiwavelength Brillouin fiber
lasers operating at optical communication wavebands such as 1.5 μm have been widely
reported. However, there is still a lot of room for further development of multiwavelength
Brillouin fiber lasers in the 1.0 μm, 1.3 μm, and 2.0 μm spectral regions. In these spectral
regions, multiwavelength Brillouin fiber lasers show a low optical-to-signal ratio and poor
flatness. Finding the best setup parameters for such lasers can considerably improve their
performance in these promising spectral ranges.

Although fiber lasers have already revolutionized the laser industry, they continue
to be a very promising technique for different applications, including industrial material
processing, in military and medical sectors, and quantum physics. Considerable room
remains for their improvement.

• As already noted, the optimization of fiber materials is very important for the future
development of high-power lasers. The absorption and radiation characteristics of
fiber materials can be improved.

• Widely used pump technology such as laser diode pumps and fiber laser pumps can
be improved in terms of pump efficiency and fiber absorption efficiency.

• The optical design of fiber lasers can be improved too. For example, specially designed
fibers can be developed to achieve brightness enhancement in Raman lasers.
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Abstract: High–speed, high–power photodiodes play a key role in wireless communication systems
for the generation of millimeter wave (MMW) and terahertz (THz) waves based on photonics–based
techniques. Uni–traveling–photodiode (UTC–PD) is an excellent candidate, not only meeting the
above–mentioned requirements of broadband (3 GHz~1 THz) and high–frequency operation, but
also exhibiting the high output power over mW–level at the 300 GHz band. This paper reviews the
fundamentals of high–speed, high–power photodiodes, mirror–reflected photodiodes, microstructure
photodiodes, photodiode–integrated devices, the related equivalent circuits, and design considera-
tions. Those characteristics of photodiodes and the related photonic–based devices are analyzed and
reviewed with comparisons in detail, which provides a new path for these devices with applications
in short–range wireless communications in 6G and beyond.

Keywords: high–speed photodiodes; high–power photodiodes; millimeter–wave; terahertz wave;
photodiode–integrated devices; wireless communication

1. Introduction

High data rate and high–quality transmission, large–capacity data storage, wireless
short–range links, sensing, and imaging bring new challenges for current communication
systems. Parts of the of microwave (MW), millimeter wave (MMW), and terahertz (THz)
bands, which cover the frequency from 20 GHz to 3 THz, as shown in Figure 1, provide
an appropriate choice for the above–mentioned challenges [1–4]. The exciting MMW and
THz bands (20 GHz~1 THz), which are located between the radio waves and light waves,
combine both their qualities and advantages, including large available bandwidth, high
information capacity, transparent for some kinds of materials, high–spatial resolution,
smaller beam scattering than infrared and visible light, and greater safety for the human
body than x–rays and gamma rays [5–7]. Based on the above–mentioned advantages of the
frequency band, it would bring about many potential applications [7], such as high–capacity
wireless links, short–range wireless communication systems, and inspection system, high–
resolution imaging transmission, spectroscopy, remote gas sensing and detection, security
system and astronomical radio telescope system. More–over, this frequency band would
support 6G technology for a high data rate (100~100 Gbit/s), helping towards a fully
connected world in the future.

However, the large atmospheric attenuation (Figure 1) [8,9] in wireless communi-
cation systems needs to be considered (i.e., the attenuation caused by the rain and fog,
free–space propagation loss (FSPL), gas loss, and signal loss from fiber to chip [8–11]) with
the exception of focusing on the two key figures, i.e., the data rates or information capacity
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and transmission distance. To compensate for the FSPL limitation, high–gain and high–
output power antennas or phased array antennas for beam forming/beam steering [12,13]
should be considered for both transmitter and receiver systems. For the transmitter in
communication systems, using large–scale photonic integrated circuit (PIC) techniques has
an unparalleled impact on the continually reducing footprint, coupling loss, low power
consumption and cost, while gradually increasing stability, reliability, and functionality [14].
Photonics–based technology is not only used for the development of MMW to THz com-
munication techniques in systems with lower loss in optical fibers, large bandwidth, and
miniaturized device/system [6–9,15–25] but it can also reduce some drawbacks which are
brought forth by electronics–based technology, including high propagation loss in coax-
ial cables, narrow bandwidth, incompatibility with system operations at high–frequency
bands and bulky feeding methods [26–29].

Electronic approach Photonic approach
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300 MHz 30 GHz 300 GHz 3 THz 30 THz3 GHz 300 THz
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Figure 1. Features of microwave, millimeter–wave, and terahertz spectrum [8–11].

In this scheme, photonic–based techniques are derived from optical to RF signal con-
versions utilizing the photomixing method [30]. Since there is an output power limitation
using a single photomixer, the InP–based semiconductor devices have been employed
and led by a uni–traveling–carrier photodetector (UTC–PD) [31,32], operating at a long
fiber–optics communication band (1.31~1.55 μm), which can be used to further enhance
the output power up to a mW level around 300 GHz [9]. However, the new requirements
of high data rate transmission in future 6G poses another challenge for THz systems. In
addition, due to the lack of appropriate power amplifiers in the THz system transmitting
terminally along with the difficulty of miniaturizing the monolithically integrated system
employing Si–lens, the combination of high–speed, high–power UTC–PD (or UTC–PD
array) and high–gain, high–output power antenna and/or arrays would be a better choice
to tackle the power limitation problem. Furthermore, the optical–to–electrical (O/E) con-
version efficiency and heat dissipation at a high bias voltage also needs to be considered.
We could use resonant cavity enhanced (RCE) structure [33] employing distributed Bragg
reflector (DBR) [34], subwavelength grating (SWG) mirrors [35] as bottom reflectors and
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dielectric layers as top reflectors to increase O/E conversion efficiency, while using high
conductivity AlN [36,37], diamond [38] or SiC [39] substrates to reduce heat dissipation.
Moreover, the slow light effect resulting from Bragg grating structures [40,41] with a re-
markably low group velocity might offer a possible and promising solution to successfully
compress optical signals and enhance light–matter interactions, and the enhanced O/E
conversion efficiency in PDs could be possible while the joule heat problem at a higher bias
voltage, device footprint reduction, and low power consumption could also be solved in
the future.

This review work is structured as follows. Section 2 presents the overall design
considerations for photodiodes (PDs), including the principles of PIN–PD and UTC–PD,
3–dB bandwidth analysis and discussion, equivalent circuit models, and saturation current
and RF output power. Section 3 shows the solutions of bandwidth–responsivity trade–off,
which are integrated or quasi–integrated with high–reflected mirrors for III–V and group–IV
photodiodes, and microstructure photodiodes with microholes for enhancing light–matter
interactions. Section 4 narrates the photodiode photonic–integrated applications, which
relate to the photodiodes integrated with short stubs for output power improvement as
well as the integrations with planar antennas for transmitters/emitters from MMW to THz
bands. The discussion and conclusions are given in Sections 5 and 6.

2. Overall Design Considerations for Photodiodes

2.1. Principles of PIN–PD and UTC–PD

The band diagrams for PIN–PD [42,43] and UTC–PD [5,31,32,44,45] are shown in
Figure 2. PIN–PD has a simple three–layer structure, i.e., wide–bandgap P– and N–layers,
and a depleted absorber. Both holes and electrons in the depleted absorber of PIN–PD
contribute to the response, but the output response mainly depends on the low–velocity
carrier holes, whose transport velocity is an order of magnitude lower than that of electrons,
which limits the photoresponse to some extent.

Figure 2. Band diagrams of (a) PIN–PD and (b) UTC–PD.

The UTC–PD band structure, by dividing the PIN–PD absorber into two layers, is com-
posed of a p–type neutral absorber and a wide–bandgap (depleted) carrier collector [31,32].
By employing a bandgap grading or/and doping grading in the absorber, the quasi–field is
formed to reduce the electron traveling time effectively. In the meantime, the photogenerated
majority holes in the InGaAs absorber respond quickly within several picoseconds due
to the high concentration of electrons, leading to a negligible effect on the photoresponse;
therefore, the high–velocity electrons dominate the photoresponse of UTC–PDs. Further-
more, the velocity of electrons (3 ∼ 5 × 107 cm/s) is usually 6~10 bigger than that of holes
(5 × 106 cm/s) [5], together with the quasi–ballistic transport (overshoot velocity) [46] in
the InP collector, which leads to a quite short total delay time in the whole UTC–PD. For
PIN–PD and UTC–PD with the same absorber (Wa), the UTC–PD (Wa ∼= Wc) represents a
superior frequency response with a shorter traveling time in the collector due to the large
difference in carrier velocities, though the carriers in UTC–PD travels ~three times the
average distance than that in PIN–PD [44].
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During high optical input, the charge intensity increases together with the increasing
photocurrent in the depletion, producing a space charge effect due to the charge accumula-
tion, while the field and potential profiles are modulated resulting in output saturation and
a nonlinear response. For PIN–PD, as shown in Figure 2a, the charge storage happens at
high injection conditions, resulting in the band bending and field screening, which finally
causes output current saturation. However, in UTC–PD, shown in Figure 2b, only electrons
participate in the space charge effect, whose velocity overshoot, even facing the decreased
electrical field. Finally, the saturation occurs because of the current blocking produced from
the heterojunction interface between the absorber and collector; while this state will be
slower than that in PIN–PD, it is because UTC–PD can withstand a charge density an order
of magnitude higher than PIN–PD [5,44]. In addition, the space charge in UTC–PD can not
only be compensated by doping the spacer layer at the absorber/collector (InGaAs/InP)
heterojunction interface but also can be reduced by employing a heavily n–doped InP charge
(cliff) layer to increase the electrical field of the spacer layer [47]. Therefore, UTC–PD is a
typical representative of high–speed response and high–output current.

In a typical UTC–PD structure, the bandgap discontinuity (the abrupt conduction
band barrier) at the InGaAs absorber and InP collector interface causes the current block-
ing effect, thus leading to the device output current saturation. To smooth this discon-
tinuity and suppress the blocking effect, the compositional graded quaternary system
material In1−xGaxAsyP1−y (for spacer layers) is usually employed to improve device per-
formance [48]. Therefore, the design of In1−xGaxAsyP1−y lattice–matched to InP [49] must
be considered, while the cutoff wavelength–related refractive index and permittivity is
shown in Figure 3a. However, the introduction of quaternary system material (Figure 3b)
might bring certain difficulties for epitaxial growth and the device fabrication process.
Therefore, a dipole–doped regime, as shown in Figure 3b is incorporated to reduce the con-
duction band barrier, which uses a lower dipole–doping concentration (≤ 5 × 1018 cm−3 to
avoid out–diffusion) to fully suppress the conduction band offset only left with a spike–like
barrier for electrons to tunnel through [50–52].
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Figure 3. (a) The cutoff wavelength–related refractive index and permittivity for In1−xGaxAsyP1−y

with the As–composition changed from 0 to 1. (b) Solutions for suppressing the bandgap discontinuity
by compositional graded quaternary material and dipole–doping regimes.

2.2. 3–dB Bandwidth Analysis and Discussion

Response time is a physical quantity that characterizes how quickly a PD responds to
an incident light signal, that is, it represents the total time it takes for a PD to convert an
optical signal into an electrical signal.

The total response time of PD generally consists of three parts: (a) diffusion time of
electrons in the absorption layer, τa, (b) circuit time constant, τRC, determined by junction
capacitance and load resistance, and (c) drift time of electrons in the collection layer, τc [44].
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PIN–PD is usually made up of parts (a) and (b), while (c) belongs to UTC–PD [44,53,54].
Therefore, the total response time for general UTC–PD can be given as

τ =
√

τ2
a + τ2

c + τ2
RC, (1)

while the PIN–PD can be dealt with as a special case, just having a single intrinsic/depletion
layer, Wa. The RC–delay time–limited bandwidth, fRC, and transit–time–limited bandwidth,
fRC, usually consist of the main 3–dB bandwidth of a PD, which here the diffusion is
neglected at the high–frequency response. We assume that a PD has one single intrinsic layer
(Figure 4) with the i–layer thickness of d and the area of A, so the fRC can be expressed as

fRC =
1

2πRC
=

1
2πR

d
εA

, (2)

where the junction capacitance C = εA/d approximately equals PD capacitance (in ideal
cases), the ε is the relative permittivity of i–layer, and R is the resistance and equals the
sum of diode series resistance, RS, and the load resistance, RL, has a typical value of 50 Ω.

Figure 4. Cross–sectional diagram of PIN–PD and PD symbol.

It needs to be noted that Equation (2) will be changed if a PD has multiple dielec-
tric/depletion layers and the corresponding values will be replaced by the relative permittivity,
εreq, and the total depletion thickness, dT, respectively, which are shown as follows [55]:

εreq =

[
∑n

m=1
dm

dTεrm

]−1
, (3)

and
dT = d1 + d2 + · · ·+ dn. (4)

Therefore, the total capacitance, CT, and the RC–limited 3–dB bandwidth, f3dB,RC, can
be rewritten as

CT =
ε0εreqA

dT
= 8.854 × 10−6 εreqA

dT
(pF), (5)

and
f3dB,RC =

1
2πRCT

=
1

2πR
dT

ε0εreqA
, (6)

where ε0 is the vacuum permittivity, with a value of 8.854 × 10−12F/m.
For a UTC–PD with the same thickness of the absorber and collector, assuming a pure

diffusion case without quasi–field, the 3–dB bandwidth can be given as [44,54]

f3dB,tr
∼= 1

2πτa
=

1

2π
(

W2
a/3De + Wa/vth

) , (7)

where De is the electron diffusion constant, vth is the thermionic velocity and the related
equations and values are shown in Table 1.
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Table 1. The explanations for parameters [44] used for the 3–dB bandwidth calculation.

Symbol Value and Units Explanations

kB 1.38 × 10−23 J/K Boltzmann constant
q 1.6 × 10−19 C Electron charge
T 300 K Temperature

m0 9.11 × 10−31 kg Electron mass in vacuum
μe 5000 cm2/Vs Electron mobility in p–InGaAs
μh 150 cm2/Vs Hole mobility in p–InGaAs

ve,os, vns 4 × 107 cm/s Electron overshoot velocity in InGaAs and InP
vhs 4.5 × 106 cm/s Hole saturation velocity
De 2kBTμe/q Electron diffusion constant
m∗ 0.043m0 Electron effective mass at the band edge
vth

√
2kBT/πm∗ Thermionic–emission velocity

ve,dri ∼ μe(φ/Wa) Electron drift velocity in absorber
ve,diff ∼ 3De/Wa Electron diffusion velocity in absorber
τa W2

a/3De + Wa/vth Carrier traveling time by electron diffusion
τc Wc/ve,os Electron drift time in collector
kB 1.38 × 10−23 J/K Boltzmann constant

In addition, for the electron drift/delay time–limited bandwidth in the collector of
UTC–PD, f3dB,co, can be considered as

f3dB,co
∼= 1

2πτc
, (8)

where the electron overshoot velocity in the InP collector is ve,os = 4 × 107 cm/s, while the
corresponding electron drift time τc = Wc/ve,os which is around 0.5~1 ps for a collector
with a thickness of 200~400 nm. However, the electron drift time, τc, usually can be ignored
for a designed UTC–PD which has a similar thickness for the absorber and collector due to
the relatively greater carrier traveling time (τa) in the absorber. The τa can be separately
calculated to be 3.74 ps and 11.2 ps for the 200 nm and 600 nm absorber by [44,54]

τa =
W2

a
3De

+
Wa

vth
. (9)

It is quite clear that we can ignore the electron drift time when the thickness of the
absorber approximately equals the collector.

Therefore, the total bandwidth, f3dB,UTC, as a general case, can be written as

f3dB,UTC =
1

2πτ
=

1

2π
√

τ2
a + τ2

c + τ2
RC

, (10)

while the similar values for the absorber and collector, i.e., Wa ∼= Wc, so Equation (10) can
be changed to

f3dB,UTC =
1

2πτ
∼= 1

2π
√

τ2
a + τ2

RC

, (11)

and the f3dB,UTC also has another form, as shown in Equation (12), for treating PD with a
small junction area less than 10 μm2.

f3dB,UTC =
1

2πτ
∼= 1

2π
√

τ2
a
=

1
2πτa

. (12)
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For PIN–PD, both of the holes and electrons are in the single intrinsic/depletion layer,
Wa, while the hole and electron saturation velocity are vhs and vns, so the 3–dB bandwidth
for a PIN–PD with a thin absorber can be given as [43,54]

f3dB,PIN ≈ 3.5
2πτa

, (13)

where the τa equals Wa/v, and the average velocity formula is 1/v4 = 0.5
(
1/v4

ns + 1/v4
hs
)
.

Meanwhile, a thinner absorber can make PIN–PD obtain a larger transit–time–limited
bandwidth, but it also causes a decrease in the RC–limited bandwidth by Equation (2),
while the drawback can be overcome in UTC–PD, just by independently designing the
absorber and collector. Therefore, a thinner absorber can be used in UTC–PD for a larger
transit–time–limited bandwidth without sacrificing the RC–limited bandwidth by well–
designing a relatively thick collector. Additionally, some references show the detailed
theoretical and experimental analysis of the characteristics for PIN–PD and UTC–PD,
including energy band, electrical field, doping mechanism, optimization of absorber and
collector, bandwidth, responsivity, saturation, and output power [56–62] as well as transient
response [63], dark current [64,65], and P–contact shapes [66]. According to the above–
mentioned bandwidth equations and the values from Table 1, the 3–dB bandwidths for
PIN–PD and UTC–PD can be calculated as shown in Figure 5a, including the assumed
values during the calculation.
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Figure 5. (a)The calculated 3–dB bandwidth versus the absorber thickness for UTC–PD and PIN–PD.
(b) The 310 GHz bandwidth [67] is used to indicate the calculated accuracy in (a). (c) Measured and
calculated 3–dB bandwidth for UTC–PD (at high and low input) and PIN–PD [44]. (d) Quantum
efficiency, responsivity versus 3–dB bandwidth for back–illuminated UTC–PD [44], refracting–facet
UTC–PD (RF–PD) [68], and total–reflection UTC–PD (TR–PD) [69].

It can be seen that the bandwidth of UTC–PD is proportional to 1/A2 [44,54] when the
absorber thickness is larger than 100 nm, while it is proportional to 1/A for PIN–PD [44,54].
Figure 5c is from [44] as a reference. The well–designed UTC–PD has improved 3–dB
bandwidths over 150 GHz, 220 GHz [70], while the maximum value is up to 310 GHz
(Figure 5b), and the 10–dB and 15–dB bandwidths are separately 750 GHz and >1 THz,
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but the responsivity is only 0.07 A/W [67]. To improve the low responsivity of UTC–PD,
the refracting–facet UTC–PD (RF–PD) [68] and total–reflection UTC–PD (TR–PD) [69] are
proposed to increase the light propagation length in the absorber, where RF–PD uses an
angled edge to reflect the light while TR–PD employs a V–grooved mirror integrated with
two PD to totally reflect the back–illuminated light. A high responsivity of 1 A/W with
50 GHz 3–dB bandwidth (0.32 A/W and 170 GHz) is achieved for RF–PD, while the TR–PD
shows 0.83 A/W responsivity and a 58 GHz 3–dB bandwidth, as shown in Figure 5d.

Up to now, many PIN–PD and UTC–PD structures are proposed to improve the
device performance, including frequency response, output power, saturation current, and
responsivity, while the common band diagrams, including simple p–i–n type (Figure 2a),
partially depleted absorber (PDA) type, dual depletion type, general UTC type, hybrid
absorber type, charge–compensated (CC) hybrid absorber type and near–ballistic (NB)/NB–
CC type [31,32,38,44,47,71–80], are summarized and shown in Figure 6.

a b c

d e f

Figure 6. Band diagrams for designing different kinds of PDs to realize various performances,
including high responsivity, high speed, and high power [71,72]. (a) Partially depleted absorber PD
(PDA–PD) band diagram [73,74,81]; (b) dual depletion PD band diagram [75,76]; (c) UTC–PD band
diagram [31,32,44]; (d) hybrid absorber structure PD band diagram [47,71,72,77]; (e) CC–MUTC–PD
band diagram [38,47,78]; and (f) near–ballistic (NB) CC–MUTC–PD band diagram [79,80].

In practice for UTC–PD, we need to choose one of them for adequate design (such
as device size, bandwidth, absorber and collector layers, doping, electrical field, electron
mobility, diffusivity, and diffusion time, etc.) according to the requirements and applica-
tions. We take the UTC–PD design as an example and assume three types of p–doping in
the absorber with the values of 2.5 × 1017 cm−3, 1 × 1018 cm−3, and 2.5 × 1018 cm−3, corre-
sponding the electron mobility (μe) of 6000, 5000 and 4000 cm2/Vs [44]. Using equations
shown in Part 2.2, the electron traveling time in the absorber (τa), the electron drift time in
the collector (τc), and the electron diffusion constant (i.e., electron diffusivity, De) can be
calculated as given in Figure 7a–c and summarized in Figure 7d. From Figure 7d, we find
that the τa is much bigger than τc and indicates the electron diffusion time in the absorber
which determines the total carrier transit time [82], so it only needs to consider τa and
use Equation (7), i.e., f3dB,tr, to evaluate the device’s 3–dB bandwidth at MMW and THz
frequency bands when the absorber thickness is smaller than 100 μm.
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Figure 7. The calculated electron traveling time in the absorber and collector on 3–dB bandwidth
(BW) [44,82,83]. (a) The electron traveling time versus the absorber and collector thickness (assume
Wa ∼= Wc); (b) relationship between the 3–dB bandwidth and absorber/collector thickness; (c) com-
parisons of the calculated electron diffusivity versus p–doping concentration in the absorber [83];
and (d) summary of three p–dopings in the absorber with the calculated values.

2.3. Equivalent Circuit Models

The time–delay equivalent circuit model for air–bridge type waveguide PIN–PD
was thoroughly analyzed by Wang et al. [84–86], as shown in Figure 8. Fundamentally,
a basic air–bridge typed–PD is a current generator, and the corresponding equivalent
circuit is composed of four parts, as shown in Figure 9, including the PD itself, the air
bridge, the coplanar waveguide (CPW), and the 50 Ω load [86,87]. The photocurrent can be
obtained and simulated using a current source, Iph, which is in parallel with the junction
capacitance, Cj, and the large junction shunt resistance (megohms, usually ≥ 100 kΩ),
Rj, and in series with a small series resistance, Rs (or Rc) (related to P+, N+ layers and
ohmic contact resistance of metallic connection), as well as the air–bridge inductance from
p–contact to p–electrode pad, Lb (or Ls), determined by the bridge geometry. The Cdx
is the capacitance between the air bridge and the n–electrode pad. The characteristic
impedance, Zc, of the CPW, which can be measured with open and short circuit yielding
a p–electrode pad capacitance, Cp and an n–electrode pad–induced pad inductance, Lp
(or LG), is calculated by Zc =

√
Lp/Cp with a common value of 50 Ω (e.g., Lp = 55 pH,

Cp = 22 fF, so Zc = 50 Ω in [87]). One thing to note is that some PDs do not use air
bridge during the device fabrication process, so the parasitic capacitance between the
p–electrode and n–electrode, Cdx and air–bridge inductance, Lb (or Ls) could not be used
in the equivalent circuit model, as shown in Figure 10.
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a b
Figure 8. (a) Waveguide PIN–PD [84,86]; (b) equivalent circuit model [85,86].

Figure 9. PD equivalent circuit model with air bridge, coplanar waveguide (CPW) pad, and load
resistance.

Figure 10. PD equivalent circuit model with coplanar waveguide (CPW) pad and load resistance.

To evaluate the opto–microwave conversion properties of high–speed PDs by using
S–parameters (such as reflection coefficients S22 and optoelectronic conversion properties
S21), a small–signal radio frequency (RF) equivalent circuit for PD is reported considering
synthetically both the analysis of the carrier transit effect [88] and the external parasitic
resistance–capacitance (RC) delay–time constant [85]. The small–signal RF equivalent
circuit is shown in Figure 11, which uses the voltage (RF voltage, Vac)–controlled current
source (VCCS, Iac = gmVac, gm is denoted as transconductance representing optical–
to–RF conversion quantum efficiency, i.e., responsivity) to replace of the current source,
Iph in Figures 9 and 10, while the overall frequency response (O–E 3–dB bandwidth)
of PD is determined by both of the transit time and the RC–delay time constant, i.e.,
1/f2

3dB = 1/f2
tr + 1/f2

RC. The transit–time bandwidth, ftr = 1/(2πτtr) of ac–photocurrent, Iac
is determined by the carrier transit–time effect (τtr = RtCt), which is indirectly affected by
selecting the values of input circuit elements of Ct, Rt, and gm. The signal source impedance
is R0. The RC–delay time constant bandwidth can be calculated using Equation (6). In
addition, the elements in an external circuit, such as in the air bridge, CPW pad (and
P–contact shapes [66]), and load, also have an effect on the overall frequency response
of PDs.

The similar and/or improved equivalent circuit models and RF small–signal equiv-
alent circuit models, which are given from some specific examples for both PIN–PD and
UTC–PD, with and without air bridge, can be found in previous works [25,85–87,89–119].
Some typical improved RC–delay time models are the modified UTC–PD (MUTC−PD)
(Figure 12a) [89] and the dipole–doped UTC–PD (Figure 12b) [50], which are exploited as
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follows. For the MUTC–PD [89] (Figure 12a) and dual–drifting layer UTC–PD (DDL–UTC–
PD) [100], Li et al. focus on the analysis of the absorbing depleted region (resistance, Ru, and
capacitance, Cu) and the non–absorbing depleted region (resistance, Rj, and capacitance, Cj).
Based on the RF small–signal equivalent circuit model without considering the air–bridge
circuit, as shown in Figure 13a, the improved equivalent circuit model of the RC–delay time
is shown in Figure 13b, while the further simplified one without considering Ru and Cu
is reported by Han et al. [90], as shown in Figure 13c. In the above–mentioned RC–delay
time models, the bulk material resistance is R11, while R22 represents P– and N–contact
resistance, Cp–elect is the P–electrode parasitic capacitance. Based on this model, the experi-
mental and circuit analysis exhibit the bandwidth of an MUTC–PD up to 40 GHz, while the
affected factors of the device performance, such as space charge screening, self–induced
electrical field and over–shoot effects, are also discussed in detail [89].

In particular, the dipole–doped structure [50], as shown in Figure 12b, has been
proposed by Wang et al. to tackle the bandgap discontinuity between the InGaAs absorber
and the InP collector interface, and also to simplify the difficulty of epitaxy growth. The
corresponding equivalent circuit for the RC–delay time [96] proposed by Meng et al. is
shown in Figure 13d, where the resistance and capacitance for the dipole–doped part are
denoted as Rdd and Cdd. Raborb and Rcollect represent the resistance of the absorber and
collector, while the junction capacitance is Cj. Through carefully choosing the values for
circuit components, the simulated bandwidth matches the measured value very well from
10 MHz to 20 GHz and can be estimated to be ~62.5 GHz at a −5 V bias voltage.

Figure 11. RF small–signal equivalent circuit model of PD, including internal circuit and external
circuits which consist of air bridge, coplanar waveguide (CPW) pad, and load resistance.

a b

Dipole-doping UTC-PD

Figure 12. Epitaxial structures of (a) modified UTC–PD [89]; and (b) dipole–doped UTC–PD [50].
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Figure 13. (a) RF small–signal equivalent circuit model of PD without air–bridge; (b–e) RC–delay
time models designed by Li [89], Han [107], Meng [96] and Natrella [99,120].

To carefully analyze and depict UTC–PD impedance and photoresponse behavior, an
accurate circuit model is proposed [99]. This model not only provides detailed explanations
for inconsistent values at low frequencies (here, from DC to 30 GHz, the CPW parasitic
effects are negligible) between the classical circuit models of PDs and measurements but
even presents a comprehensive study for both the measured device impedance and S11
up to 110 GHz, while showing the values of frequency photoresponse up to 67 GHz. The
RC–delay time of this new model is shown in Figure 13e, where two RC parallel circuits
(R2C2 and R3C3) are used to model the two spacers (or transition layers) in UTC–PD,
while the R4C4 parallel circuit denotes the carrier collector, and the R1 represents the series
resistance with a small value (related to P+, N+ layers and ohmic contact resistance of
metallic connection/doped materials). In addition, the heavily p–doped neutral thick
absorber usually can be ignored due to a negligible resistive effect [99]. It is noted that
the parasitic capacitance, Cp, and inductance, L4 of the CPW pad cannot be ignored if
the designed device photoresponse is above 75 GHz. This model provides useful and
accurate information to optimize the UTC–PD complex impedance over the frequency
range, thus providing a method for power maximization from UTC–PD to an antenna and
then radiating to the air, by employing complex conjugate impedance matching between
them [99,120]. Based on this new accurate model, some UTC–PD structures are designed
and integrated with antennas [22,25,121]. In Figure 14, the matching network is employed to
optimize the impedance matching to increase the RF output power, while stray capacitance
is introduced in model–2 (without in model–1) to represent the parasitic effect resulting
from the flip–chip bonding [25]. Compared with Figure 14a, the accurate equivalent circuit
model is used for UTC–PD in Figure 14b, and the extra capacitance is also employed [22].

Moreover, by optimizing the impedance transmission line of the signal pad in CPW,
a new transmission line with a characteristic impedance of 96 Ω is introduced forming
a new low–inductive peaking CPW [36,37,101]. Subsequently, the charge–compensated
MUTC–PD (CC–MUTC–PD) [78] is flip–bonded with this new CPW on aluminum nitride
(AlN) (or diamond submounts for thermal dissipation [38,122]) die for further increasing
the bandwidth and decreasing the output power roll–off at >120 GHz frequency [121].
Similarly, an inductive 115 Ω characteristic impedance CPW, as shown in Figure 15, is
proposed and fabricated to improve the PD bandwidth from 28 GHz to 37.5 GHz [90],

34



Appl. Sci. 2024, 14, 3410

while further optimization is applied for MUTC–PD to obtain higher 3–dB bandwidth (and
RF output power) from 156 GHz (−0.16 dBm @ 170 GHz [111]) up to 220 GHz (−4.94 dBm
@ 230 GHz [113]). Note that some special examples with detailed parameters have been
reported in the above–mentioned literatures cited in this paper, so here they are not given.

Model 1

Model 2

Model 1

Model 2

a b
Figure 14. Equivalent circuit models for MUTC–PD integrated with antennas. (a) Classical equiv-
alent circuit models of MUTC–PD with Vivaldi antenna and matching network [25]; (b) improved
equivalent circuit models of CC–MUTC–PD with planer antennas [22].

CPW-1

CPW-2

G GS

G GS

G GS

G GS
 Series inductance  Shunt capacitance

a b
Figure 15. Two CPW schematic diagrams, equivalent circuit models, and simulated results [107].
(a) Conventional CPW–1 with 50 Ω impedance and the new CPW–2 with 115 Ω impedance, and
the fabricated CPW–1, and CPW2; (b) PD equivalent circuit model (Region 1: transit time; Region 2:
RC–delay time; Region 3: CPW pad) and the simulated series inductance and shunt capacitance.

2.4. Saturation Current and Output Power

High–power PDs with a broadband frequency response are key components serving
as microwave photonic antenna systems [123–125], phased array antennas, MMW imaging
and sensing systems [5], and analog fiber–optic links wireless communications [8,126–129].
The high–speed and high–power PD is a promising candidate, such as the UTC–PD which
can be monolithically integrated with a matching circuit using a coplanar waveguide short
stub to achieve saturation output power, obtaining a value of −13.2 dBm (20.8 mW) at
100 GHz with a −3 V bias voltage [90].

Furthermore, narrow bandwidth high–power also serves as an analog photonic emitter
and oscillator systems. The charge–compensated MUTC–PD (CC–MUTC–PD) with a cliff
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layer [78] is an excellent candidate to achieve high power and high frequency which are
realized by the flip–chip techniques on AlN [36,37] or diamond [38] submounts, as shown
in Figure 16a, for thermal dissipation. Figure 16b shows that the dissipated power of the
device bonded on the diamond submount is faster than that of the devices bonded both
on AlN and no bonding. Similarly, the simulated results indicate that the lowest junction
temperature is produced from the device bonded on the diamond submount when using
the same input power, as shown in Figure 16c.
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Figure 16. (a) Flip–chip bonded CC–MUTC–PD; (b) PD junction temperature vs. dissipated power;
and (c) junction temperature comparisons for PD with and without submounts [38].

Considering to use the well–designed high impedance CPW signal transmission line,
bonding on AlN submount, a 9 μm CC–MUTC–PD with 70 GHz bandwidth achieves an
RF output power of −2.6 dBm at 160 GHz [121]. To further improve the RF output power,
high thermal conductivity substrates, including AlN and diamond, are employed bonding
with CC–MUTC–PDs using flip–chip techniques [114], which shows 3–dB bandwidth of
105 GHz, 117 GHz, 129 GHz, and 150 GHz for PDs with diameters of 10 μm, 8 μm, 6 μm
and 4 μm at a −3 V bias voltage, achieving an RF output power of −3 dBm at 150 GHz
and −5.7 dBm at 165 GHz. Using the same methods for heat dissipation, the record RF
output powers for gated modulation at 1 GHz and 10 GHz are separately 41.5 dBm (14.2 V)
and 40 dBm (10 W) for 40 μm CC–MUTC–PD at a −36 V bias voltage [122], as shown in
Figure 17.
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a b

c d

40 μm diameter

40 μm diameter 40 μm diameter10 GHz 1 GHz

Figure 17. CC–MUTC–PD RF output power and peak power at different photocurrents and bias
voltages. (a) RF power vs. photocurrent with different device diameters and bias voltages [130];
(b) RF power vs. photocurrent with different bias voltages for a 40 μm diameter device [122]; (c) peak
power at 10 GHz pulse signal vs. photocurrent with different bias voltages [122]; and (d) peak power
at 1 GHz pulse signal vs. photocurrent with different bias voltages [122].

In brief, the PD saturation current and RF output power is affected by several factors,
including device area, PD types, bias voltage, fabrication quality, CPW design, junction
heat with high–bias voltages, short microwave stub [131], submounts, measurements
and so on, which need to be considered comprehensively. Furthermore, the superior
conductivity of SiC substrate also is an excellent candidate for heat dissipation. Using
the wafer–bonding technique, InP–based UTC–PD bonded on the SiC substrate [39]
can increase the RF output power to a mW–level, i.e., 0.22 dBm (1.05 mW) at 300 GHz
with 15.5 mA photocurrent and 2.01 dBm (1.59 mW) with the optimized bias at 18 mA
photocurrent [132,133], while the output power is up to 4.04 dBm (2.53 mW) at 273 GHz
with the optimized bias voltage at 18 mA photocurrent when this PD integrates with a
taper slot antenna [134,135], as shown in Figure 18. The comparisons of 3–dB bandwidth,
responsivity, saturation current or 1–dB compression saturation current and RF output
power for different PDs [67,94,95,97,101,111,113–115,119,121–124,130,131,134,136–152]
are shown in Table 2.

Table 2. The 3–dB bandwidth (BW), saturation current (ISat or Iph), responsivity (R), bias voltage
(Vbias) and output power (Pout) comparisons for PDs.

PD Type * BW (GHz) ** R (A/W) ISat (mA) Pout(dBm), Vbias Ref.

UTC–PD 310 0.07 NA 11 (12.59 mW) @ 100 GHz, −0.5 V [67]

NBUTC–PD 120 (64 μm2, −3.0 V) 0.15 24.6 6.28 (4.25 mW) @ 110 GHz, −5 V [94]

NBUTC–PD 270 (3.5 μm, −3.0 V) 0.12 17 6.12 (4.093 mW) @ 170 GHz, −2 V [95,146]

NBUTC–PD 225 (3 μm, −1.5 V) 0.08 13 −1.74 (0.67 mW) @ 260 GHz, −2 V [97]
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Table 2. Cont.

PD Type * BW (GHz) ** R (A/W) ISat (mA) Pout(dBm), Vbias Ref.

CC–MUTC–PD >110 (4 μm) 0.17 27 7.80 (6.03 mW) @ 110 GHz (6 μm), −4 V [101]

MUTC–PD 156 (4.5 μm, −3 V) 0.165 14.6 −0.53 (0.885 mW) @ 170 GHz, −3.5 V [111]

MUTC–PD 150 (4.5 μm, −3 V) 0.165 14.6 −0.16 (0.964 mW) @ 170 GHz, −3.5 V [111]

MUTC–PD 200 (3.6 μm) 0.07 8.4 −2.14 (0.611 mW) @ 200 GHz, −2 V [113]

MUTC–PD 230 (3 μm) 0.07 5.85 −4.94 (0.321 mW) @ 220 GHz, −2 V [113]

CC–MUTC–PD 105 (10 μm, −5.0 V) 0.15 >30 14 (25.12 mW) @ 80 GHz (10 μm), −2 V [114]

CC–MUTC–PD 117 (8 μm, −3.0 V) 0.15 >20 11.3 (13.49 mW) @ 100 GHz (8 μm), −2 V [114]

CC–MUTC–PD 117 (8 μm, −3.0 V) 0.15 >20 8.50 (7.08 mW) @ 110 GHz (8 μm), −2.5 V [114]

CC–MUTC–PD 150 (4 μm, −3.0 V) 0.15 8.0 −3.0 (0.5 mW) @ 150 GHz (4 μm ), −2.5 V [114]

CC–MUTC–PD 100 (7 μm , −1.1 V) 0.11 4.9 −19.3 (11.75 μW ) @ 300 GHz (7 μm ), 0 V [115]

CC–MUTC–PD 125 (5 μm , −1.1 V) 0.11 25.3 −10.5 (89.13 μW ) @ 300 GHz (10 μm ), −1.8 V [115]

WG–MUTC–PD 165
(
2 × 15 μm2, −1.2 V) 0.312 10.6 –1.69 (0.678 mW) @ 215 GHz, −2 V [119]

CC–MUTC–PD 70 (9 μm ) 0.2 40 –2.60 (0.55 mW) @ 160 GHz, −5 V [121]

CC–MUTC–PD 13 (40 μm , −6 V) 0.7 234 (−10 V) 41.5 (14.2 W) @ 1 GHz, −36 V [122]

CC–MUTC–PD 13 (40 μm , −6 V) 0.7 234 (−10 V) 40 (10 W) @ 10 GHz, −36 V [122]

CC–MUTC–PD 13 (40 μm , −6 V) 0.7 234 (−10 V) 29.8 (0.955 W) @ 15 GHz, −10 V [122]

UTC–PD 120 (8 μm ) NA 21 0 (1 mW) @ 120 GHz, −3V [123,124]

CC–MUTC–PD 10 (50 μm ) 0.75 300 32.7 (1.86 W) @ 10 GHz, −14 V [130]

CC–MUTC–PD 11 (50 μm ) 0.75 228 30.1 (1.02 W) @ 10 GHz, −11 V [131]

UTC–PD on SiC NA NA 15.5 0.22 (1.05 mW) 300 GHz, −1 V [134]

UTC–PD on SiC NA NA 18 2.01 (1.59 mW) 300 GHz, bias optimized [134]

PIN–PD 1 (90 μm ) NA 620 26.5 (0.447 W) @ 1 GHz, −5 V [136]

PIN–PD > 6 (34 μm ) NA 260 26 (0.398 W) @ 6 GHz, −5 V [136]

PIN–PD > 5 (50 μm ) 0.55 120 25.8 (0.38 W) @ 5 GHz [137]

PIN–PD 7 (70 μm ) 0.6 200 29 (0.794 W) @ 5 GHz, −5.8 V [138]

PIN–PD 40 ∼ 50 (10 μm ) ~0.7 30 14 (25.12 mW) @ 50 GHz, −2 V [139]

MUTC–PD array 23.8 (40 μm ) 0.438 86.8 16 (39.81 mW) @ 12 GHz, −3 V [140]

MUTC–PD 34 (20 μm, −4 V) 0.41 ~70 17.1 (51.29 mW) @ 30 GHz, −4 V [141]

MUTC–PD ∼ 45 (15 μm, −4 V) 0.41 38 14.6 (28.84 mW) @ 40 GHz, −4 V [141]

WG–UTC–PD > 67
(
3 × 10 μm2, −3 V) 0.19 13 1.1 (1.29 mW) @ 100 GHz, −3 V [142]

TTR–UTC–PD > 110
(
3 × 20 μm2 ) 0.5 16 0 (1 mW) @ 110 GHz, −8 V [143]

NBUTC–PD 290
(
64 μm2 , −3.0 V) 0.15 13.6 1.85 (1.53 mW) @ 110 GHz, −3 V [144]

NBUTC–PD 280
(
64 μm2 , −3.0 V) 0.15 18 4.12 (2.58 mW) @ 110 GHz, −3 V [144]

NBUTC–PD 200
(
64 μm2 , −3.0 V) 0.15 29 8.10 (6.46 mW) @ 110 GHz, −3 V [144]

NBUTC–PD 180
(
64 μm2 , −3.0 V) 0.15 37 10.7 (11.75 mW) @ 110 GHz, −3 V [144]

Type–II UTC–PD 140 (3.2 μm , 0 V) 0.09 8 −13.9 (40.74 μW ) @ 160 GHz, 0 V [145]

NBUTC–PD 315 (3.5 μm , −0.5 V) 0.1 13 0.174 (1.04 mW) @ 280 GHz, −1.2 V [147,148]

RCE–UTC–PD 300
(
3 × 3 μm2 ) 0.12 9.8 –1.25 (0.75 mW) @ 300 GHz, −1 V [149]

Two UTC–PD 70 per PD 0.17 20 0.79 (1.2 mW) @ 300 GHz, −3.9 V [150]

Type–II UTC–PD 330 (3 μm , −0.5 V) 0.11 13 –3 (0.5 mW) @ 320 GHz, −1 V [151]

MUTC–PD ~100 0.22 20 –2.7 (0.54 mW) @ 350 GHz, −2.5 V [152]
* Waveguide–type PDs are denoted as ‘WG’, while others are vertical double–mesa PDs. ** PD diameter, area, and
bias voltage are shown in brackets.
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Figure 18. Two mW RF output power UTC–PD on SiC substrate in 300 GHz band [134]. (a) UTC–PD
chip and the packaged module; (b) schematic of UTC–PD and effective–medium (EM) waveguide,
while showing the electrical field distribution; (c) UTC–PD chip on SiC, where a short–stub matching
circuit and a metal–insulator–metal (MIM) capacitor is used to increase the output power; (d) UTC–
PD chip RF output power and photocurrent at 300 GHz; and (e) RF output power and photocurrent
at 273 GHz for the packaged module (UTC–PD chip integrated with tapered slot antenna).

3. Solutions of Bandwidth–Responsivity Trade–Off

3.1. High–Reflected Mirrors for Photodiodes

High–performance PD based on III–V compound semiconductors serves as a key
component and has already been demonstrated in various applications in wireless commu-
nications and radio–over–fiber and antenna systems [5]. The key parameters of PDs, which
are responsivity, bandwidth, and saturation power, have been well designed for increasing
one of them. For tackling the trade–off between bandwidth and responsivity in PD, several
kinds of structures have been reported. The first structure is the resonant cavity enhanced
(RCE) structure [33]. By selecting distributed Bragg reflectors (DBRs) as a bottom mirror in
the PD, the incident light is reflected to the active layer, to achieve secondary absorption, as
shown in Figure 19a. The detailed requirements for DBR design, which is also amenable
to the RCE scheme, i.e., many number of different semiconductor material combinations,
have been already reported in a review article [153].

Based on the reflection theory of RCE, many kinds of reflected mirror models, as
shown in Figure 19b–f, which are used in vertical–mesa and waveguide types of PDs
to improve the responsivity without sacrificing the bandwidth, have been proposed in
the last 30 years. Most of the fabrication of reflected mirrors are the material combi-
nations of DBRs (Figure 19b) [154–165], while periodic (or non–periodic) strip or con-
centric circular subwavelength gratings (SWGs), two–dimensional square bulk SWGs
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(Figure 19c) [140,161,166–174], Au mirrors [149], and even the scattering structure formed
by a periodic cylindrical particle array [175], also can be employed as reflected ones. Those
types of mirrors are usually either on the PD bottom (i.e., bottom mirrors) realized by
direct epitaxial growth by metal–organic chemical vapor Deposition (MOCVD) or quasi–
monolithically integrated using micron–level–thick benzocyclobutene (BCB) bonding (or
integrated [69]) techniques, or on the top of the PD (i.e., top mirrors) implemented by
employing the metal contacts (or strip gratings) by magnetic sputtering (or electron beam
evaporation) or the flip–chip method with chemical etching [158,176–178].

 

Figure 19. Photodiodes (PIN–PDs or UTC–PDs) are integrated or quasi–integrated with different
kinds of bottom mirrors or reflectors. (a) Conventional RCE photodiode model, i.e., photodiode with
DBR mirror; (b) photodiode with dual mirrors, i.e., bottom mirrors (DBR or subwavelength grating
(SWG) mirrors) and top mirrors (dielectric layers, or SWG or ‘metal’ mirrors); (c) photodiode with
SWG–focused mirror; (d) photodiode with tapered holes and bottom mirror (DBR or SWG mirrors);
(e) waveguide photodiode with DBR mirror; and (f) waveguide photodiode with SWG–focused
mirror (strip SWG or concentric circular SWG mirrors).

Figure 20 shows PIN–PD and UTC–PDs integrated or quasi–integrated (BCB bonding)
with two kinds of bottom mirrors [34,35,140,157,179] It can be seen from Figure 20a that
the GaAs–based PIN–PD is integrated with 4 DBRs (three GaAs/AlGaAs DBRs and one
Si/SiO2 DBRs) forming a four–mirror and three–cavity(M4C3) structure operating at
1550 nm [157]. The fabricated M4C3 structure achieves 70% peak quantum efficiency,
36 GHz 3–dB bandwidth, and quite a narrow spectrum linewidth (full–width at half–
maximum (FWHM)) of 0.75 nm which is well–suited to high–density wavelength division
multiplexing (WDM) communication systems [155]. The HR–UTC–PD [34], as shown in
Figure 20b, is quasi–integrated with high–reflectivity (HR) DBR mirrors, which makes the
responsivity increase by 23.2% without sacrificing the 3–dB bandwidth. As depicted in
Figure 20c, the FR–UTC–PD [35] is quasi–integrated with a focusing reflection (FR) mirror,
which is designed with a non–periodic concentric circular high–contrast grating (NP–CC–
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HCG) on the silicon substrate. Based on the 84.59% FR–efficiency, the integrated device
achieves 36.5% improvement for the responsivity, without altering the 3–dB bandwidth.
Figure 20d shows a symmetric–connected UTC–PD array (SC–PDA) integrated with a
two–dimensional (2D) SWG beam–splitter [140], where the integrated device obtains an
RF output power of 16 dBm at 12 GHz with a 87.9 mA saturation current and 0.438
A/W responsivity, showing stronger high–power handling capability than that of a single
photodetector (~11 dBm@12 GHz and 46.7 mA, 0.179 A/W), without complex coupling,
phase matching as well as any cooling techniques. Therefore, these kinds of mirrors
perfectly realize the decoupling between the responsivity and bandwidth for photodiodes,
while the improvement of responsivity and/or bandwidth can be further enhanced if using
the well–optimized bonding process in the future.
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Figure 20. UTC–PDs integrated with different kinds of mirrors. (a) PIN–PD integrated with 4 DBRs
forming a four–mirror and three–cavity (M4C3) structure [157]; (b) UTC–PD integrated with high–
reflectivity (HR) DBR mirrors, using HR–UTC–PD for short [34]; (c) UTC–PD integrated with non–
periodic concentric circular high–contrast grating (NP–CC–HCG, i.e., focusing reflection (FR) mirror),
referred to it as FR–UTC–PD [35]; and (d) symmetric–connected UTC–PD array integrated with
2D–SWG beam–splitter [140].

3.2. Microhole Design for Photodiodes

Moreover, the application of micro–holes [180–185] etched from the top until through
the active regions is also an effective way to assist the light–matter interactions. Figure 21
shows PDs with different kinds of micro– or/and nano–holes in active layers for enhancing
light–matter interactions to balance the frequency response and responsivity [180,184].
Figure 21(a1,a2) reports a novel design that uses the etched periodic or photon–trapping
micro– and nanoholes (600~1700 nm diameters) with square (Figure 21(a3)) or hexagonal
(Figure 21(a4)) shapes that penetrate from the top mesa to the bottom contact layer in
the Si photodiode [180]. Such a structure reveals that the lateral propagating slow and
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stationary optical modes can be generated only using normal incident light, which promotes
a well–rounded interaction of light with Si that is an order of magnitude greater compared
with the same thick Si–film absorber while ensuring an ultrafast carrier transport. This
design enables the Si–based PDs to monolithically integrate with CMOS and extends its
applications for optical data links in data communications and computer networks [180].
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Figure 21. Photodiodes with different kinds of micro–holes for enhancing light–matter interactions.
(a) Schematic of Si–based photodiode with micro–holes [180]: (a1) PD with GSG–pad; (a2) scanning
electron micrograph (SEM) of PD active region; (a3) SEM of square holes; (a4) SEM of hexagonal
holes. (b) Microstructure PIN photodiode (MPIN–PD) [184]: (b1) schematic diagram; (b2) design of
V–groove and center cone.

Given the 1550 nm wavelength application, microstructure PIN–PD (MPIN–PD)
is proposed and analyzed numerically by employing an InP substrate, as shown in
Figure 21b [184]. The well–designed central obconical shape surrounded by a V–groove
trench not only greatly facilitates the interaction of light and InGaAs absorber, but also
increases the device responsivity and bandwidth simultaneously. With the optimized di-
mensions of the V–groove and center cone, together with the optimized circular electrodes,
the efficiency and bandwidth of MPIN–PD are separately increased by 61% and 21%. In
addition, the back–to–back type of PD [186], waveguide–coupled PD [187], dual–absorber
PD [58,161,169] and near–ballistic PD [79] also can be used to achieve high responsivity.

With the evolution of the RCE scheme and tapered–holes structures, a novel model
for vertical–mesa PD, as shown in Figure 19d, which is realized based on tapered holes and
bottom mirrors, could be used to solve the trade–off between bandwidth and responsivity.
For waveguide PDs, the responsivity could be improved by exploiting an SWG high–
focused mirror which is made by periodic (or non–periodic) strip or concentric circular
SWG bonded at the back of the device (Figure 19f), while the usage of DBR mirrors
(Figure 19e) have already been simulated [188] and achieved experimentally [189] showing
similar performance for the trade–off.

3.3. High–Reflected Mirrors for Group–IV Photodiodes

However, the PDs based on III–V compound semiconductors are not easy for CMOS
compatibility, so the group–IV PDs are gradually paid more attention by researchers, which
more easily enables electronic photonic integrated circuits (EPICs) with low–cost, compact,
and large–scale integrations [190]. It is to be noticed that the Si–based PD cannot be directly
used for the C–band and L–band fiber–optic telecommunication regimes due with the
bandgap of 1.12 eV only resulting in a ~1107 nm cutoff wavelength.

Therefore, germanium (Ge) will play an important role for the above–mentioned
telecommunication bands owing to a relatively small bandgap (less than 0.7 eV at room
temperature), though its optical response rolls off rapidly beyond 1500 nm [191] while
this defect can be solved by depositing the Ge–layer on the Ge–on–insulator (GOI) plat-
form [190]. By introducing 0.16% tensile strain to the Ge active layer, the operation wave-
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length is extended to cover the entire range of telecommunication C– and L–bands (1530–
1620 nm). The high refractive index Ge absorber with the low refractive indices of the
bottom insulator and the deposited SiO2 top layer separately serve as two mirrors which
finally constitute a RCE–Ge PD on the GOI platform [190] to increase the responsivity,
similar to the model shown in Figure 19b. Such RCE–Ge PD on GOI (i.e., GOI–PD) indicates
that the responsivity can be greatly increased up to 0.15 A/W at 1550 nm while covering
the entire C– and L–bands due to the resonant cavity effect.

Meanwhile, germanium–tin (GeSn) PD on Si is another typical group–IV candidate for
SWIR applications which only needs to incorporate Sn into Ge shrinking the direct bandgap
and causing redshift of the absorption edge from C–band to the mid–infrared range and
beyond [192,193]. GeSn–based (2.5% Sn) PIN–RCE–PD on SOI use the buried oxide (BOX)
and the deposited SiO2 as the bottom and top mirrors forming multiple reflections to
enhance light–matter interaction, which shows ~0.4 A/W responsivity at 0 V bias voltage
in the C–band, which is much higher than that of the conventional GeSn PIN–PDs with the
values of 0.1~0.3 A/W [194]. The introduction of 10% Sn extends the operation wavelength
to a 2 μm band, where the metal–semiconductor–metal (MSM) RCE–GeSn–PD can work
at 1550 nm and 2 μm wavelengths by optimizing the cavity length. Based on the RCE
resonance effects, a record responsivity of 0.43 A/W is obtained with a −3 V bias voltage at
2 μm wavelength at room temperature, revealing that it is promising for CMOS–compatible
photonic–integrated circuit applications covering the entire telecommunication bands in a
2 μm range [195].

4. Photodiode Photonic–Integrated Applications

4.1. Photodiodes Integrated with Short–Stubs

With the development of MMW to THz communication techniques, the photonics–
based technology provides lower loss in the optical fiber and a large bandwidth while
needing the PDs with a high output power and broadband high–frequency characteristics.

Furthermore, we could not ignore the connected compact rectangular waveguide
(WR) output port for practical use in a package module [90,152,196–200]. Figure 22 shows
two different equivalent circuits and the fabricated micrographs for the photonic MMW
generator (PWG), where each PWG includes a UTC–PD, a short–stub matching circuit
(impedance transformer), and a metal–insulator–metal (MIM) capacitor, CMIM (i.e., C
in Figure 22d,e) [196,199]. The calculated relative output power curves are given for
comparisons as shown in Figure 22c, in which the higher power is obtained by PMG–A at
~100 GHz (W–band). Meanwhile, the PMG works at the J–band as shown in Figure 22f,
where a WR–3 waveguide output port is used for practical use. It is noticed that a typical
case is a coupler integrated with UTC–PD packaged with WR–1.5, which attains a record
output power of −19 dBm at 500 GHz with a 9 mA photocurrent while showing a wide
range 3–dB bandwidth of 340 GHz, i.e., from 470 GHz to 810 GHz [201]. The detailed
results of PDs integrated with WR ports and short stubs [90,197,198,200,201] are shown in
Table 3.

Table 3. The comparisons of PDs integrated with WR ports and short stubs.

Device Type Coupling Type Si Lens Iph (mA) Output Power (dBm) Ref.

UTC–PD WR10 port (W–band) No 25 13.2 (20.8 mW ) @ 100 GHz [90]

UTC–PD WR3 port (J–band) No 26 −8.73 (134 μW ) @ 264 GHz [190]

UTC–PD WR8 port (F–band) No 25 12.3 (17 mW ) @ 120 GHz [197,198]

UTC–PD WR6 port (D–band) No 7 > 10 (> 10 mW ) @ 104~185 GHz [200]

Coupler integrated UTC–PD WR1.5 port No 9 −18.96 (12.7 μW ) @ 500 GHz [201]

Coupler integrated UTC–PD WR1.5 port No 9 > −22 (> 6.31 μW ) @ 470~810 GHz [201]

Coupler integrated UTC–PD WR1.5 port No 6 −22 (6.31 μW ) @ 500 GHz [201]

Coupler integrated UTC–PD WR1.5 port No 6 > −25 (> 3.16 μW ) @ 470~810 GHz [201]
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Figure 22. Photonic MMW generator (PMG) equivalent circuits and fabricated micrographs [196].
(a,d) PMG–A works at W–band; (b,e) PMG–B works at W–band; (c) relative output power compar-
isons for PMG–A, PMG–B, and UTC–PD without PMG; and (f) PMG works at J–band [168].

4.2. Photodiodes Integrated with Antennas

Another photonic–integrated device is PD with antennas for increasing output power
for practical use. The general schematic diagram of the photonics–based transmitter and
receiver is shown in Figure 23. One of the unique performances of UTC–PDs [44,54] is
both a large bandwidth and high saturation output power, which can be used as an MMW
signal emitter [123] for wireless applications.

a b
Figure 23. General schematic diagram of (a) PD photonic–integrated emitter and (b) receiver.

To obtain V–band–to–G–band (50 GHz~220 GHz) photonically driven emitters and ex-
tend applications to MMW and THz signal wireless links, high–power photonic–integrated
emitters with three types of planar antennas have been proposed [22,202], as shown in Fig-
ure 24. The high–speed and high–power broadband CC–MUTC–PD [78,101] with 0.2 A/W
responsivity and 12 dBm output power is used for the MMW and THz emitter design. The
fabricated emitter with the sinuous antenna and 8 μm PD shows a record output power
of 20 dBm at 90 GHz with a photocurrent of 20 mA while achieving an output power of
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9.9 dBm at 70 GHz, 11.5 dBm at 100 GHz, all with 7 mA photocurrent, for log–periodic and
spiral antennas, respectively [22].

 

Sinuous antenna

Spiral antenna Log-periodic toothed antenna

Photonic-integrated emitter

Top view

Bottom view

Figure 24. Schematic diagram of CC–UTC–PD photonic–integrated emitter with Si–lens, the three
different planar antennas, and the top/bottom views of the fabricated emitter [22].

Using flip–chip technology, UTC–PD can be mounted on a planar slot antenna on the
Si substrate [123,124,203], as shown in Figure 25a, and then boned on a hemispherical Si–
lens to collimate the MMW signal direction, which generates a larger than 0.5 mW output
power from the PD chip while radiating a bigger than 0.3 mW power into the free space, at a
120 GHz bandwidth [123,124]. Meanwhile, this design indicates the potential applications
in future wireless communication, sensing, radar, measurement, and imaging systems
based on photonic–assisted MMW generation and transmission techniques. Beyond the
F–band, the electrical transmission line will bring loss and reflection, so the miniaturized
PD–integrated antenna with a quasi–optical configuration (Figure 25b) is necessary for
sub–MMW signal handling [204]. As shown in Figure 25c, a UTC–PD integrated with a
log–periodic antenna achieves a saturation output power of 300 μW at a photocurrent of
20 mA (Figure 25d) [205]. Using a similar configuration, the UTC–PD integrated with a
log–periodic antenna exhibits a high output power of 2.6 μW at 1.04 THz with a saturation
current of 13 mA [204].

However, a single PD integrated with an antenna suffers some limitations, including
the limited emitted power resulting from the saturation of PD and the limited antenna
directivity due to the finite effective aperture of the planar antenna [206]. Here, four
InP–based photodiodes operating at 300 GHz, which are integrated with a linear bowtie
antenna array mounting on the Si–lens, are proposed, as shown in Figure 26, to increase the
radiation power. Compared to the straight radiation of a single emitter, the array emitter
realizes a 10.6 dB higher power (theoretical gain: 12 dB), while the 3–dB beamwidth is
reduced by 8.5◦ and up to 22.5◦, which achieves the output power increase and higher
directivity. These photonic–integrated antenna arrays provide new solutions to wireless
communications beyond 5G and will further exploit combinations of other photonic devices
for application to future complex MMW and THz transceivers.
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a c
200 μm

b d
Figure 25. (a) UTC–PD integrated with slot antennas used as an MMW signal emitter for free–space
applications [123,124]. (b) The fabricated quasi–optical UTC–PD with Si–lens module for practical
use [204]. (c,d) UTC–PD integrated with log–periodic antenna (micrograph as shown in the inset)
attains 300 μW output power and 20 mA photocurrent at a 1.5 V bias voltage [205].

In addition, a resonant antenna integrated with UTC–PD is another excellent candidate
to be employed for output power radiation in the THz bands [207–209]. Figure 27a shows
the THz UTC–PD chip integrated with a twin–diploe antenna [209] using an impedance
matching circuit [90] to enlarge the output power and the resonant behaviors are found
exhibiting the peak output powers of 5.9, 3.8, and 1.1 μW at 0.78, 1.04 and 1.53 THz
(Figure 27b), while generating a record output power of 10.9 μW at 1 THz with a photocur-
rent of 14 mA [209].

Moreover, the THz wave and THz beam steering provide great opportunities for
free–space applications, including imaging, sensing, radar, and wireless communications
in the 6G era and beyond [15,135,210]. Figure 27c shows a 4 × 1 UTC–PD array integrated
with a 4×4 unidirectional slot antenna to generate THz signals based on coupled fiber
beats techniques [211]. The adaptive genetic algorithm is used to control the produced
THz beam steering and the experiment achieves a precise pointing towards the intended
direction of the 300 GHz beam, which greatly improves the THz power efficiency by beam
steering and paves the way for THz wireless communication using large–scale UTC–PD
array [211–213].

With the development of communication techniques, the frequency range (MMW to
THz: 30 GHz~3 THz) between microwave and far–infrared is set to meet the growing demand.
Exploiting and making the most of the MMW and THz wireless signals [7,214,215] with
high–radiated power have long been studied and generated by the electronic system [26–28]
or photonic system [6,8,9,15–23] or hybrid electronic–photonic systems [216,217], which have
shown a very diverse range of application in information and communications, security screen-
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ing, food and agriculture, biometrics, medical and medicine, drug inspection, semiconductor
wafer inspection, and air pollution [218–220].

Given the photonic–generated THz signal, ultrafast broadband, and high–power PDs,
such as UTC–PDs [44,54] and traveling–wave PD (TW–UTC–PD) [221], are necessary. By
combining the TW–PD structure for high responsivity and the UTC–PD structure for high
output power, a new TW–UTC–PD is proposed for integration with antennas for MMW and
THz signal radiation [21,222]. The TW–UTC–PD separately integrates with the resonant, bowtie,
and log–periodic antennas for generating THz signals, covering frequencies up to 1 THz. The
radiated power at different photocurrent levels is shown in Figure 28, where the 4 × 15 μm2

PD integrated with a resonant antenna achieves an RF output power of 148 μW at 457 GHz
and 24 μW at 914 GHz with a 10 mA photocurrent (Figure 28a). Figure 28b shows that the
RF output power of 105 μW at 255 GHz and 10 μW at 612 GHz with a 13 mA photocurrent
are attained by a 2.5 × 50μm2 PD integrated with a bowtie antenna while exhibiting 70 μW at
150 GHz with a 9 mA photocurrent for integrating with a log–periodic antenna.

 

a b

c
Figure 26. InP–based PIN–PD integrated with four bowtie antennas and mounted on Si–lens to
increase emitted power and high directivity [206]. (a) The fabricated InP chip and the schematic for
packaging of the antenna array; (b) the emitter chip module; and (c) measurement setup.

Another type of PD for THz applications is related to the design, usage, and optimiza-
tion of the hybrid absorber UTC–PD (i.e., modified UTC–PD, MUTC–PD) [72], as shown
in Figure 29. The band diagram for this type of MUTC–PD is shown in Figure 29a, where
the absorber consists of a non–depleted absorber with p–doping and a depleted absorber
without doping. The maximum 3–dB bandwidth can be calculated while just comprehen-
sively analyzing the numerical relation of thickness among depletion (Wdep), non–depleted
(Wan), and depleted (Wad) absorbers. Figure 29d shows the frequency response at different
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quasi–fields in the non–depleted absorber, while the Wan, Wad and Wdep are separately
0.12 μm, 0.06 μm, and 0.18 μm. The 3–dB bandwidth is enlarged from 603 to 1087 GHz
with the increase in quasi–field from 10 to 30 kV/cm.

b c

a

Figure 27. (a) THz UTC–PD chip integrated with twin–diploe antenna using impedance matching
circuit and (b) the output power versus different frequency [209]. (c) Adaptive THz beam steering in
fiber–coupled UTC–PD array chip to generate THz wave [211–213].
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a b
Figure 28. Traveling–wave UTC–PD (TW–UTC–PD) integrated with resonant, bowtie, and log–
periodic antennas, and the radiated power at different photocurrent levels for resonant antenna (a),
and for bowtie and log–periodic antennas (b), where the device dimensions are in μm2 [21,222].

48



Appl. Sci. 2024, 14, 3410

Ph
ot

or
es

po
ns

e 
(d

B
)

Frequency (GHz)

TH
z-

w
av

e
ou

tp
ut

po
w

er
(d

B
m

)

a b c

d e

Figure 29. Hybrid absorber UTC–PD (modified UTC–PD, MUTC–PD) integrated with bowtie
antenna [72]. (a) Band diagram of MUTC–PD; (b) MUTC–PD integrated with bowtie antenna;
(c) incident light coupling to MUTC–PD by a refracting–facet plane and 45◦ mirror; (d) frequency
response of MUTC–PD with three quasi–field values; (e) comparisons of the measured THz power
(open circles) and calculated values of the integrated device using different electron effective velocity,
ve f f . Note: The inset is the packaged device module (i.e., photomixer) with Si–lens and fiber pigtail.

The MUTC–PD is integrated with a bowtie antenna shown in Figure 29b, where
Si–lens (Figure 29c) is employed to increase the output power. Being accompanied by a
well–designed matching circuit and the rectangular waveguide output port, the quasi–
optical antenna–integrated photomixer module can be completed as shown in the inset of
Figure 29e. It can be seen that the measured output power gradually decreases with the
increase in the frequency while the typical values are larger than −20 dBm at 300 GHz,
−30 dBm at 1 THz, and approximately −40 dBm at 2 THz. Furthermore, the calculated
results which changed with the different effective electron velocities are also shown in
Figure 20e, as comparisons with the measured values. Parts of PDs photonic–integrated
antennas [18,21,22,25,72,91,98,123,124,134,142,204–206,208,209,223–227] are summarized
in Table 4.

Table 4. The comparisons of emitted power for PDs integrated with antennas.

Device Type * Coupling Type Si Lens Iph (mA) Output Power (dBm) Ref.

NBUTC–PD Yagi antenna No 30 –14.1 (25.7 mW) @ 100 GHz [18,223]

TW–UTC–PD Log–periodic antenna No 9 −11.55 (70 μW ) @ 150 GHz [21]

TW–UTC–PD Bowtie antenna No 13 −9.79 (105 μW ) @ 255 GHz [21]

TW–UTC–PD Resonant antenna No 10 −8.3 (148 μW ) @ 457 GHz [21]

TW–UTC–PD Bowtie antenna No 13 −20 (10 μW ) @ 612 GHz [21]

TW–UTC–PD Resonant antenna No 10 −16.2 (24 μW ) @ 914 GHz [21]

CC–MUTC–PD Log–periodic antenna Yes 7 9.9 (9.77 mW) @ 70 GHz [22]

CC–MUTC–PD Sinuous antenna Yes 7 11.5 (14.13 mW) @ 90 GHz [22]

CC–MUTC–PD Sinuous antenna Yes 20 20 (100 mW) @ 90 GHz [22]

CC–MUTC–PD Spiral antenna Yes 7 8.8 (7.59 mW) @ 100 GHz [22]

MUTC–PD Vivaldi antennas No 10 5 (3.2 mW) @ 110 GHz [25]

Hybrid absorber UTC–PD Bowtie antenna Yes 6 −20 (10 μW ) @ 300 GHz [72]
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Table 4. Cont.

Device Type * Coupling Type Si Lens Iph (mA) Output Power (dBm) Ref.

Hybrid absorber UTC–PD Bowtie antenna Yes 6 −30 (1 μW ) @ 1 THz [72]

Hybrid absorber UTC–PD Bowtie antenna Yes 6 −35.2 (0.3 μW ) @ 1.5 THz [72]

Hybrid absorber UTC–PD Bowtie antenna Yes 6 −40 (0.1 μW ) @ 2 THz [72]

Hybrid absorber UTC–PD Bowtie antenna Yes 6 −44 (0.04 μW ) @ 2.5 THz [72]

MUTC–PD Patch antenna No 45 20 (100 mW) @ 60 GHz [98]

TWPD Bowtie antenna Yes 6.3 −33 (0.5 μW ) @ 40 GHz [91]

UTC–PD Slot antenna Yes >20 –5.23 (0.3 mW) @ 120 GHz [123,124]

UTC–PD on SiC Tapered slot antenna No 14.5 1.59 (1.44 mW) @ 273 GHz, −1 V [134]

UTC–PD on SiC Tapered slot antenna No 18 4.04 (2.53 mW) @ 273 GHz, bias optimized [134]

WG–UTC–PD Bowtie antenna Yes 13.5 −12.22 (60 μW) @ 250 GHz [142]

UTC–PD Log–periodic antenna Yes 13 −25.9 (2.6 μW) @ 1.04 THz [204]

UTC–PD Log–periodic antenna Yes 20 −5.23 (300 μW) @ 300 GHz [205]

PIN–PD array Bowtie antenna Yes NA >10 dB vs. an emitter @ 300 GHz [206]

UTC–PD Log–periodic antenna Yes 15 −11.2 (75 μW) @ 414 GHz [208]

UTC–PD Log–periodic antenna Yes 15 −17.4 (18 μW) @ 609 GHz [208]

UTC–PD Log–periodic antenna Yes 15 −20.8 (8.3 μW) @ 804 GHz [208]

UTC–PD Twin dipole antenna Yes 14 −19.6 (10.9 μW) @ 1.04 THz [209]

UTC–PD Log–periodic antenna Yes 20 −9.2 (120 μW) @ 300 GHz [224]

Type–II UTC–PD Dual–ridge horn antenna No NA −15 (31.6 μW) @ 240 GHz [225]

UTC–PD TEM–horn antenna Yes 2.75 −29.5 (1.13 μW) @ 940 GHz [226]

UTC–PD TEM–horn antenna Yes 2.5 −33.4 (0.46 μW) @ 1.04 THz [226]

UTC–PD TEM–horn antenna Yes 2.88 −35.1 (0.31 μW) @ 1.365 THz [226]

UTC–PD slot antenna Yes 10 −15.53 (28 μW) @ 700 GHz [227]

UTC–PD slot antenna Yes 10 −24.56 (3.5 μW) @ 1.25 THz [227]
* Waveguide– and traveling–wave–type PDs are denoted as ‘WGPD’ and TWPD, while others are vertical–mesa PDs.

5. Discussion

During the design of high–speed and high–output power photodiodes, the compatible
photodiode–integrated devices, the measurement setups, and applications for communica-
tion systems, there are lots of considerations and challenges that need to be noticed. They
are mainly reflected as follows: (1) The efficient optical coupling and precise alignment
between the photodiode and other optical components. (2) The wider bandwidth with
high response for photodiodes. (3) The wider dynamic range and linearity for higher
output power without small saturation or signal distortion. (4) The effects resulting from
temperature and heat from high–power conditions. (5) The reliability and robustness of
photodiodes, and the scalability and modularity of photodiode–integrated devices. (6) The
potential limitations at the 300 GHz band, such as the coverage range with high propa-
gation loss, the penetrating obstacles from the walls, buildings, and vegetation, and the
complexity and cost of exploiting and deploying photodiodes to the MMW and THz bands.
(7) The design of corresponding other components matching with photodiodes in THz
links and systems.

Though achieving high–speed, high–power photodiodes and photodiode–integrated
devices with over 2 mW output power in the THz band has been realized, it is still a big
challenge to apply photodiodes to 6G technology. Compared with existing communication
systems, 6G requires ultra–high data rates (such as 200~1000 Gbit/s) and also requires
the matching terahertz sources, photodiodes, and components in THz links and systems.
However, considering the wider applications of photodiodes in transparent materials,
including cell phone screens, smart windows, and automobile/aircraft win screens, is also
a big challenge. A possible solution could be to implement the integration of photodiodes
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with waveguide–based Bragg grating devices in glass inscribed using femtosecond laser in
the future.

6. Conclusions

This paper reviews the advances in high–speed, high–power photodiodes from fun-
damentals to applications. (1) For the overall design and consideration of photodiodes,
this paper discusses the principles of PIN–PD and UTC–PD, while reporting the detailed
calculation of the 3–dB bandwidth for the two typical photodiodes and summarizes the
energy band diagrams for several kinds of photodiodes. Given the equivalent circuits, this
paper shows the general ones and RF small–signal ones together, and also considers the
different designs for the RC–delay time part and the external circuit parts, including the
air bridge, CPW pad, and load. Additionally, the DC saturation and RF output power are
also analyzed in detail and a table for comparison is also included. (2) The solutions of
bandwidth–responsivity trade–off for photodiodes are discussed in detail, which range
from the use of high–reflected mirrors to the making of microholes and extending the
reflected mirrors for group–IV photodiodes. (3) The photodiode photonic–integrated ap-
plications are presented, including the integration with short stubs and various planar
antennas for high output power at high–speed conditions, and showing the parameter
comparisons in tables, which provides a reference for the practice use of photonics–based
devices operating at the system–level with the radiation power up to the mW–level and
beyond in the THz band.
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Abstract: Leakage in water supply pipelines remains a significant challenge. It leads to resource and
economic waste. Researchers have developed several leak detection methods, including the use of
embedded sensors and pressure prediction. The former approach involves pre-installing detectors
inside pipelines to detect leaks. This method allows for the precise localization of leak points. The
stability is compromised because of the wireless signal strength. The latter approach, which relies
on pressure measurements to predict leak events, does not achieve precise leak point localization.
To address these challenges, in this paper, a coherent optical time-domain reflectometry (ϕ-OTDR)
system is employed to capture vibration signal phase information. Subsequently, two pre-trained
neural network models based on CNN and Resnet18 are responsible for processing this information
to accurately identify vibration events. In an experimental setup simulating water pipelines, phase
information from both leaking and non-leaking pipe segments is collected. Using this dataset, classical
CNN and ResNet18 models are trained, achieving accuracy rates of 99.7% and 99.5%, respectively.
The multi-leakage point experiment results indicate that the Resnet18 model has better generalization
compared to the CNN model. The proposed solution enables long-distance water-pipeline precise
leak point localization and accurate vibration event identification.

Keywords: leakage detection; ϕ-OTDR; deep leaning; Mels spectrograms

1. Introduction

Water is an indispensable and important substance for the survival of human beings
and all living things and is an irreplaceable and extremely valuable natural resource
for industrial and agricultural production, economic development, and environmental
improvement. However, many countries in the world are facing the problem of water
shortage. Take China as an example. Although China is a water-rich nation, it also suffers
from severe water shortages on a per capita basis. According to statistics, China’s per capita
water resources comprise less than 2200 cubic meters, less than one-third of the world’s
per capita water resources [1]. Among the 660 cities in China, approximately 400 cities are
short of water. With the development and construction of the country, the water usage
rates of various cities are increasing year by year, and the lengths of urban water supply
pipelines are also increasing. Consequently, society places higher demands on the quality
of urban water supply networks, which is crucial for ensuring stable development [2–4].
However, in terms of the construction of China’s overall municipal water supply network,
many places still have the problem of pipeline leakage, which causes residents to be forced
to cut off water and even causes accidents such as road collapse, resulting in the wastage of
water resources and economic damage. The primary problem for reducing the leakage rate
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in a city concerns how to accurately know that the water supply pipeline has leaked, and it
is necessary to accurately locate the location of the leakage point so as to be able to quickly
repair and reduce the wastage of resources. Therefore, it is necessary to develop a system
that can monitor the precise location of leaks in real time when leaks occur in the water
supply network.

Mainstream pipeline leak detection technologies include the magnetic flux leakage
(MFL) detection method, pipeline robot inspection method, water pressure prediction
method, and Distributed Acoustic Sensing (DAS) method. The MFL detection method is a
commonly used method for pipeline inspection [5]. The principle behind MFL detection
involves fully magnetizing the pipeline, causing magnetic field lines to deform at the
locations of defects. These deformed lines flow out from a defect and then return to the
interior of the pipeline. Sensors carried by the inspection system detect and store this
information, allowing the accurate localization of pipeline leaks. While this approach
offers high precision in leak localization, it is limited to ferromagnetic pipelines. The
pipeline robot inspection method uses robots within the pipelines to monitor their condition.
Simultaneously, a wireless sensor network is installed on the ground to receive data [6,7].
However, this approach faces several challenges. Firstly, in practical scenarios, pipes are
often buried deep underground, hindering wireless signal transmission. Additionally, there
is a risk of robots becoming stuck within the pipes, leading to blockages. The water pressure
prediction method uses water pressure values to predict water leakage. Mashford et al.
employed Support Vector Machines (SVMs) to classify data from the EPANET hydraulic
modeling system, resulting in improved leak prediction [8]. Leu et al. further enhanced leak
prediction accuracy through Bayesian learning processes [9]. The proposed solution suffers
from a limitation: it cannot provide precise information about the exact locations of leaks.
Distributed Acoustic Sensing (DAS) tackles water leakage detection by capturing vibration
signals associated with leak locations. DAS is widely applicable to both ferromagnetic and
non-ferromagnetic pipelines, offering the precise localization of vibration signals. In 2015,
Huijuan Wu et al. successfully detected water pipe leaks by deploying communication
optical fibers along the inner walls of pipelines, achieving leak detection when under
conditions where the aperture exceeded 4 mm and internal pressure exceeded 0.2 MPa [10].
In 2022, Shichong Fu et al. utilized DAS systems to achieve meter-level spatial resolution
for pinpointing gas pipeline leak points. Their study also explored how leak hole size
and leak direction impact the spectral characteristics of leak signals [11]. However, none
of the aforementioned works in the literature delved into the discussion of leak event
recognition accuracy.

In practice, while achieving leak localization is feasible, false positives and false
negatives remain significant challenges for DAS systems. Initially, researchers relied on
threshold settings for accurate vibration event identification. In 2014, Zhu et al. set a level
threshold to determine the event category [12]. In 2018, Jiang et al. used the amplitude of
the vibration signal as the basis for judging whether there was a vibration event by setting
a threshold and achieved a recognition accuracy of 95.57% for a specific “instantaneous
destructive disturbance” in a laboratory environment [13]. However, pattern recognition is
only performed through thresholds, and its recognition accuracy and stability are poor in
practical application scenarios. It is difficult to ensure the stability of the signal-to-noise
ratio of the received signal due to the attenuation of the signal in the process of long-distance
transmission, coupled with the influence of coherent fading and polarization fading, which
leads to the inaccuracy of the frequency characteristics demodulated. The disturbance
signals on the optical fiber are intricately intertwined, and even the vibration signals that
need to be detected are dynamically changing, which further leads to a reduction in the
recognition accuracy of the system.

Pattern recognition through machine learning is a popular solution. By analyzing
existing data and selecting appropriate algorithms, a model can be built and continuously
optimized, and finally, various events can be identified quickly and accurately. The concept
of machine learning was first proposed by the American computer scientist Arthur Samuel
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in 1959 as a branch of artificial intelligence (AI) and computer science that focuses on the
use of data and algorithms to enable AI to mimic human learning methods and gradually
improve its recognition accuracy [14]. In 1998, LeCun et al. proposed a model architecture
for convolutional neural networks (CNNs) and applied them to the task of handwriting
number recognition [15]. The LeNet-5 model proposed by LeCun achieved excellent
performance on the MNIST dataset, marking the birth of deep learning and achieving
more complex feature extraction. In 2015, Kaiming He et al. proposed the ResNet18 neural
network, which solves the gradient vanishing problem that may occur when the number of
layers in traditional CNN networks increases [16]. The emergence of these models provides
a strong guarantee for the accurate realization of pattern recognition.

In this paper, a coherent ϕ-OTDR system is employed to capture vibration signal
phase information and a pre-trained neural network model is responsible for processing
this information to accurately identify leakage events and locations. The proposed method
is evaluated in a simulated water pipelines setup. Phase information from both leaking
and non-leaking pipe segments is collected to create separate datasets for training different
models: CNN and ResNet18. During practical testing, the test accuracy values of the CNN
model and ResNet18 model achieve 99.7% and 99.5%, respectively. What is more, in the
multi-leakage point detection experiment, the ResNet18 model performs better, which
indicates that Resnet18 has better generalization ability compared to the CNN model.

2. Sensing Principle of ϕ-OTDR

Optical pulses propagate through optical fibers, and due to the uneven refractive
index distribution of fibers, Rayleigh scattering occurs [17]. Some of the scattered light will
be back-guided towards the input end of the fiber and will be detected with a delay propor-
tional to the distance of the diffusing point, which is called optical time-domain reflection.

There is a relationship between the length d of the optical fiber link through which the
incident light passes and the time delay τ between the incident light and the scattered light:

d =
c

2n
τ (1)

Here, c represents the speed of light in a vacuum and n denotes the effective refractive
index of the fundamental mode of SMF.

The system’s positioning accuracy, denoted as z, primarily depends on the pulse width,
represented by T; then, the spatial resolution z can be written as follows:

z =
Tc
2n

(2)

When the refractive index of fiber section at the corresponding location undergoes
slight changes, an initial determination of the signal position can be achieved. However,
within the optical fiber, the power of Rayleigh scattering light is weak, making it challenging
to work over long-distance fiber links. To enhance the sensitivity of scattered light detection,
coherent detection is commonly employed. The optical time-domain reflectometer (OTDR)
technology based on coherent detection is referred to as a Coherent Optical Time-Domain
Reflectometer (COTDR) [18,19]. The schematic diagram of a COTDR is shown in Figure 1.

The laser beam generated by the narrow-linewidth laser (NLL) is divided into two paths
through a fiber coupler. The upper path serves as the probing light while the other acts
as the local oscillator light. The probing light passes through an acousto-optic modulator
(AOM), where it is modulated into optical pulses. These pulses are injected into the optical
fiber through a circulator, resulting in Rayleigh scattering along the fiber under test (FUT).
The scattered light then enters the coupler and interferes with the local oscillator light.
The interference results in an optical intensity proportional to the local oscillator’s light
amplitude. Coherent detection effectively amplifies the scattered light.
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Figure 1. Framework diagram of COTDR. Abbreviations—NLL: narrow-linewidth laser; AOM:
acousto-optic modulator; EDFA: erbium-doped fiber amplifier; BPD: balanced photodetector; DAQ:
data acquisition card.

In Figure 1, the local oscillator is denoted as EL and the scattered light is denoted as
ES, and according to Maxwell’s equations, we can derive the following:

EL = E0
jω0t (3)

Here, E0 represents the amplitude of the local oscillator, ω0 represents the angular
frequency of the local oscillator, and t represents the detection time.

Es = rE1e−αzej(ωst+2βz+ϕs) (4)

Here, r represents the Rayleigh scattering coefficient, E1 represents the incident light
amplitude, α represents the fiber attenuation coefficient, z represents the location of the
Rayleigh scattering point, ωs represents the angular frequency of the detection light, β rep-
resents the propagation constant of the propagating mode at the operating wavelength,
t represents the detection time, and ϕs represents the Rayleigh scattering phase shift.

The intensity of the light after the interference between the scattered light and the local
oscillator is denoted as I. The light output of the light source is linearly polarized; in the
case of considering that the scattered light is also ideally linearly polarized, the expression
for I can be obtained according to the interference principle:

I = E0
2 + r2E1

2e−2αz ± 2rE0E1e−αzγ cos θ cos(Δωt + ϕ) (5)

Here, the symbols represent the following parameters: γ denotes the spectral corre-
lation factor, θ represents the polarization angle, Δω signifies the angular frequency shift
introduced by the modulator (Δω = ωs − ω0), and ϕ represents the system phase shift
(ϕ = 2βz + ϕs, where 2βz corresponds to the transmission phase shift and ϕs represents the
Rayleigh scattering phase shift).

When a water pipe experiences a leak, it generates acoustic waves at a certain fre-
quency near the leakage point, which will introduce phase shift ηs when applied to the
sensing fiber. The schematic diagram of an optical pulse passing through external dis-
turbances is shown in Figure 2. Here, point A represents the position before the external
disturbance test point and point B represents the position after the test point. The phase of
the optical pulse at point A is denoted as η0. After encountering the external disturbance,
it acquires an additional phase shift ηs, resulting in a phase of η0 + βΔz + ηs at point B.
Upon the return of scattered light, it again encounters external disturbances, introducing
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an additional phase shift ηs, resulting in a phase of η0 + 2βΔz + 2ηs at point A. It should
be noted that Δz is the distance between points A and B. Leveraging this, demodulating
phase information enables the extraction of disturbance frequency information, facilitating
subsequent event type recognition using deep learning techniques.

Figure 2. Schematic diagram of the optical signal at the disturbance location.

3. Data Collection and Preprocessing

3.1. Experimental Setup

The schematic of the ϕ-OTDR system in this paper is illustrated in Figure 1. A narrow-
linewidth laser (UNFSRL-1550-20-PMF-FC/APC-M4, Tanguang Technology Co., Ltd.,
Wuhan, China) with a line width of 1 kHz emits continuous light, which is split into
two beams after passing through a coupler. Among these beams, the probing light is mod-
ulated by an acousto-optic modulator (G-1550-80-L-D-T-AA-G3-T-L, Tanguang Technology
Co., Ltd., Wuhan, China) to generate pulsed signals with a pulse width of 100 ns and
a repetition frequency of 10 kHz. Additionally, this modulation introduces an 80 MHz
frequency shift. The modulated probing light then enters the tested optical fiber (G657A1,
Guangzhou Pingtong Optical Cable Co., Ltd., Guangzhou, China) via an erbium-doped
fiber amplifier (PMEDFA-PA35-09-1-1-M1, Tanguang Technology Co., Ltd., Wuhan, China)
following amplification. The scattered signal from the probing light, further amplified by
the erbium-doped fiber amplifier, combines with the local oscillator light emitted by the
narrow-linewidth laser and enters the coupler. Subsequently, the signal is directed to a
balanced detector (MBD-350M-A, Tanguang Technology Co., Ltd., Wuhan, China) with
a bandwidth of 350 MHz. Finally, the received signal is sampled by a data acquisition
card (PCIE-6920-DAQ-250 MSps, Guangyi Intelligent Technology Co., Ltd, Guilin, China)
operating at a sampling rate of 250 MHz.

3.2. Sensing Characteristic

In our study, the accuracy of vibration signal restoration was validated using a Piezo-
electric Transducer (PZT) as the vibration source. Multiple sinusoidal signals with peak
voltages of 600 mV and frequencies of 100 Hz, 150 Hz, 200 Hz, and 250 Hz were applied
to the PZT. By utilizing a ϕ-OTDR system, the phase evolution chart of the demodulated
signal within a time window of 0.1 s was obtained. This approach successfully recon-
structed the original vibration signal. The corresponding power spectral density (PSD)
is displayed beneath the respective time domain chart in this paper. From Figure 3, it is
evident that the peak frequencies in the four sets of PSD charts align precisely with the
vibration signal frequencies, thereby confirming the accuracy of vibration signal restoration.
The signal-to-noise ratios for the datasets were 40.0 dB, 42.0 dB, 45.0 dB, and 51.9 dB.

A sinusoidal signal with a frequency of 100 Hz and a peak voltage from 100 mV to
600 mV in 100 mV increments was applied to the PZT, and the corresponding differential
phase response peak was recorded. The obtained voltage–phase response curve was linearly
fitted to obtain its fitting curve. To demonstrate the reproducibility of the experiment, the
above operations were repeated at 150 Hz, 200 Hz, and 250 Hz, and three new fitting
curves were obtained; these are summarized and displayed in Figure 4. The slopes of the
four curves were almost identical, being 4.56 rad/V, 4.56 rad/V, 4.52 rad/V, and 4.64 rad/V,
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and the correlation coefficients were 0.99913, 0.99896, 0.99927, and 0.99924, respectively.
This confirms the stability and reproducibility of the system’s demodulation.

Figure 3. Phase demodulation results of vibration signals at different frequencies: (a) 100 Hz;
(b) 150 Hz; (c) 200 Hz; (d) 250 Hz. Phase demodulation PSD plots of vibration signals at different
frequencies: (e) 100 Hz; (f) 150 Hz; (g) 200 Hz; (h) 250 Hz.

Figure 4. Phase response results at different voltages and frequencies.

3.3. Dataset Production

The data collection platform in this paper simulates a water pipeline leakage environ-
ment. The sensing fiber cable is tightly installed to the water pipeline using nylon ribbon,
and an opening is created on the water pipe to simulate a leak. To simulate long-distance
detection scenarios, the fiber length is 4 km, and the pulse width is set to 100 ns, corre-
sponding to a spatial resolution of 10 m. Figure 5a is the picture simulating the water
pipeline and Figure 5b is the picture of a leakage point, which is a fixed-size hole with a
diameter of about 5 mm that is located at the back of the water pipe with a distance of a
few centimeters from the sensing cable.

Data from operation both with and without leakage events in the water pipe were
collected on the aforementioned experimental platform. The data were then divided into
training and testing sets. The sample quantities for the two distinct event categories are
shown in Table 1, with each individual sample containing 10,240 data points. Figure 6
illustrates five sets of the original phase signals for the water pipe under both non-leakage
and leakage conditions. Notably, even during non-leakage periods, the water pipe exhibits
low-amplitude, low-frequency vibrations, which are caused by water flow impacting the
pipe walls and other environmental disturbances. In addition, since some leakage signals
are quite similar to the case of non-leakage, it is difficult to distinguish leakage events
through original phase signals.
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Figure 5. (a) Simulating water pipeline; (b) leakage point.

Table 1. Number of samples per category.

Dataset No Leakage Leakage

Training set 13,699 1951
Test set 1574 120

Figure 6. Phase signals of different events: (a–e) no leakage; (f–j) leakage.
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To extract as much effective information as possible from the collected data, original
phase data were converted into Mel spectrograms. Mel spectrograms are commonly used
in audio signal processing as feature representations. They decompose audio signals into
energy distributions across different frequencies, providing richer information. Specifically,
Mel spectrograms map linear spectra (typically obtained through Fast Fourier Transform)
onto the Mel scale, which better aligns with human auditory perception.

The data were sampled at a rate of 10 KHz, with an FFT window size of 1024 and
a frame shift size of 256 and Mel filter number of 40. Figure 7 provides five sets of Mel
spectrograms corresponding to both non-leakage and leakage conditions in the water pipe.

Figure 7. Mel spectrum diagrams of different events: (a–e) no leakage; (f–j) leakage.

4. Deep Learning Training

4.1. CNN with Mel Spectrograms as Input

When dealing with vibration audio signals, more complex feature representations are
often required. Simple one-dimensional data input may not suffice, leading to suboptimal
model performance. Therefore, as described in this section, Mel spectrograms were trans-
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formed from the one-dimensional phase data, then the Mel spectrograms that served as the
input for the CNN model.

After generating Mel spectrograms, original phase data were transferred into two-
dimensional images, where the horizontal axes represented time and the vertical axes
represented energy at different frequencies. This allowed us to input them into the CNN
model, capturing audio signal features more effectively. The model was built and trained
using TensorFlow 2.6 GPU and Python 3.8. When using Mel spectrograms as input data,
the corresponding model employs two-dimensional convolutional layers with a kernel size
of 3 × 3 and a pooling layer window size of 2 × 2. Other basic settings remain unchanged,
and the neural network architecture has been appropriately optimized, as illustrated in the
diagram shown in Figure 8:

Figure 8. Structure of the CNN model. Abbreviations—FC: fully connected layer; GAP: global
average pooling.

In the process of model training, we continued to utilize the Adam optimizer, with
batch size, learning rate, and training epoch values set at 32, 0.001, and 200. The corre-
sponding training curve is depicted in Figure 9a. Using the model, we identified the test
dataset and obtained a confusion matrix as shown in Figure 9b. The achieved accuracy
was 99.7%.

Figure 9. Training results of the CNN model: (a) training curves; (b) confusion matrix.

4.2. ResNet18 with Mel Spectrograms as Input

In traditional neural networks, increasing the depth of the network is a common
strategy to enhance recognition accuracy by extracting higher-level features from images.
However, when the network depth reaches a certain point, the issue of gradient vanishing
arises. Deep networks may perform worse than shallow ones due to this phenomenon. To
address this challenge, in 2015, He et al. proposed the ResNet18 neural network, which

69



Appl. Sci. 2024, 14, 3814

introduced residual blocks with shortcut connections to mitigate gradient vanishing. In
conventional deep neural networks, during backpropagation, gradients are multiplied layer
by layer with weight matrices, leading to gradual reduction and the eventual disappearance
of gradients. In the ResNet model, the shortcut connections directly transmit gradients
from the input to subsequent layers, effectively preventing gradient vanishing. A simple
residual block structure is illustrated in Figure 10, where input data xi is transformed via
weighted operations into f(x) and the final output xi+1 is obtained by adding x and f(x). The
specific model architecture is shown in Figure 11.

Figure 10. Residual block structure diagram.

Figure 11. Structure of the ResNet18 model.

Specifically, ResNet18 consists of multiple residual blocks, each containing two 3 × 3
convolutional layers and a skip connection that adds the original input to the output. These
skip connections facilitate the easier training of deep networks. The ResNet18 architecture
comprises eighteen layers, including sixteen convolutional layers and two fully connected
layers. Convolutional layers are organized into several residual blocks, each incorporating
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multiple convolutional layers, batch normalization, and ReLU activation. Compared to
deeper variants like ResNet50 and ResNet101, ResNet18 strikes a balance between training
speed and network depth, with lower complexity and computational resource requirements.
In our study, we constructed and trained the ResNet18 model using PyTorch-GPU 0.0.1 and
Python 3.8. We adjusted the output dimension of the fully connected layer to 2 for binary
classification. Input data consisted of Mel spectrograms derived from raw data. During
training, we employed the Adam optimizer with a learning rate of 0.01 and conducted
200 epochs. The corresponding training curve is depicted in Figure 12a. Using the model,
we identified the test dataset and obtained a confusion matrix as shown in Figure 12b. The
achieved accuracy was 99.5%.

Figure 12. Training results of the ResNet18 model: (a) training curves; (b) confusion matrix.

4.3. Multi-Leakage Point Detection

In order to validate and compare the two models described above, we further per-
formed experiments with multiple leak points. In this experiment, three leakage points
were set at about 2070 m, 2100 m, and 2150 m from the start of the fiber. The two leak
points at 2070 m and 2150 m were simulated by ball valves, and the maximum opening
diameter was 20 mm. The leak point at 2100 m was a fixed-size hole with a diameter of
about 5 mm. Then, using the phase-sensitive OTDR system described above to collect
the experimental data, a total of 100 groups of raw phase data were collected, and each
group contained 767 phase data, that is, corresponding to the phase data of all sampling
points on the entire FUT. Then, these 100 groups of data were input to the previously
trained CNN and ResNet18 models for prediction and to perform statistical analyses of the
prediction results, as shown in Figure 13a,b. Experimental results showed that Resnet18
could effectively locate the locations of three leakage points while CNN could only identify
leakage events at 2100 m, and the performance of the ResNet18 model at other non-leakage
points was also significantly better than that of the CNN model.

Figure 13. Multi-leakage points: predicted results of the (a) CNN model and (b) ResNet18 model.
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In summary, the CNN and ResNet18 models trained on Mel spectrograms, which con-
tain more informative features, demonstrated good validation accuracy in the classification.
However, although, in the previous training and testing phases, the CNN model and the
ResNet18 model had similar accuracy, in the multi-leakage point detection experiment, the
ResNet18 model performed better, which indicates that Resnet18 has better generalization
ability compared to the CNN model when processing new input data. ResNet18 is also the
most complex in terms of architecture, computational requirements, and training time.

5. Conclusions

In response to the issue of water pipeline leaks in long-distance transportation, we an-
alyzed, in this paper, the fundamental principles of the phase-sensitive optical time-domain
reflectometry system for locating and deciphering disturbance signals. Furthermore, the
ϕ-OTDR system was combined with a deep learning technique to enhance the detection
rate of leakage events. By utilizing Mel spectrograms as inputs to a convolutional neural
network (CNN) and ResNet18, recognition accuracies of 99.7% and 99.5% were achieved
on the validation dataset. In addition, in the multi-leakage point detection experiment,
the ResNet18 neural network had better generalization ability compared to the CNN
model and successfully located three pre-set leakage points. This has demonstrated that
it has good application prospects in the field of monitoring the leakage of long-distance
water pipelines.
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Abstract: We proposed a novel method for predicting the service life of optical cables based on the
Autoformer model combined with the calculation method. Leveraging historical weather data from
Guangzhou and employing specific cable length calculation techniques, our study comprehensively
considers factors impacting cable lifespan. Moreover, through comparative analysis with alternative
deep learning models and parameter assessments, our method validates the superiority and stability
of the Autoformer model in predicting cable lifespan, which can offer a more reliable approach for
ensuring cable technology reliability and the management of associated industries.

Keywords: fiber optic cable lifespan; prediction; deep learning models; Autoformer

1. Introduction

As optical communication networks continue to evolve and advance, fiber optic com-
munication has become the principal mode of transmission within modern communication
systems, assuming a pivotal role. Many communication lines that were laid early on are
now nearing or have reached their predetermined lifespan. Therefore, accurately pre-
dicting the service life of OPGW (optical ground wire) cables to facilitate their timely
replacement or extend the operation of aging lines is crucial for the sustained stability of
communication networks.

Numerous studies have probed into unraveling the longevity of these cables. Grun-
valds R conducted measurements on the polarization mode dispersion of OPGW to gauge
the infrastructure’s expected lifespan [1]. Burdin VA introduced an approach to forecast
the remaining lifespan of field-aged optical cables using test results obtained from samples
extracted from a cable line [2]. They also developed a model to estimate the service life
of optical cables within an operational cable line [3]. Lastly, they provided a formula to
calculate the remaining lifespan of optical fibers in cables based on actual fiber strength
estimations derived from selected cable samples on the production line [4]. Nizhgorodov
A O introduced a method to forecast the service life of optical fibers, providing simple
approximate formulas to determine the communication cable lines’ lifetime with a certain
reliability probability [5].

Although these methods lay the groundwork for predicting the lifespan of optical
cables, they also present noticeable deficiencies. They tend to concentrate on the impact
of solitary factors without adequately accounting for the array of complex scenarios and
environmental conditions that optical cables face in actual operation. Moreover, the experi-
mental conditions employed by these methods are typically idealized, leading to overly
optimistic projections that struggle to apply to real-world contexts. Consequently, lifespan
estimations for optical cables derived from these approaches often lack practical accuracy
and comprehensiveness.

To break through the limitations of conventional optical cable lifespan prediction
methods and enhance the accuracy and reliability of forecasts, it is particularly crucial to
explore new predictive technologies. Deep learning, a powerful class of machine learning
algorithms known for its ability to process large datasets, has shown promising results
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in various fields and is being actively explored for applications in optical cable lifespan
prediction, particularly for OPGW cables. For instance, Weixing Han and his team have
developed an innovative digital twin method for cable temperature prediction based on
RF-GPR (random forest–Gaussian process regression), which combines finite element
analysis with artificial intelligence techniques [6]. Furthermore, they have proposed a data-
driven cable insulation defect model based on a convolutional neural network approach
to address the problem that the electric field is not easily measured under the operating
condition of transmission cables with insulation defects [7]. Inspired by these approaches,
this paper introduces deep learning into the realm of optical cable lifespan prediction. Aut-
oformer, a novel sequence model, demonstrates proven success in fields including natural
language processing and image recognition. Adopting an approach that diverges from tra-
ditional sequence analysis, it combines time series decomposition with an auto-correlation
mechanism, allowing for a more accurate grasp of data trends and dependencies [8,9].
Considering its high compatibility with the characteristics of optical cable data, this study
applies the Autoformer model to the task of predicting the remaining service life of op-
tical cables. Optical cable data typically exhibit strong time-dependencies, reflecting the
gradual degradation process influenced by factors such as temperature, wind, and load.
The Autoformer model, combining time series decomposition with an auto-correlation
mechanism, is particularly well suited for capturing these long-range dependencies. The
model’s ability to effectively analyze temporal patterns and extract long-term correlations
makes it a promising approach for accurately predicting the remaining service life of optical
cables.

This paper examines how fiber length, stress, and specific loads under varied weather
conditions (e.g., temperature, lightning strikes, icing, wind vibrations) affect optical cable
lifespans. Using the Autoformer model, it forecasts trends in excess fiber length alterations,
confirming the model’s superiority over others through simulation validation. This method
not only offers a more accurate and reliable means of predicting cable lifespans but also
presents a new technical direction for the optical cable industry by leveraging deep learning
and time series analysis for lifespan prediction, moving away from traditional methods that
rely on limited factors and idealized conditions. This shift towards data-driven approaches
can provide vital support for ensuring the stability and reliability of communication
networks.

While this study focuses on the impact of temperature, wind, and residual length on
optical cable lifespan, other factors such as humidity, UV exposure, and installation quality
can also play a significant role. We acknowledge the importance of these additional factors
and plan to investigate their influence on cable lifespan in our future research.

2. Factors Impacting OPGW Lifespan

2.1. Environmental Impacts on OPGW Lifespan

The persistent operation of fiber optic cables post installation is contingent on various
factors, with temperature fluctuations emerging as a crucial determinant of the cable’s
longevity. Environments experiencing considerable temperature shifts can induce thermal
expansion and contraction within the cable, leading to cyclic stress and subsequent material
aging and degradation. Elevated temperatures accelerate material aging, thereby increasing
the risk of optical attenuation and signal loss, while lower temperatures render the cable
more brittle and prone to breakage. Prolonged temperature fluctuations may alter the
cable’s internal microstructures, potentially causing micro-cracks or damage, ultimately
compromising the cable’s performance and lifespan [10,11].

In addition to temperature, wind and ice loads surpassing the cable’s weight signifi-
cantly impact the longevity of OPGWs. Concurrently, the high-frequency, low-amplitude
vibrations induced by wind forces influence both the cable’s fatigue performance and the
transmission characteristics of the optical fibers. Furthermore, events like short circuits
and lightning currents can generate excessive heat, potentially exceeding the temperature
threshold of the optical fiber coating and causing material damage [12].
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2.2. Effect of Residual Length on OPGW Lifespan

Throughout the installation and operational phases, faults in optical fiber length
significantly impact the cable’s lifespan and can be categorized into three stages [13].
During the initial 1–3 years of deployment, wind-induced vibrations and thermal stresses
arising from temperature fluctuations can induce minor variations in the residual length
of OPGW. This effect tends to balance the residual fiber length, line pitch, and cable
characteristics. Hence, if during this phase, the OPGW cable experiences increased optical
fiber loss or experiences a sudden surge, it is likely attributed to insufficient fiber optic
residual length. Between 3 and 15 years of the cable’s lifespan, it undergoes expansion
due to the creep characteristics of aluminum-clad steel raw materials. This expansion
diminishes the available margin for the optical fiber, which remains relatively constant in
length compared to the cable’s growth. The decrease in the residual length of the optical
fiber results in increased optical fiber loss, particularly when the remaining length of the
optical fiber decreases significantly. At the end of the 15–25 year period, an inspection
will reveal that the fiber optic paste will gradually denature over time. This begins with
the formation of small particles, followed by evaporation, decomposition, drying and
solidification. Notably, significant denaturation usually starts around 18 years. The direct
interaction of the optical fiber with the optical fiber paste initiates a notable elevation
in its acid value, triggering an augmented precipitation of hydrogen. In addition, paste
oxidation affects the stability of the optical unit, reducing the fiber’s ability to adapt to
various stresses or strains, weakening the buffering effect, and ultimately shortening the
life of the cable.

2.3. Intrinsic Influences on OPGW Lifespan

The lifespan of a fiber optic cable is largely dependent on the integrity of its core
material, the fiber itself. Micro-cracks represent a critical factor influencing the overall
lifespan of these fibers. These tiny fissures, stemming from manufacturing imperfections or
extended exposure to environmental elements over prolonged use, possess the potential to
gradually expand. As these fissures grow, they compromise the mechanical robustness of
the optical fiber, eventually leading to its structural failure. Furthermore, sustained stress
due to various adverse conditions also contributes to the gradual deterioration of optical
fiber cable lifespan.

3. Related Work

3.1. Definition

This study is dedicated to predicting the remaining service life of optical cables. During
operation, optical cables are subject to various weather-related factors, including strong
winds, high temperatures, low temperatures, and cumulative impacts, all of which can
cause the cables to expand or contract. These environmental changes consequently affect the
residual length of the internal fibers and thereby the lifespan of the cables. It forecasts future
cable length trends based on historical changes and associated characteristics, considering
the key factors influencing cable life. When the cable length reaches a critical threshold,
it is determined that the cable has reached the end of its service life. The prediction of
optical cable lifespan can be seen as a form of time series forecasting. This involves using a
historical data series containing C features, Xh =

{
Xt

1, · · · , Xt
C
}T

t=1, along with a known

future data series following T timesteps, X f =
{

Xt
1, · · · , Xt

C−1
}T+L

t=T+1, to predict the cable
length for the upcoming L timesteps, represented as Y = {yT , · · · , yT+L}. The calculation
formula is shown in Equation (1), where F() represents the fitted model, and θ denotes the
model’s learnable parameters, which are optimized during the training process to minimize
the prediction error.

Y = F
(

Xh, X f , θ
)

, (1)
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3.2. Optical Cable Length Calculation Method

Throughout the service life of optical cables, changes in environmental temperature
and varying loads prompt stress, deformation, and fluctuations in cable length [14,15]. This
situation arises from two principal causes:

1. Temperature-Induced Length Alterations: Changes in ambient temperature prompt
thermal expansion or contraction in the optical cable materials, thereby inducing
fluctuations in their length.

2. Load-Related Deformation: Variations in stress or load can lead to deformation in
the optical cable. While the optical fibers themselves primarily exhibit elastic behav-
ior, other components may experience different types of deformation, consequently
leading to corresponding alterations in length.

Assuming the optical cable transitions from state m (temperature tm, loading gm,
and stress σm) to state n (temperature tn, loading gn, and stress σn), the length changes
due to thermal variations and stress variations can be expressed by Equations (2) and (3),
respectively, where α and E represent the thermal expansion coefficient and elastic modulus
of the optical cable sheath, respectively.

Lt = [1 + α(tn − tm)]Lm, (2)

Ln =

[
1 +

1
E
(σn − σm)

]
Lt, (3)

Substituting (2) into (3) yields the following:

Ln = Lm[1 + α(tn − tm)]

[
1 +

1
E
(σn − σm)

]
, (4)

Further expanding (4) results in the term
[

α
E (tn − tn)(σn − σm)

]
, which due to its

minute magnitude, can be disregarded within an acceptable margin of error, simplifying (4)
to

Ln = Lm

[
1 + α(tn − tm) +

1
E
(σn − σm)

]
, (5)

It is important to note that this calculation simplifies the thermal expansion of the
optical cable by using a single value (α) for the thermal expansion coefficient. In reality,
different components of the cable, such as the optical fibers, buffer tubes, and sheath,
may have different thermal expansion coefficients. However, for the scope of this study,
we simplified this aspect by using the thermal expansion coefficient of the sheath as a
representative value. This simplification is common in preliminary cable length change
calculations as the sheath’s properties often dominate the overall thermal behavior. Future
work could explore incorporating the individual thermal expansion coefficients of different
cable components for a more precise calculation.

3.3. Optical Cable Stress Calculation Method

The term “optical cable stress” typically refers to external forces acting upon a ca-
ble, primarily originating from its installation and operating environment, significantly
impacting its performance and lifespan.

In accordance with the cable length formula, the correlation between cable length and
stress under specific meteorological conditions is articulated as follows:

L = l +
g2l3

24σ2
0

, (6)
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Consequently, under meteorological conditions m and n, the optical cable lengths are
expressed as follows: ⎧⎨

⎩
Lm = l + g2

ml3

24σ2
m

Ln = l + g2
nl3

24σ2
n

, (7)

Substituting (7) into (5) results in the following equation:

l +
g2

nl3

24σ2
n
= l +

g2
ml3

24σ2
m
+

[
α(tn − tm) +

1
E
(σn − σm)

](
l +

g2
ml3

24σ2
m

)
, (8)

Given that the term g2
ml3/24σ2

m is negligible compared to other terms in the equation,
it can be omitted. Through multiplying both sides of the equation by l/E , (8) is simplified to

σn − E g2
nl2

24σ2
n

= σm − E g2
ml2

24σ2
m

− α · E(tn − tm), (9)

Equation (9) demonstrates that given stress σm under meteorological conditions m
(specifically temperature tm and load gm), the stress σn under meteorological conditions n
(specifically temperature tn and load gn) can be ascertained.

3.4. Calculation Method for Optical Cable Load Ratio

Cable load indicates the weight borne by the cable per unit length, holding immense
significance in cable design and maintenance. Before considering external loads, it is crucial
to account for the cable’s self-weight as it contributes to the overall stress on the cable [16].
The formula to calculate the self-weight load ratio g1 is

g1 = (G1/S)× 10−3, (10)

where g1 represents the cable’s self-weight load, G1 is the cable’s self-weight, and S denotes
the cable’s cross-sectional area. The factor 10−3 is used to convert the units of self-weight
(typically in kg/m) into a consistent unit (e.g., N/mm2 ) for load ratio calculation.

This calculation necessitates a meticulous consideration of factors such as lightning
strikes, wind force, and temperature [16]. The detailed steps for the cable load calculation
are as follows:

1. Lightning Strike Assessment: During a lightning strike, determining whether the
current surpasses the cable’s capacity is crucial. Exceeding this limit leads to imme-
diate cable interruption and retirement. If the current remains below the maximum
carrying capacity, the optical cable will not experience direct interruption, yet it will
still be subject to the aforementioned self-weight load and other external loads.

2. Wind Force Influence Calculation: When wind affects the optical cable, the calculation
of the combined impact of the self-weight ratio and wind pressure ratio becomes
essential. Specifically, the formula for wind pressure ratio is

g2 = 0.6125aCv2 × 10−3/S, (11)

where g2 denotes the cable’s wind pressure load, a represents the turbulence intensity of
wind speed, C is the aerodynamic coefficient, d signifies the cable diameter, v stands for
wind speed, and S signifies the cable’s cross-sectional area. The factor 10−3 is used for unit
conversion, similar to Equation (10).

The total cable load (gall) can be determined by inserting the self-weight load (g1) and
wind pressure load (g2) into the formula:

gall =
√

g2
1 + g2

2, (12)
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3.5. Historical Data Collection and Processing

The experimental data utilized in this article are extracted from a weather dataset
originating from Guangzhou, China, encompassing 13 years of meteorological records
from January 2011 to December 2023. This dataset encapsulates key indicators such as daily
maximum, minimum, and average temperatures, as well as wind speed. To correlate this
meteorological data with corresponding historical cable lengths, the study applied a cable
length calculation formula to the weather dataset, thereby deriving the relevant optical
cable lengths. As a result, the resultant dataset unites cable length metrics with temporal
and meteorological details, provides a comprehensive dataset for the task of predicting the
lifespan of optical cables.

Furthermore, to ensure the integrity of this multifaceted dataset for lifespan pre-
diction, it is imperative to address the issue of data quality. During the data collection
and storage phase, errors may occur, resulting in missing or anomalous historical data.
Such inaccuracies can severely impact subsequent model training if not appropriately
addressed. Therefore, preprocessing to correct these missing and outlier data points is a
crucial prerequisite for the model training. To tackle this issue, this study employs the La-
grange interpolation method for estimating and substituting anomalous values, as shown
in Equation (13), where yi represents the dependent variables at each sample point and
li(x) denotes the Lagrange basic polynomial.

Ln(x) =
n

∑
i=0

yili(x) (13)

The calculation formula for li(x) is represented as

li(x) =
n

∏
j=0,j �=i

x − xj

xi − xj
, (14)

Moreover, discrepancies in the scales and ranges of numerical variables represent a
prevalent challenge when managing datasets. If these raw data are not properly processed,
the performance of the model could be negatively impacted, particularly when starting
with low initial parameter values. Under such circumstances, variables with larger values
may become dominant, overshadowing the effects of variables with smaller values and
affecting the model’s training efficiency during the parameter update phase. To alleviate the
detrimental effects of scale and range variations on the training pace and model precision,
normalizing certain features in the dataset is necessary. The min–max normalization
method is applied to rescale the data to a range between 0 and 1. The formula for this
transformation is

x̂ =
x − xmin

xmax − xmin
, (15)

where x̂ represents the normalized data value, x represents the original data value, xmin
represents the minimum value of the data feature, and xmax represents the maximum value
of the data feature.

4. Autoformer-Based Optical Cable Life Prediction Model

4.1. Architecture of Autoformer

Autoformer is an innovative sequence modeling framework that breaks the paradigms
of traditional sequence models. This model merges conventional sequence decomposition
methods with novel auto-correlation mechanisms to more accurately capture the trends
and dependencies within sequential data. Unlike traditional approaches, Autoformer is
not limited to merely decomposing sequences into sub-sequences but instead incorporates
the decomposition process into the model’s network structure, enabling a more flexible
handling of future sequence predictions. Furthermore, Autoformer leverages the trans-
former’s self-attention mechanism, capturing the complex relationships between sequences
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through point-to-point similarities, which enhances the model’s efficiency and precision
during learning. In time series data analysis, sub-sequences at the same position across
different periods may exhibit similar trends. The auto-correlation mechanism introduced
by Autoformer further strengthens the model’s ability to capture the characteristics of
sequential data, thereby improving the accuracy and stability of predictions.

The structure of the Autoformer model is illustrated in Figure 1. It primarily consists
of three modules: the auto-correlation mechanism, the series decomposition module, and
the feed forward network layer [8].

 

Figure 1. Autoformer architecture. The encoder eliminates the long-term trend–cyclical part by series
decomposition blocks and focuses on seasonal patterns modeling. The decoder accumulates the trend
part extracted from hidden variables progressively. The past seasonal information from encoder is
utilized by the encoder–decoder auto-correlation.

The encoder primarily focuses on the periodic elements, using the preceding I time
steps to compose the input time series. Governed by autocorrelation mechanisms, the
encoder performs an initial sequence decomposition, dividing the original input time series
into trend and periodic elements sent to the decoder. As a result, the decoder’s input
consists of both trend and periodic elements, signifying long-term trends and periodicity.
The specific calculation formula is outlined as follows:

xt = AvgPool(Padding(x)), (16)

where x denotes the input time series, and x undergoes a sliding average operation (Avg-
Pool) to derive the trend component xt [17]. The AvgPool operation utilizes a sliding
window of 60 days, meaning each data point in xt represents the trend value, calculated
from the preceding 60 days of the input time series x. Additionally, the Padding operation
preserves the sequence length [18].

xs = x − xt, (17)

where xs represents the periodic component, obtained by subtracting the trend component
derived from (16) from the original input time series.

The decoder, fed with seasonal and trend components, engages in a layer-by-layer
sequence dissection governed by the autocorrelation mechanism. Moreover, each decoding
layer manipulates complete time series data, not discrete points, ensuring step-by-step
predictions to enhance forecast reliability and accuracy.

The decoder operates through two key components: firstly, it iteratively extracts trend-
related information by synthesizing inputs from the encoder’s trend output. Then, for
processing the encoder’s seasonal output, it applies a stacked autocorrelation mechanism
to detect patterns and integrate related sub-processes. This sequence aims to progressively
refine the model’s ability to predict by understanding and leveraging the temporal structure
inherent within the data. Considering a decoder with N encoding layers, let us take the
first decoding layer as an example to illustrate its operation. Given that the decoding
layer manages operations entailing both the input time series and output derived from
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the encoding layer, the depiction of the initial decoding layer is articulated by xl
d =

Decoder
(

xl−1
de , xN

en

)
. “Decoder” represents the decoding operations, inclusive of

sl,1
de , τl,1

de = SD
(

AC
(

xl−1
de

)
+ xl−1

de

)
, (18)

where AC embodies the auto-correlation mechanism processing; SD represents sequence
decomposition; xl−1

de stands for the input time series of the initial decoding layer; and Sl,1
d ,

τl,1
d reflects the extracted trend information within the decoding layer.

Autoformer capitalizes on a sequence-based periodic autocorrelation mechanism. This
method entails convolutions implemented in local regions at diverse positions within
the input vector. It selects data within a specified time delay to acquire similar subpro-
cesses, thereby achieving the autocorrelation of discrete-time processes. The formula for
computing autocorrelation coefficients is delineated as

Rxx(τ) = lim
L→∞

1
L

L−1

∑
t=1

xtxt−τ , (19)

where Rxx(τ) represents the autocorrelation coefficient, measuring the similarity between
xt and its lagged value xt−τ at time t, and L denotes the length of the time series. This
formula gauges the similarity between the time series post shifting and the initial time
series, where a substantial resemblance suggests potential periodic patterns within those
shifts. Autoformer optimizes its computation efficiency by utilizing fast Fourier transform
for computing autocorrelation coefficients [19]. The procedure is elucidated as

Sxx( f ) = F(xt)F∗(xt) =
∫ +∞

−∞
xt

−2πt f idt

√∫ +∞

−∞
xt−2πt f it, (20)

where xt signifies the original input time series, F represents the Fourier transform and F∗
stands for the conjugate operation. The symbol f denotes frequency, multiplied by 2π to
yield angular frequency. F and F∗ integrate with the trend component outcomes, enabling
the transformation of time series data into the frequency domain denoted by Sxx.

Rxx(τ) = F−1(Sxx( f ))
∫ −∞

−∞
Sxx( f )e2πτi f , (21)

where F−1 symbolizes the inverse Fourier transform. Applying the inverse Fourier trans-
form once to the result obtained from (20) yields autocorrelation coefficients, simplifying
the autocorrelation solving complexity to O(LlogL).

4.2. Prediction Process Based on the Autoformer Model

This paper employs the Autoformer model for predicting the lifespan of optical
cables. The proposed forecasting approach is primarily divided into two segments: data
preprocessing and model construction, with the specific workflow illustrated in Figure 2.

 
Figure 2. Prediction process.
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1. Data Preprocessing: This study utilizes measured meteorological data from January
2011 to December 2023 in Guangzhou, including daily maximum and minimum
temperatures and wind speed. Subsequently, leveraging the daily average temper-
ature and wind speed, the corresponding optical cable lengths are calculated using
a dedicated formula. For anomalous values, the Lagrange interpolation method is
employed for estimation and imputation.

2. Model Construction: The model is constructed following the architectural schematic
of Autoformer, with input comprising the processed data and labels representing
the residual lifespan at that time step. The output is a time series for the remaining
lifespan prediction.

3. Model Training and Testing: The model is trained on the training dataset and then
evaluated on a separate test dataset.

5. Analysis of Cable Life Prediction Model Based on Autoformer

5.1. Comparison of Cable Life Prediction Model Results

Predicting the lifespan of fiber optic cables demands a rigorous model assessment.
This paper utilizes root mean square error (RMSE), mean absolute error (MAE), and mean
square error (MSE) as pivotal metrics to gauge the accuracy of predictive models against
actual values.

In this paper, the optical cable information dataset was divided into training, vali-
dation, and test sets in a 4:1:1 ratio to ensure comprehensive coverage across different
data distributions for model training, validation, and evaluation. During the experimental
process, the model was configured to utilize a time window of 60 days as input, employing
data from the past 60 days as input to capture the historical change trends in cable length.
The encoder and decoder layers were set to two and one layers, respectively, balancing
model complexity with the effective learning of data features and dependencies. The
d_model was set to 4, correlating with the count of autocorrelation coefficients, to capture
the temporal relationships in sequence data while ensuring computational efficiency. The
learning rate was set to 0.0001, with 15 training epochs and a batch size of 16, to ensure
stable model convergence during training and minimizing the occurrence of overfitting. To
ensure the fairness and validity of the experiment, the configurations for the comparison
models were kept identical to those of the proposed model. The comparative analysis
results, as depicted in Table 1, reveal that the model proposed in this paper outperforms the
comparative models across three evaluative metrics. Compared to the Bi-LSTM + Attention
model, the Autoformer model achieved reductions in the RMSE, MAE, and MSE metrics
by 35.46%, 49.63%, and 58.34% respectively.

Table 1. Performance metrics for different models.

Model RMSE MAE MSE

LSTM 1.3184 1.0828 1.7383
Bi-LSTM 1.2361 0.9582 1.5278

Bi-LSTM + Attention 0.9131 0.7321 0.8338
Autoformer 0.5893 0.3687 0.3473

Figure 3 illustrates a comparison of forecast results for changes in optical cable lengths
in 2023 within the test set between the Autoformer model and comparison models. As can
be observed in Figure 3, each model is proficient in accurately predicting future information,
with a minor deviation from the actual data. This indicates that the models are proficient in
mining time series sequences, effectively and precisely forecasting future trends in cable
length variations. Notably, the Autoformer model proposed in this paper achieves a better
fit in its predictions compared to actual values, displaying heightened predictive accuracy.
Furthermore, the Autoformer model’s smooth and coherent prediction line overall suggests
its stability and consistency in analyzing and projecting optical cable lifespan, particularly
manifesting this trend when the data span a broader time range.
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Figure 3. Comparison of predicted optical cable length changes in 2023: LSTM, Bi-LSTM, Bi-LSTM
+ Attention, and Autoformer Models. Actual values are shown in gray. The Autoformer model’s
predictions are shown in red. Green, orange, and blue lines represent the predictions of the LSTM,
Bi-LSTM, and Bi-LSTM + Attention models, respectively.

It is important to note that the chosen values for the time window length and d_model
are based on our understanding of the problem and the experimental results presented in
this study. These values may not be optimal for all scenarios, and further investigation and
fine-tuning may be required for specific applications.

5.2. The Impact of Iteration Count on the Performance of the Autoformer Model

The iteration count reflects the decrease in the loss function of deep learning mod-
els and their convergence status. Utilizing MSE as the loss function, as demonstrated
in Figure 4, the predictive performance of the Autoformer model markedly improves,
with an increase in iteration count during parameter adjustment experiments. When the
iteration count reaches 4, the model has already converged optimally. However, further
training beyond this point not only fails to enhance the model’s predictive accuracy but
also significantly diminishes it. This phenomenon suggests that the model might be over-
fitting the training data, losing its ability to generalize to new data. This attests to the
Autoformer model’s robust parallel computing capacity in feature extraction, facilitating
faster convergence. Considering the training time and computational costs, this study sets
the iteration count for the model at 4.

Figure 4. Variation in loss with iteration count.
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5.3. The Impact of Learning Rate on the Performance of the Autoformer Model

The learning rate is a crucial factor in deep learning, directly impacting the conver-
gence and speed of the optimization process. A learning rate that is too small can result
in a slow convergence process, thereby extending the training time. Conversely, an exces-
sively large learning rate may hinder convergence. As depicted in Table 2, the predictive
efficacy of the Autoformer model, as measured by MSE, exhibits a non-linear relationship
with the learning rate: while decreasing the learning rate initially improves model perfor-
mance by allowing for more precise convergence, learning rates below 2.5 × 10−5 lead to
prolonged training times and ultimately overfitting, as evidenced by the increasing MSE
observed on the validation set when the learning rate falls below 2.5 × 10−5. Therefore,
this study adopts the optimal learning rate of 2.5 × 10−5, which balances model accuracy
and training efficiency.

Table 2. Evaluation metrics for different learning rates.

Learning Rate RMSE MAE MSE

1 × 10−3 0.6091 0.3711 0.3535
5 × 10−5 0.6088 0.3707 0.3496

2.5 × 10−5 0.5893 0.3687 0.3473
1.25 × 10−5 0.6141 0.3771 0.3609
6.25 × 10−6 0.6186 0.3827 0.3591

3.125 × 10−6 0.6121 0.3746 0.3601

5.4. The Impact of Time Window Length on the Performance of the Autoformer Model

The time window length is a crucial parameter that can significantly affect the perfor-
mance of time series forecasting models. To delve into the effect of the time window on
model efficacy, this experiment employed models trained over various window lengths for
comparative analysis.

Figure 5 illustrates the impact of time window length on the Autoformer model’s
performance, as measured by RMSE, MAE, and MSE. Initially, increasing the time window
length leads to improved performance, reaching an optimal point at a length of 60 days.
However, further extending the time window results in performance degradation. This
phenomenon can be attributed to two primary factors. Firstly, a wider time window
may cause the model to overemphasize earlier data points, potentially neglecting the
significance of more recent information. Secondly, larger time windows require processing
a greater volume of data, which can increase the risk of overfitting. This is evidenced by
the rising validation error observed with longer time windows, indicating a reduced ability
to generalize to unseen data. Therefore, selecting an appropriate time window length is
crucial for balancing model complexity and generalization capability.

Figure 5. Impact of time window lengths on Autoformer model performance.
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Figure 6 presents the results of a similar experiment conducted with the Bi-LSTM +
Attention model. As with the Autoformer model, when the input window is set to 60, the
model achieves peak performance. However, deviating from this value leads to a decline in
predictive accuracy, suggesting limitations in the model’s ability to capture long-sequence
temporal features.

Figure 6. Impact of time window length on Bi-LSTM + Attention model performance.

A comparison of the results depicted in Figures 5 and 6 reveals that the Autoformer
model demonstrates greater robustness to variations in time window length compared to
the Bi-LSTM + Attention model. Both models exhibit performance degradation with time
windows exceeding 90 days, but the decline in RMSE is significantly more pronounced for
the Bi-LSTM + Attention model. This suggests that the Autoformer model is more adept at
capturing long-range dependencies within time series data, a capability not as pronounced
in the Bi-LSTM + Attention model. These findings provide further evidence supporting the
suitability of the Autoformer model for optical cable lifespan prediction tasks.

6. Conclusions

Based on the results of our numerical experiments, this paper introduces a novel
approach for predicting the remaining lifespan of optical cables utilizing the Autoformer
model. The proposed model leverages deep learning and computational methodologies,
utilizing temperature fluctuations, wind loads, and the cable’s residual length to predict
the cable’s lifespan. Experimental results demonstrate that the Autoformer model outper-
forms other deep learning models, indicating its potential for accurate and reliable lifespan
prediction. This research contributes a more effective method to the field of optical cable
lifespan prediction, providing network operators and communication services with more
accurate residual life predictions. This facilitates timely maintenance scheduling, reduces
potential network failure risks, and ensures service continuity and stability. Furthermore,
this work also offers enterprises more precise predictions of a cable’s remaining life, aid-
ing in planning equipment maintenance and production scheduling, thereby enhancing
production efficiency and equipment utilization. These contributions are significant not
only in the academic sphere but also have a profound impact on industrial practices and
commercial applications.
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Abstract: This work demonstrates the use of an erbium-doped fiber amplifier (EDFA), a tunable
bandpass filter (TBF), and a tunable delay line interferometer (TDLI) to form a ring laser that
produces multi-format, multi-wavelength laser beams. The TDLI serves as the core of the proposed
laser generation system. TDLI harnesses the weak Fabry–Pérot (FP) interferences generated by its
built-in 50/50 beamsplitter (BS) with unalterable filtering characteristics and the interferences with
free spectral range (FSR) adjustable from each of its two outputs with nearly complementary phases
to superpose and generate a variable interference standing wave. The interferometric standing wave
and weak FP interferences are used to form a spatial-hole burning to promote the excitation of
multi-format and multi-wavelength lasers. The proposed system enables dual-wavelength spacing
ranging from 0.3 nm to 3.35 nm, with a switchable wavelength position at approximately 1527 nm to
1535 nm, providing flexible tunability.

Keywords: multi-wavelength lasers; erbium-doped fiber amplifier; fiber ring laser; tunable delay
line interferometer; spatial hole-burning; Fabry–Pérot interference

1. Introduction

Fiber optic lasers represent a significant advancement in laser technology, offering a
multitude of benefits when compared to traditional lasers. These advantages include notably
increased efficiency, enabling faster data transmission speeds, and enhanced precision [1–5].
Moreover, fiber optic lasers possess the unique capability of transmitting data over consider-
ably longer distances without experiencing any degradation in the signal quality. Their excep-
tional reliability and durability make them particularly well suited for diverse applications in
telecommunications [6–10], sensing [11–13], medical procedures [14–16], manufacturing [1],
and research [16], where consistent and robust performance is essential. Continuous-wave
(CW) lasers and pulsed-wave lasers are two primary operating types. CW lasers emit a
continuous, unmodulated beam of light and are used in activities such as light pumping,
laser cooling, and continuous-wave spectroscopy [17–19]. On the other hand, pulsed lasers
emit light in the form of pulses; the duration and repetition rate of the pulses can vary
widely from nanoseconds to femtoseconds, and they are utilized in diverse applications,
such as material processing, medical procedures, and other specialized uses [20]. Fiber
optic lasers can be further subdivided into several categories, including mode-locked lasers,
single longitudinal mode lasers, swept lasers, and multi-wavelength lasers, each with
unique characteristics and applications. Mode-locked lasers produce very short pulses in
the picosecond or femtosecond range by locking the phases of modes. They are useful for
fast and accurate tasks such as time-resolved spectroscopy, medical imaging, and high-
precision material processing [21–24]. Single longitudinal mode lasers emit light at a single
frequency with narrow linewidth, high coherence, and stability, making them suitable for
high-resolution spectroscopy, interferometry, and coherent communication systems [25,26].
Swept lasers (tunable lasers) can rapidly change their emitted wavelengths over a wide
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range, making them highly adaptable for various applications in fields such as spectroscopy,
optical coherence tomography, and telecommunications [27,28]. Multi-wavelength lasers
can emit multiple wavelengths of light, either simultaneously or sequentially, finding appli-
cations in areas such as wavelength-division multiplexing (WDM) in telecommunications,
optical spectroscopy, and medical diagnostics [29].

The gain medium housed within the fiber laser’s resonance cavity is essential for
amplifying light and generating laser output through population inversion and stimu-
lated emission. Commonly used gain mediums include erbium-doped fiber amplifiers
(EDFAs) [8], semiconductor optical amplifiers (SOAs) [30], reflective semiconductor optical
amplifiers (RSOAs) [31], Raman amplifiers [32], and fiber optic Brillouin amplifiers [33].
EDFAs use erbium-ion-doped optical fiber to provide a high gain of up to 20–30 dB with a
low noise factor. They are suitable for long-distance communication, with a main amplifi-
cation area aimed at the C-band (1530–1565 nm) and L-band (1565–1625 nm). SOAs use a
semiconductor as the gain medium and can amplify a wide range of wavelengths. Still,
they have a high noise figure, are sensitive to polarization, and may introduce nonlinear
effects. RSOAs are similar to SOAs but have a reflective end, making them suitable for bidi-
rectional communication and remote amplification. Raman amplifiers enhance light signals
using the Raman scattering effect and can be used with various types of optical fibers and
wavelengths, making them suitable for WDM (wavelength-division multiplexing) systems.
Raman amplification can be distributed along the fiber to reduce noise and enhance signal
quality over long distances. However, it is important to note that Raman amplifiers can be
costly, structurally complex, and may introduce non-linear effects. Brillouin amplifiers are
capable of providing gain levels of up to 30–40 dB at pump powers typically below 100 mW.
However, they are only suitable for applications requiring narrow frequency amplification,
are sensitive to temperature, and are complex to implement.

In recent years, there has been significant research into multi-wavelength laser devices
that are constructed using the optical fiber ring architecture as the resonant cavity [34–60].
These devices have garnered considerable interest due to their more complex production
techniques compared to single-wavelength lasers. They offer a wide range of practical
applications, including optical communications, optical fiber sensing, optical signal process-
ing, microwave photonics, high-resolution spectroscopy, wavelength-division multiplexing,
time-division multiplexing, and mode division multiplexing systems [29,34]. One of the
most preferred options for these devices is the use of erbium-doped fiber (EDF) as the gain
medium, primarily because of its high gain and low noise properties [35–60]. Utilizing
EDFAs with high pump conversion efficiency presents a challenge since an increase in
temperature results in the deterioration of the homogeneous broadening effect [61]. This,
in turn, leads to intense competition between different modes and makes it difficult to
generate stable multi-wavelength lasers at room temperature. Researchers have made
efforts to address this issue by cooling the EDFA using liquid nitrogen [62,63], and vari-
ous alternatives have been explored, including the implementation of fiber Bragg grating
systems [35–37], polarization hole burning [38], and interferometer filters [39–60]. Among
these options, fiber ring architecture with the interferometer filter is particularly favored
for shaping multi-wavelength lasers because of its ability to easily produce different num-
bers of wavelengths, as well as its adjustable wavelength spacing and positions. In the
pursuit of improved multi-wavelength laser performance, it has been found that a single
interferometer filter may not fully meet the requirements. This limitation arises from
the potential for reduced effectiveness in suppressing mode competition due to the large
FSR of the interferometric spectrum. As a solution, researchers have proposed the use
of cascaded interferometer-based filter architectures [46–63]. This approach involves the
superposition of two interferometric spectra, which can lead to the compression of the FSR
or the creation of a vernier effect. These effects are beneficial, as they can more effectively
suppress mode competition or mode hopping, enabling the generation of more wavelength
outputs, narrower laser line width, or facilitating the conversion of wavelength spacing
and position. However, the issues with the architecture of a single interferometer filter
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or a cascaded interferometer filter stem from irregularities in the wavelength distribu-
tion positions of constructive and destructive interferences. These irregularities can occur
within the interferometric spectrum itself or when superimposing two interferometric
spectra. As a result, inconsistencies in the spacings between multi-wavelength lasers or
in the spacings between wavelength tuning positions can arise. Additionally, there are
instances where the FSR of the interference is restrictively tuned or is non-tunable, leading
to irregular spacing changes between multi-wavelength lasers or non-tunable spacing
between wavelength-tuning positions.

This study aims to demonstrate a novel multi-wavelength laser system using EDFA
within a fiber ring architecture. The objectives include enhancing the stability and tunability
of laser wavelengths through the integration of a TDLI and a TBF, thereby addressing the
challenges posed by homogeneous broadening in EDFA. The TDLI can offer two phase-
complementary interferences, a strong extinction ratio, and high tunability in terms of
the interference’s FSR [64]. Two power-different complementary interferences can form a
switchable standing wave interference by tuning FSR. This leads to a spatial hole-burning
effect, causing the laser to be excited at the half-upper-waist of the lobe in the interferometric
pattern. Moreover, the built-in BS of TDLI creates weak FP interferences, thus shaping a
deeper layer of filtering to deepen the spatial hole-burning effect. Hence, by changing the
FSR of the TDLI to create various interference superposition effects, it is feasible to generate
multi-format, multi-wavelength lasers with switchable wavelength positions and spacings.

2. Experimental Setup and Procedures

The diagram in Figure 1 illustrates the setup of an erbium-doped fiber ring laser based
on a TDLI filter (Kylia WT-MINT, Kylia, Paris, France) as the main protagonist. The beam
is first emitted from the EDFA (EDPA-NE6000) and through the fiber connector at port 1,
and then it enters the TDLI, where it travels along an interference path with a delay line
route. After the beam passes through the TDLI, it is routed from the fiber connector at port
3 through the circulator to the TBF (BVF-200CL) to filter out the unwanted wavelengths.
After passing through the TBF in the initial beam path, half of the energy of the light will
enter the optical spectral analyzer (OSA-Anritsu MS9740A, Anritsu, Atsugi, Japan) through
the 3dB coupler, and the other half of the energy of the light will re-enter the TDLI through
the circulator and the fiber optic connector of port 3. On the other hand, this time, the
interferometric path is traveled without a delay line path, and its phase is 180 degrees
different from that of the interferometric path with a delay line path. The superposition of
these two interferences passes through the fiber connector of port 2, and an isolator that
prevents the output light at the input of the EDFA from interfering with the stability of the
system is finally amplified by the EDFA.

Figure 1. An experimental framework involves a multi-wavelength erbium-doped fiber ring laser
with a delayed line interferometer (internal structure enlargement) as the primary component. (TDLI:
tunable delay line interferometer; EDFA: erbium-doped fiber amplifier; TBF: tunable bandpass filter;
OSA: optical spectral analyzer).
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The internal TDLI consists of two plate beam splitters, a triangular prism with a
displaceable micrometer scale, and a mirror. The incident light enters port 1 and is reflected
from the mirror, which is placed at an angle of 45 degrees, to a BS, which is also placed
at an angle of 45 degrees. Half of the light is diverged from the BS to the forward-placed
triangular prism and reflected to another BS placed at a reverse 45-degree angle; the other
half of the light is diverged directly from the BS to the BS placed at a reverse 45-degree
angle. The two beams of light converge together again due to the difference in optical
paths, resulting in interference. This is interference with a delayed path. If the incident
light enters from port 2, it does not go through the path between the mirror and the BS,
which is interference without a delayed path. The distance between the mirror and the
BS is intentionally designed so that the two main output interferences of the TDLI are
phase-complementary and can be utilized simultaneously.

It is worth mentioning that when the beam passes through the BS inside the TDLI,
multiple FP interferences will occur due to the reflection inside the BS [65,66], which forms
some irregular interfering pattern embedded in the main interfering pattern at the output
of the TDLI, and the spectrum is shown in Figure 2a. Since the reflected light inside
the BS is relatively weak, the energy of the main interference needs to be weakened to
observe the spectrum. The interferometric pattern of different FSRs shown in Figure 2a is
observed from the incident light of EDFA entering the TDLI at port 1 and then reflected
from the fiber connector at port 3 to the fiber connector at port 2 for OSA observation. It
can be seen that the wavelengths of the peaks and troughs of the interference spectrum
caused by the internal reflections of the BS are fixed regardless of the FSR of the main
interference, although the powers of the peaks and troughs are modulated by the peaks
and troughs of the main interference and have a difference in power. The yellow and
blue lines in Figure 2b show the main interference spectra generated by the port 3 to
port 2 and port 3 to port 1 paths of the TDLI, respectively. It can be seen that the intrinsic
interference spectrum generated by the BS is no longer visible because its lower power
has been overshadowed by the main interference with higher power. Nevertheless, the
intrinsic interference generated by the BS still has an effect on the laser wavelength output,
as will be shown in the subsequent experimental results. For the two complementary
interference spectra depicted in Figure 2b, it is observed that the yellow line exhibits a
higher interference power compared to the blue line. Additionally, the difference in power
between the interference peak of the yellow line and the interference trough of the blue
line is greater than that between the interference peak of the blue line and the interference
trough of the yellow line. Consequently, the fiber ring laser structure in question displays
a multi-wavelength laser spectrum, as indicated by the dark line in Figure 2b. Each lobe
of interference is characterized by a pair of head horns. In addition, the lasing of the laser
wavelength will be at the half-upper-waist of the lobe of the two main interferences, where
the two main interferences are superimposed and have the highest power. The concept of
“spatial hole-burning” as an effect of lasers is derived from [67,68]. The operating principle
of hole-burning in a laser involves selectively depleting certain frequency components
within the gain profile of the amplifying medium, creating a “hole” in the spectral line.
This process is achieved by preferentially exciting atoms or molecules in the upper energy
level of the laser transition, causing a reduction in the population of those specific energy
states. As a result, the gain at those frequencies decreases, leading to a spectral “hole”
where the gain is lower than the surrounding frequencies. Hole burning can be induced
by various mechanisms, such as optical pumping, where external light sources excite the
atoms to specific energy levels or have inhomogeneous broadening effects in the medium.
The creation of these holes in the gain profile can have significant implications for the
operation and performance of the laser, affecting parameters such as linewidth, power
dependence, and mode pulling. Therefore, in this scheme, the hole will be formed in
the gain spectrum corresponding to the node of the interference pattern according to
inhomogeneous broadening, resulting in a decrease in the lasing threshold at the half-
upper-waist of the lobe of the interference spectrum.
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Figure 2. (a) The spectrum shows multiple FP interferences resulting from the combination of two BS
and the primary interference caused by TDLI with different FSRs by virtue of reflections from the
end face of the fiber head. The EDFA emits light from port 1 into the TDLI, which is then reflected
by port 3 and the BS into port 2 for observation by the OSA. (b) Transmission spectra of two-phase
complementary interferences formed by TDLI and spectral characteristics of a multi-wavelength
laser capable of output in the Figure 1 framework. The EDFA emits light, which passes from ports 3
to 2 and 1, respectively, and then yellow and blue line interferograms can be obtained with the OSA,
respectively.

3. Experimental Results

In this research, the FSR variation is achieved by adjusting the axial position of the
prism through the movement of the micrometer head of the TDLI. The main function of the
TBF is to filter out wavelengths other than 1527 nm to 1534 nm, and it is also used to ensure
laser output by filtering a wider range of wavelengths when the laser wavelength spacing
is small. Additionally, the power faults at the edges of the interferometric pattern indicate
the areas where the TBF filters are applied. In addition, the OSA is set up with a spectral
sampling range of 10 nm and 2001 points. Figure 3 shows various types of dual-wavelength
lasers shaped by the Figure 1 architecture. Figure 3a shows the dual-wavelength laser with
variable wavelength spacing by adjusting the interferometric pattern position and FSR size
of the TDLI and filtering out the unnecessary wavelengths with the TBF. The wavelength
spacing between the two wavelengths in the dual-wavelength laser varies from smallest to
largest, which are 0.5 nm, 1.71 nm, 2.55 nm, and 3.35 nm. The wavelength positions of the
dual-wavelength lasers are listed from smallest to largest wavelength spacing, which are
1530.15 nm and 1530.65 nm (light blue pattern); 1529.54 nm and 1531.25 nm (light green
pattern); 1529.23 nm and 1531.78 nm (dark currant pattern); and 1528.72 nm and 1532.07 nm
(yellow pattern), respectively. Moreover, the wavelength spacing variation of the dual-
wavelength laser is adjusted according to the position of 1530.4 nm as the center, and the
difference between the midpoint of the wavelength intervals of the dual-wavelength lasers
from the smallest to the largest wavelength spacing and 1530.4 nm is 0 nm, 0.005 nm,
0.105 nm, and 0.005 nm, respectively. It can be noticed that no matter how the FSR varies,
the wavelength position of the laser is always situated at the half-upper-waist of the lobe.
It is also clear that the multiple interferences generated by the BS form a burr in the main
interference pattern, which is caused by the amplification of the EDFA. It is also clear from
the subfigure of Figure 3a that the wavelength positions of the dual-wavelength lasers
with different spacings are highly overlapped with the peaks of the multiple interferences
generated by the BS. This means that the sub-interferences generated by the BS deepen
the spatial hole-burning effect, and the laser generation position is more likely to fall in
the node of the half-upper-waist of the lobe, where it also overlaps with the peaks of
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the sub-interferences. As a result, the displacement between 1530.4 nm and the center
point of the interval in a dual-wavelength laser with a wavelength spacing of 2.55 nm is
larger. Figure 3b illustrates a dual-wavelength laser with staggered positions of several
wavelengths. The laser configurations exhibit wavelength spacings of 0.8 nm, 1.15 nm,
and 1.42 nm, with corresponding wavelength positions of 1529.85 nm and 1530.65 nm
(light green pattern); 1530.12 nm and 1531.27 nm (dark currant pattern); and 1529.62 nm
and 1531.04 nm (yellow pattern). It is noticeable that the midpoints of the wavelength
intervals for the dual-wavelength lasers are distinct. This difference is attributed to the
fact that the FSR of the TDLI can be adjusted arbitrarily to change the excitation points of
the lasers, which should be close to the wave crests of the sub-interferences. The graph
in Figure 3c depicts the regular tuning of the wavelength position of a dual-wavelength
laser with almost all wavelength spacings of 1.42 nm. The shorter and longer wavelengths
of the five dual-wavelength lasers are as follows: 1529.62 nm and 1531.04 nm (light blue
pattern); 1529.92 nm and 1531.33 nm (light green pattern); 1530.22 nm and 1531.55 nm
(dark currant pattern); 1530.42 nm and 1531.84 nm (light currant pattern); and 1530.72 nm
and 1532.14 nm (yellow pattern), respectively. The difference in the positions of each
pair of dual-wavelength lasers is approximately 0.3 nm. The position of the third pair
of dual-wavelength lasers is slightly off due to the effects of sub-interference generated
by the BS. It is worth noting that the dual-wavelength laser in the yellow spectrum of
Figure 3b and the dual-wavelength laser in the light blue spectrum of Figure 3c have the
same wavelength position and spacing, and their interference patterns are complementary.
One is that the two lasers arise on the same lobe of the interference pattern, and the other
is that the two lasers separately arise on the neighboring lobe of the interference pattern.
This proves that the interference pattern position can be shifted; as long as the node of
the interference pattern corresponds to the peak of the sub-interference, the same two
dual-wavelength lasers can arise. Figure 3c illustrates a dual-wavelength laser featuring
a narrow tuning range. To showcase a dual-wavelength laser with an extended tuning
range, it is essential to fully utilize the TBF function to filter out unnecessary wavelengths
and prevent mode competition. The outcomes, depicted in Figure 3d, demonstrate dual
wavelengths and their respective spacings: 1527.71 nm and 1529.12 nm (light blue pattern),
with a spacing of 1.41 nm; 1529.91 nm and 1531.32 nm (light green pattern), with a spacing
of 1.41 nm; 1531.85 nm and 1533.29 nm (dark currant pattern), with a spacing of 1.44 nm;
and 1533.9 nm and 1535.03 nm (yellow pattern), with a spacing of 1.13 nm. In the yellow
part of the spectrum, the lasers have a smaller wavelength spacing because the power of
EDFA is higher in the range of 1527 nm to 1534 nm. This makes it challenging for the laser
to be stimulated at wavelengths beyond 1535 nm.

Figure 4 shows the case where the dual-wavelength laser position remains the same
under different interferometric FSRs, and the laser spectrum at different times under this
experimental scheme is verified to verify the stability of the system. The wavelengths
of the dual-wavelength lasers in Figure 4a,b are both 1530.14 nm and 1531.56 nm, but
the FSR of Figure 4a is 1.45 nm, while the FSR of Figure 4b is 0.9 nm. As mentioned in
Figure 3, the same interference FSR, but with complementary phases, can produce the
same dual-wavelength lasers. Here, the same dual-wavelength laser can be generated with
different FSRs, and any point in the interference pattern cannot correspond to each other
neatly. This serves as confirmation that the experimental setup is capable of generating
multi-format lasers, indicating that the same laser wavelength can coexist with different
interference states, a doing that has not been previously demonstrated in previous studies.
Figure 5a shows the dual-wavelength laser case with the narrowest wavelength spacing,
and Figure 5b shows the dual-wavelength laser case with several interfering lobes in
the lasing wavelength gap. Additionally, the dual-wavelength laser states are recorded
at different times to confirm their stability. Figure 5a shows a dual-wavelength laser
with wavelengths of 1531.85 nm and 1532.15 nm at a wavelength spacing of 0.3 nm,
which is achieved by filtering out unnecessary bands with TBF and setting the trough of
the interferometric pattern between the two lasing wavelengths to maintain a balanced
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energy distribution. The dual-wavelength lasing involves wavelengths of 1529.65 nm and
1532.65 nm with a wavelength spacing of 3 nm, as shown in Figure 5b. There are eight
nodes between the lasing wavelengths located at the half-upper-waist of the interference
lobes. Despite this, it is noteworthy that the laser was not successfully excited at points
on these eight nodes. The main reason for this is that the lasing wavelength aligns most
accurately with the peak of the sub-interference, while the other eight nodes do not align
as precisely with the peak of the sub-interference. Figure 6a–d illustrate the fluctuation of
the wavelength position of the dual-wavelength laser in the cases of Figures 4a,b and 5a,b
and the change in the power value corresponding to the peak of the lasing wavelength
every minute, respectively. In Figure 6, it is evident that each wavelength position of
different dual-wavelength laser cases fluctuates by less than 0.1 nm. The maximum change
in the value corresponding to the peak of each lasing wavelength exceeds 3 dB due to the
lack of temperature control for the EDFA in this scheme. The temperature variation of
the EDFA impacts its output spectrum [69] and consequently affects the stability of the
lasing wavelength output in this fiber ring laser setup. Figure 7 shows the case of triple-
wavelength lasers; Figure 7a shows their spectra recorded every 10 min; and Figure 7b
shows their wavelength position fluctuations and power variations at different times. The
triple-wavelength lasers emit light at 1530.1 nm, 1531.22 nm, and 1532.34 nm, with a
consistent 1.12 nm spacing between wavelengths. The fluctuation of each wavelength
of triple-wavelength lasers is consistently less than 0.1 nm every 10 min, and the power
corresponding to the peak of the lasing wavelength does not change by more than 2 dB.

Figure 3. (a) Dual-wavelength laser with variable spacing and consistent center position of dual wave-
lengths. (b) Dual-wavelength laser with intertwined wavelength positions. (c,d) Dual-wav-length
laser with regular positional tuning and similar wavelength spacing (the subplot is a superimposed
drawing of the spectrum that does not correspond to the power scale of the vertical axis).
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Figure 4. (a,b) The same dual-wavelength laser with different interferences and the spectral observa-
tion at different times.

  

Figure 5. (a) Dual-wavelength laser with the narrowest wavelength spacing. (b) Dual-wavelength
laser with several interfering lobes between the lasing wavelengths.

Maintaining a clear separation between telecommunication channels is essential to
avoiding crosstalk. The wavelength separation of WDM in the C-band is usually 0.8 nm
(100 GHz) or 0.4 nm (50 GHz). However, with the development of wavelength selective
switch (WSS) components, it will be possible to support WDM with wavelength intervals
less than 0.4 nm. WSS utilizes switch arrays that operate on wavelength-dispersed light
to decouple or complex any single wavelength to a selected common or output port [70].
In a recent study [71], data communication in the C-band using two WDM channels
at 0.3 nm intervals has been successfully demonstrated by WSS. Hence, this program
can be effectively implemented in real-world scenarios. Furthermore, minimizing fiber
loss, monitoring system temperature, monitoring laser output power, and adjusting the
looped-in system’s power will be essential for maintaining stability in laser power output
during practical applications. Moreover, the operations of TDLI and TBF can cover the
1520–1570 nm wavelength range. Consequently, it is theoretically feasible to use other
bands of EDFA to amplify and produce lasers within the respective bands.
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Figure 6. (a,b) The wavelength position and the power corresponding to the peak of the lasing
wavelength per minute are obtained from Figure 4a,b, respectively. (c,d) The wavelength position
and the power corresponding to the peak of the lasing wavelength per minute are obtained from
Figure 5a,b, respectively. (The yellow lines with circle signs represent the shorter wavelength; the pink
lines with square signs represent the longer wavelength; the blue signs correspond to wavelength
positions; and the dark signs correspond to power values).

 

Figure 7. (a) A record of triple-wavelength lasers with the same wavelength spacing every ten minutes.
(b) The wavelength position and the power corresponding to the peak of the lasing wavelength per
ten minutes are obtained from (a). (The yellow line is at 1530.1 nm, the bright red line is at 1531.22 nm,
and the coffee line is at 1532.34 nm; the dark signs correspond to wavelength positions, and the blue
signs correspond to power values).
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4. Conclusions

This study illustrates the utilization of erbium-doped fiber as a gain medium within
a fiber ring architecture to establish a laser system with a principal lasing wavelength of
approximately 1531 nm, coinciding with the amplification band of an EDFA. The TDLI
serves a primary role in facilitating the generation of multi-format and multi-wavelength
lasers through the superposition of two interferences with a 180-degree phase difference,
thereby disrupting the homogeneous broadening effect of EDFA. Additionally, the TBF is
deployed to eliminate extraneous spectral components, mitigating mode competition. The
lasing wavelength assumes a position at the confluence of two complementary interference
superposition patterns stemming from spatial hole-burning effects. Crucially, this lasing
wavelength must correspond with the peaks of the FP interferences engendered by the
BS within the TDLI. Hence, the presentation of highly adjustable FSR by TDLI allows
interference standing wave patterns to be interchanged in real-time, supplementing the
TBF to effectuate controlled variations in wavelength spacing and position in the multi-
wavelength laser. As a consequence, this approach enables the deliberate orchestration
of regular or irregular changes in the multi-wavelength laser, fostering the creation of
multi-format, multi-wavelength lasers characterized by different interference states but a
consistent wavelength position.
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Abstract: Fiber-optic sensors, such as fiber Bragg grating (FBG) sensors and fiber-optic interferometers,
have excellent sensing capabilities for industrial, chemical, and biomedical engineering applications.
This paper used machine learning to enhance the number of fiber-optic sensing placement points
and promote the cost-effectiveness and diversity of fiber-optic sensing applications. In this paper, the
framework adopted is the FBG cascading an interferometer, and a deep belief network (DBN) is used
to demodulate the wavelength of the sampled complex spectrum. As the capacity of the fiber-optic
sensor arrangement is optimized, the peak spectra from FBGs undergoing strain or temperature
changes may overlap. In addition, overlapping FBG spectra with interferometer spectra results in
periodic modulation of the spectral intensity, making the spectral intensity variation more complex
as a function of different strains or temperature levels. Therefore, it may not be possible to analyze
the sensed results of FBGs with the naked eye, and it would be ideal to use machine learning to
demodulate the sensed results of FBGs and the interferometer. Experimental results show that DBN
can successfully interpret the wavelengths of individual FBG peaks, and peaks of the interferometer
spectrum, from the overlapping spectrum of peak-overlapping FBGs and the interferometer.

Keywords: fiber Bragg grating sensor; interferometer; deep belief network; wavelength detection

1. Introduction

Fiber-optic sensing has been highly favored by researchers in recent years, and a large
number of related studies have shown that fiber-optic sensing has excellent performance
in various measurement applications due to its small size, sensitivity, and immunity to
electromagnetic interference [1–5]. Fiber-optic sensors mainly use the position or power
changes of specific wavelengths in the spectrum measured after the probing beam reaches
the measurement position of the fiber-optic sensor to interrogate changes in various envi-
ronmental physical parameters. FBGs based on the Bragg grating architecture are simple-
to-manufacture fiber-optic sensors made by transversely exposing the core of single-mode
fiber to intense ultraviolet light with a periodic pattern [6], which can be used to sense
temperature [7], strain [8], pressure [9], vibration [10], acceleration [11], and more. Usually,
the strain sensitivity is about a 1 pm wavelength shift with one microstrain (με) applied
change, and the temperature sensitivity is about a 13 pm wavelength shift with a 1 ◦C
change in environmental temperature for a standard FBG sensor around the 1550 nm
wavelength [12]. On the other hand, the production process of a fiber-optic interferometer
is more complicated than that of FBG, which usually requires the use of fiber fusion splicing
equipment to splice different types of fibers, taper, side polishing, etching, etc. [13–15].
By changing the shape of these optical fibers, the path of light beam transmission is al-
tered to form an optical path difference. This allows changes in different environmental
physical parameters to shape different light beam paths, creating different interference
states for sensing. Fiber-optic interferometers typically exhibit heightened sensitivity in
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measurements. Their accuracy for sensing temperature [16] and strain [17] is significantly
greater—ranging from tens to hundreds of times higher—than that of standard FBGs.

In addition, standard FBGs are usually only capable of measuring either strain alike
or temperature alone, requiring the use of another FBG for temperature compensation
in the case of strain alike measurement [9]. Fiber-optic interferometers can overcome
this problem by using the Vernier effect to measure temperature, strain, or other dual
parameters simultaneously [18,19]. However, the main common disadvantages of fiber-
optic interferometers are the high optical loss and the complexity of the optical spectrum,
which make it difficult to cascade multiple fiber-optic interferometers to perform sensing
tasks at the same time. In contrast, multiple FBGs can be cascaded in series to perform
multi-point sensing tasks. Thus, if multiple FBGs and fiber-optic interferometers are
cascaded in series, it is possible to meet the requirements of measurement conditions that
require multiple measurement points, high sensitivity, and diversity of physical parameter
measurement. In the previous instance, multiple FBGs cascaded an interferometer for
sensing [20]. To increase the number of FBG sensing points, it is necessary to arrange the
wavelengths of the FBGs very close to each other, and the overlapping of the wavelengths
of the FBGs may occur during the sensing task, making it difficult to interpret the sensing
results. In previous studies, it has been demonstrated that the overlapping of FBGs can
be solved using machine learning to accurately interpret the sensed information [7,8].
However, FBGs cascade an interferometer framework for sensing tasks with the wavelength
overlap of FBGs, which has not been explored.

In this paper, the main goal is to improve the sensing architecture of FBGs cascade
with an interferometer by utilizing machine learning technology, specifically the DBN, to
address the issue of FBGs’ wavelength overlap within this sensing architecture. The focus
is on the power variations of different wavelengths caused by the interferometer spectrum
drift, which results in different spectral profiles for the same overlapped FBG wavelengths
through power modulation. Therefore, in order to interpret the center wavelength of FBGs
in various situations based on the different interference spectra, it is essential to predict
the central wavelength of FBGs through machine learning. DBN specializes in feature
extraction, which is particularly useful for identifying different spectral shapes due to
different interferometric and FBGs’ overlap patterns. The experimental results show that
DBN can successfully decipher the overlap of different wavelengths of FBGs in different
interference spectra. Therefore, machine learning will be beneficial for the sensing points’
capacity and sensing diversity in FBGs cascading an interferometer sensing architecture.

2. Experimental Setup

Figure 1 shows the experiment setup of wavelength-dependent Bragg grating sensors
cascading an interferometer. In this scheme, two FBGs with the same initial wavelength
are used for strain sensing, and the applied strain causes the FBG wavelengths to shift.
Therefore, the center wavelengths of the two FBGs can overlap partially or completely. In
addition, a tunable delay-line interferometer (TDI) is used to simulate the spectral changes
of the fiber-optic interferometer during sensing. The TDI consists of two beam splitters
placed at a positive and negative angle of 45 degrees, a reflector placed at a negative
angle of 45 degrees, and a prism placed at a positive angle of 180 degrees [21]. The TDI
splits a beam into two beams and creates a difference in the optical path, resulting in an
interferometric spectrum. Furthermore, the TDI can cause a change in the optical path
difference between the two beams by moving the position of the prism [21]. This shows that
the optical principle of TDI is the same as that of the fiber-optic interferometer described in
the previous section; only the medium of light transmission is different. Therefore, since
the TDI has the same spectral properties as the fiber-optic interferometer and can adjust its
overall spectral position arbitrarily, it is very easy to simulate the spectral shift caused by
the fiber-optic interferometer during sensing.
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Figure 1. An experimental framework for two FBGs cascading an interferometer for sensing. The
sensing data are used for model training and testing of machine learning (BLS: broadband light
source; Cir.: circulator; TDI: tunable delay-line interferometer; OSA: optical spectral analyzer; PC:
personal computer).

Data acquisition consists of a broadband light source (BLS) emitting a beam that passes
through port 1 of the circulator to port 2 of the circulator and senses the strain via the
FBG. The reflectance spectra of the strain sensed on the FBG pass through port 2 of the
circulator to port 3 of the circulator, where they then pass through a TDI and are then read
by an optical spectrum analyzer (OSA). The collected spectra with specific wavelength
reflections of FBG overlap interference patterns of the TDI are transmitted to a personal
computer (PC) for machine learning model training and for machine learning models to
verify the usefulness of the trained models. In addition, the strain application of the FBG is
realized by the displacement variation of the linear stage (LS) to change the fixed position
of the FBG. The brand models of the main equipment and components (BLS, Cir., FBG, LS,
TDI, and OSA) are UNICE. Inc. NA0101 in Taoyuan, Taiwan (wavelength band: 1520 nm
to 1570 nm), FOCI Inc. in Hsinchu, Taiwan (wavelength band: 1470 nm to 1610 nm), 3L
Technologies Inc. in Miaoli County, Taiwan (standard FBG with 1 pm/με sensitivity),
Onset Inc. CT02A in Taipei, Taiwan (0.01 mm moving resolution), Kylia Inc. WT-MINT
in Paris, France, and Anritsu Inc. MS9740A in Atsugi, Japan (0.03 nm lowest resolution),
respectively.

3. Data Collection Setup and Analysis

In the strain sensing experiment, the initial center wavelength of both FBGs was
1544.73 nm. The setup used was to fix the center wavelength of one of the FBGs at
1545.1 nm by applying strain. The other FBG was subjected to the strain from the initial
center wavelength position of the FBG, and a total of 12 steps of strain application were
performed. Finally, the center wavelength position of the FBG was located at 1545.45 nm.
Each step was about 60 με of strain application with a 0.06 nm wavelength shift, since
the wavelength shift of 1 pm corresponds to about 1 με of strain application. The 60 με

strain was realized by shifting the LS by 20 μm. Since the distance between the fixed points
on both sides of the FBG was 33 cm, the microstrain on the FBG was 20 μm divided by
33 cm, which is equal to 60 με. However, the moving operation of LS was via manual
adjustment of the micrometer head, and with the limitations of the actual resolution of the
OSA, there may have been an error of 5 με to 10 με in the application of each strain. From
this setup, the spectrum of FBGs can be obtained with no overlap, partial overlap, and
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almost complete overlap. In order to verify that the overlapped spectra of FBG wavelengths
can be successfully interpreted in different interference patterns obtained by fiber-optic
interferometry, three different interferometric states of TDI were used to verify the success
of the FBG spectra. Figure 2 shows the spectra of the FBG from 0 με to 720 με strain
and the unstrained FBG in three different interferometric settings of TDI. The appearance
of the interference spectrum is very similar to that of a sinusoidal wave, which shows
periodic power modulation as the wavelength changes, and the displacement between the
wavelength positions of the troughs is defined as the free spectral range (FSR). Here, the
FSR of the three different interference states set by TDI is 2 nm. It can be observed that in
the cases of Figure 2a–c, the wavelengths of the unstressed FBGs fall in the left, center, and
right halves of one of the 2 nm wide lobes in the interference pattern. The FBG energy is
higher in the case of Figure 2b and lower in the cases of Figure 2a,c because the interference
power tunes the reflected power of the FBG. Therefore, it can be found that the power of
the other FBG under strain will be modulated according to the wavelength position of the
FBG and the corresponding power of the set interference.

   

Figure 2. (a) The unstrained FBG wavelength falls to the left of the peak of the lobe of the interference
pattern. (b) The unstrained FBG wavelength falls to the peak of the lobe of the interference pattern.
(c) The unstrained FBG wavelength falls to the right of the peak of the lobe of the interference pattern.

From the above, it can be seen that even if the FBG wavelengths are at the same
position, they will be affected by different interferences and thus show different spectra.
Figure 3 shows this concept more clearly. Figure 3a–c show the FBG spectra of the first,
eighth, and last steps of the strain in three different interferometric states, respectively. It
can be seen that the spectra of the two FBGs, both superimposed and un-superimposed, are
very different in the three different interference states. Furthermore, as mentioned before,
optical sensing mainly utilizes specific wavelength variations for sensing, and sensing
based on interferometric spectroscopy either utilizes the wavelength at a certain peak of
the spectrum to obtain sensing information or utilizes the wavelength at a certain dip of
the spectrum to obtain sensing information. Hence, in this scheme, the wavelength value
at the peak of the interference’s lobe on the right side of the FBGs in Figure 3 is assumed
to be the main wavelength for determining the sensed information during sensing. The
peak wavelengths of the three selected lobe interferences are 1546.88 nm (interference 1),
1547.11 nm (interference 2), and 1547.39 nm (interference 3). Figure 4 clearly shows the
fixed sensing wavelengths of the interferometric spectrum for different interference states
at each strain step, the theoretical values of the two FBG wavelengths, and the overlapping
areas of the two FBG wavelengths under different strain steps.
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Figure 3. (a) The strain on the FBG that senses the strain is 0 με for the three different interference
scenarios. (b) The strain on the FBG that senses the strain is 420 με for the three different interference
scenarios. (c) The strain on the FBG that senses the strain is 720 με for the three different interference
scenarios.

 
Figure 4. At each strain step, the wavelength information of the two FBG wavelengths and the
wavelength information of the interferometric spectrum which is assumed to be used for sensing.

4. Deep Belief Network for Peak Wavelength Prediction

A DBN is a generative graphical model consisting of multiple hidden unit layers. Each
pair of connected layers forms a restricted Boltzmann machine (RBM) [22–26], which serves
as the core building block of a DBN. An RBM is a two-layer network capable of learning to
represent complex data distributions [22,25]. It comprises a visible layer (v) for input data
and a hidden layer (h) for learned features. The nodes in these layers are interconnected by
undirected edges, with no connections within a layer, simplifying the learning process and
rendering the RBM efficient for training. The energy of a configuration, including visible
and hidden states in an RBM, is determined by [25]:

E(v, h) = −∑i aivi − ∑j bjhj − ∑i,j viwi,jhj (1)

where vi is visible units, hj is hidden units, ai is bias for visible units, bj is bias for hidden
units, and wi,j is the weight matrix between visible and hidden units.
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The architecture of a DBN is constructed by stacking several RBMs on top of each
other, as shown in Figure 5. The visible layer of the first RBM serves as the input layer of
the DBN. The hidden layer of the first RBM becomes the visible layer for the next RBM in
the stack, and this process continues for each subsequent layer. This hierarchical structure
allows the DBN to learn increasingly abstract representations of the input data as it moves
up the layers. The training of a DBN typically involves a two-step process: pre-training
and fine-tuning. During the pre-training phase, each RBM is trained independently in a
greedy, layer-by-layer manner, starting from the bottom-most RBM. This unsupervised pre-
training step is crucial in effectively initializing the network’s parameters, like the network’s
weights, in a way that captures the underlying structure of the data. The pre-training acts
as a form of feature extraction, allowing the network to learn useful representations of
the data [23].

Figure 5. DBN for peak wavelength detection in FBGs and interferometric spectra.

Once all the layers are pre-trained, the entire DBN can be fine-tuned using supervised
learning techniques if labeled data are available. This involves adding a final output layer
and using backpropagation to adjust the weights across the entire network to minimize the
error in predictions [24]. The fine-tuning process ensures that the learned representations
are optimized for the specific task at hand, such as classification or regression. The com-
bination of unsupervised pre-training and supervised fine-tuning makes DBNs powerful
tools for learning from complex, high-dimensional data, providing a robust framework for
capturing intricate patterns and structures in the data. Their ability to learn hierarchical
representations of data makes them powerful for handling complex datasets. The hierarchi-
cal nature of DBNs means that higher layers capture more abstract features, enabling more
accurate and efficient learning and prediction [23,24].

The process of utilizing a DBN for peak wavelength detection in FBGs and interfer-
ences involves several well-defined steps, each crucial for building a robust and accurate
model. There were 3 different interferometric modes and 13 different FBG strained settings
in the experiment, and the total number of interferometric spectral modes and FBG spectral
modes of union was 39 different spectra. In order to predict the wavelength accurately in
the final DBN model derived from the DBN model training, a total of 20 collections were
made for each spectrum, and 780 spectral samples were finally obtained. From these sam-
ples, the dataset was split into training (80%) and test sets (20%). Once data were collected,
the next phase was data preprocessing, which ensured the raw data were in a suitable
form for model training. Thus, the training dataset (i.e., captured reflected spectrum) was
preprocessed and normalized between 0 and 1. This involved normalizing the interference
patterns to achieve consistency across the dataset. The most critical part of preprocessing is
feature extraction, where relevant features indicative of peak wavelengths are extracted
from the interference patterns. These features are essential, as they provide the DBN with
the necessary information to learn and predict accurately.
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The proposed DBN model was implemented using the TensorFlow framework, along
with the Keras and Sklearn libraries. The training was conducted on a PC equipped
with an Intel Core i7-4790 3.60 GHz CPU and 20.0 GB of RAM. Figure 5 illustrates the
architecture and training process of the proposed DBN. The preprocessed reflection spectra
of the FBGs with interferences were used as inputs to train the DBN algorithm, with the
corresponding peak wavelengths of the FBGs and interferences serving as target values.
Each layer of the DBN was pre-trained individually using RBMs. This was done in an
unsupervised manner, utilizing contrastive divergence to initialize the network weights.
This step is essential in capturing the underlying structure of the data without requiring
labeled information. After pre-training, the RBMs were stacked to form the complete DBN.
The entire network was then fine-tuned using supervised learning with a labeled dataset of
known peak wavelengths. This fine-tuning adjusts the weights and biases across all layers
to optimize the network for peak wavelength detection. The mean squared error (MSE),
mean absolute error (MAE), and root mean square errors (RMSE) loss function were used
for measuring the difference between predicted and actual wavelengths, and the optimizer
Adam was used to minimize this loss, The MSE, MAE, and RMSE are expressed in the
following equations:

MSE =
1
n∑n

i=1(yi − y)2 (2)

MAE =
1
n∑n

i=1 |yi − y| (3)

RMSE =

√
∑n

i=1(yi − y)2

n
(4)

where n is the number of predicted values, yi is the actual value, and y is the predicted
value, respectively. During the training of the DBN, various parameters such as the number
of epochs, batch sizes, hidden layers, hidden units, and optimizer and activation functions
were adjusted to achieve optimal values and to prevent overfitting. Tuning these parameters
resulted in different training times, and MSE, MAE, and RMSE values.

5. Results and Discussions

The different parameters, such as epochs, hidden layers, batch sizes, and optimizer and
activation functions, were adjusted until an optimal or well-trained model was obtained.
The optimal parameters for the well-trained DBN model are crucial in achieving high
accuracy in peak wavelength detection. Thus, the optimal parameters used for training the
proposed DBN included 3 hidden layers, 32 batch sizes, 150 epochs, the Adam optimizer,
and ReLU activation functions in the hidden layers that introduced non-linearity, improving
the network’s ability to model complex relationships in the data. Figure 6a shows the
DBN’s training performance evaluated through its training and validation losses, as well
as training and validation accuracy using these optimal parameters. The training loss
and validation loss curves provide insights into the model’s performance during training
and on unseen data, respectively. The training loss quickly declined and stabilized near
zero at epoch 150 on the bottom x-axis, indicating effective learning of training data
patterns. The validation loss also decreased significantly early on and remains stable,
showing good generalization to unseen data without overfitting. The training accuracy
reached nearly 1.0 (100%) by epoch 150 at the top x-axis, and the validation accuracy also
approached 1.0 (100%), though with some variability. In general, the DBN demonstrated
strong performance, effectively learning and generalizing from the data, with high accuracy
and low loss metrics.
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Figure 6. (a) Training performance of the DBN model in terms of loss and accuracy. (b) Performance
of DBN in terms of prediction error and compilation time.

Figure 6b shows that the performance of the DBN for peak wavelength detection of
FBG strain sensors was evaluated in terms of prediction error, measured as MSE, MAE,
and RMSE, and training time, measured in seconds per epoch. As shown in the figure,
the training process showed stabilization of training time after initial fluctuations, indi-
cating computational efficiency. Key error metrics, including MSE, MAE, and RMSE, at
epoch 0 were relatively high. However, as training progressed, all significantly decreased,
remaining close to zero at 150 epochs, which signifies that the model effectively minimized
prediction errors and indicates the DBN’s ability to accurately learn and predict peak wave-
lengths, demonstrating its reliability and effectiveness for this application. Furthermore, to
determine the best optimizer, the model was trained and tested with different optimizers,
and their performance was compared based on MSE, MAE, and RMSE. According to
Figure 7, Adam achieved lower MSE, MAE, and RMSE values of 0.0012, 0.015, and 0.0187
compared to other optimizers. This was due to its computational efficiency and noise
minimization. As a result, the proposed DBN model was trained and tested using the
Adam optimizer.

 

Figure 7. Performance comparison with different optimizers.
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Figure 8 shows the predicted peak wavelengths of the strained FBGs, fixed FBGs,
and three different interferences. In Figure 8a, the x-axis represents the peak wavelength
of the strained FBGs in reality, while the y-axis represents the peak wavelength of the
strained FBGs predicted by the DBN model. The yellow symbols on the graph show the
ideal values, indicating where the predicted values should be if they exactly match the
ideal values. Along this line, 15 randomly selected prediction data points are positioned
to demonstrate the accuracy of the DBN model. The closer these points are to yellow
symbols, the more accurate the prediction becomes, suggesting that the DBN model is
very effective in accurately predicting the peak wavelength of the strained FBG in the case
of overlap with the FBG and interferences. The x-axis of Figure 8b is the marked peak
wavelength of fixed FBG and three different interferences, which are 1545.1 nm, 1546.88 nm
(interference 1), 1547.11 nm (interference 2), and 1547.39 nm (interference 3), respectively.
The y-axis corresponds to the predicted wavelength peak of the DBN model. From the
results, it can be seen that the DBN model can also accurately predict the marked peak
wavelengths of fixed FBG and three different interferences.

Figure 8. (a) Peak wavelength prediction of strained FBG after applying the DBN model. (b) Peak
wavelength prediction of fixed FBG and three interferences after applying the DBN model.

6. Conclusions

This research centers on the application of DBN to predict sensing outcomes in a
flexible sensing design that combines FBG sensors with a simulated fiber-optic interferome-
ter sensor. It is known that the coexistence of FBG sensors and fiber-optic interferometer
sensors in the sensing architecture can perform diverse sensing tasks due to the high sensi-
tivity of fiber-optic interferometers and the advantage that multiple FBGs can be arranged
in an array. However, in practice, to maximize the number of FBG sensing points, the
problem of FBG spectral overlap will inevitably occur. The overlap of the overlapping
FBG spectrum and the spectrum sensed by the fiber interferometer will inevitably cause
the entire spectrum power to be modulated, making it challenging to accurately extract
sensing information. In this case, the use of machine learning, specifically the DBN model,
offers an optimal solution for accurately interpreting the sensed information. The DBN
model can effectively predict all sensed information for various levels of overlapping FBG
spectra under different spectrums sensed by the interferometer, ultimately enhancing the
cost-effectiveness, flexibility, and accuracy of the sensing system.
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Abstract: In this paper, we propose a novel approach to coordinate-based acoustic emission (AE)
source localization to address the challenges of limited and imbalanced datasets from fiber-optic AE
sensors used for structural health monitoring (SHM). We have developed a hybrid deep learning
model combining four generative adversarial network (GAN) variants for data augmentation with an
adapted inception neural network for regression-based prediction. The experimental setup features a
single fiber-optic AE sensor based on a tightly coiled fiber-optic Fabry-Perot interferometer formed
by two identical fiber Bragg gratings. AE signals were generated using the Hsu-Nielsen pencil lead
break test on a grid-marked thin aluminum plate with 35 distinct locations, simulating real-world
structural monitoring conditions in bounded isotropic plate-like structures. It is demonstrated that
the single-sensor configuration can achieve precise localization, avoiding the need for a multiple
sensor array. The GAN-based signal augmentation expanded the dataset from 900 to 4500 samples,
with the Wasserstein distance between the original and synthetic datasets decreasing by 83% after
2000 training epochs, demonstrating the high fidelity of the synthetic data. Among the GAN variants,
the standard GAN architecture proved the most effective, outperforming other variants in this specific
application. The hybrid model exhibits superior performance compared to non-augmented deep
learning approaches, with the median error distribution comparisons revealing a significant 50%
reduction in prediction errors, accompanied by substantially improved consistency across various AE
source locations. Overall, this developed hybrid approach offers a promising solution for enhancing
AE-based SHM in complex infrastructures, improving damage detection accuracy and reliability for
more efficient predictive maintenance strategies.

Keywords: acoustic emission; structural health monitoring; generative adversarial network; acoustic
emission source localization; data augmentation; fiber optics sensor; t-SNE visualization

1. Introduction

Acoustic emission (AE) is a well-established and powerful non-destructive testing
method for structural health monitoring (SHM), offering unique capabilities for real-time
damage detection and localization [1]. AE techniques analyze transient elastic waves gen-
erated by rapid energy release within materials, providing insights into structural integrity
in a variety of structures ranging from wind turbine blades to aerospace components [2,3].
The application of AE to source localization has changed damage detection and monitor-
ing strategies, offering high sensitivity and the ability to detect defects in real-time [4].
Current research aims to develop robust, adaptive, and efficient SHM systems capable of
reliably assessing the health of increasingly complex structures in demanding operational
environments, focusing on enhancing data quality, improving localization accuracy, and
developing more sophisticated predictive models [5–7].

Existing AE data analysis methods employ signal processing techniques such as time-
domain, frequency-domain, and time-frequency analysis to extract key features from
signals [8]. Conventional approaches such as triangulation and beamforming, while
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widely used for source localization, face limitations in practical applications, particu-
larly in the complex real-world environment. These techniques rely on the time differ-
ence of arrival (TDOA) of signals at multiple sensors and require precise knowledge
of wave velocities [9]. Despite their effectiveness in certain scenarios, implementation
can be challenging in complex real-world environments, particularly in larger structures
or noisy conditions. In response to these challenges, single-sensor AE localization tech-
niques have gained attention, offering more cost-effectiveness and simpler deployment.
Ebrahimkhanlou [10,11] pioneered probabilistic frameworks for single-sensor AE source
localization in thin metallic plates, relying on the temporal order of signal arrivals rather
than absolute time measurements.

In recent years, deep learning approaches have revolutionized AE data analysis, offer-
ing powerful tools for SHM and damage detection. These methods have excelled in source
localization, signal classification, and characterization of acoustic events [12–15]. Machine
learning methods have been widely applied to structural health monitoring (SHM), trans-
forming traditional approaches to damage detection, localization, and prognosis [16,17].
These techniques have demonstrated significant potential in addressing SHM challenges,
from vibration-based monitoring to predictive maintenance [18]. Additionally, advanced
methods such as the Electro-Mechanical Impedance technique have shown promise in SHM
applications, offering new avenues for damage detection and structural assessment [19,20].
Despite these promising advancements, some challenges persist in deep learning for AE
data analysis. A fundamental challenge is the limited availability of high-quality data,
significantly impacting the development and performance of damage detection and local-
ization algorithms. This scarcity of data stems from the rare and unpredictable nature of
AE events, particularly in critical structural failures.

To address data limitations, generative adversarial networks (GANs) have emerged
as a powerful tool in data augmentation, offering significant potential for enhancing
time series signal analysis. Introduced by [21], GANs comprise two neural networks—a
generator and a discriminator—that compete in a zero-sum game, iteratively training each
other to produce high-fidelity synthetic data [22]. In the context of AE signal augmentation,
GANs present a promising solution to the persistent challenge of limited and imbalanced
datasets. By generating synthetic AE signals that closely mimic real data characteristics,
GANs can significantly expand training datasets, potentially improving the performance
and robustness of damage detection and localization algorithms [23].

2. Related Work

Recent advancements in deep learning have significantly impacted AE source local-
ization techniques. Single-sensor AE source localization, once challenging, has become
feasible thanks to deep learning models [24,25], showing particular promise in plate-like
structures [22]. The application of these techniques extends beyond conventional materials,
demonstrating efficacy in analyzing AE signals from nanoindentation experiments and
environmental monitoring applications. However, current approaches face several limi-
tations. A notable limitation is the ability to handle only a restricted number of zones or
regions [26]. For example, in ref. [12], a plate was divided into just 13 zones for localization,
likely insufficient for complex structures. While authors in [10] achieved better localization
with 64 regions, its reliance on simulated edge-reflected waves and strong reflections limits
broader application. The complexity of AE signals, which are highly susceptible to noise
and environmental factors, further complicates data collection and interpretation [27]. To
address these data limitations, researchers have begun exploring innovative approaches to
enhance both the quality and quantity of available AE data. Deep learning techniques show
promise in detecting acoustic wave reflections and improving signal interpretation [28].
Novel data augmentation techniques and physics-informed approaches are being devel-
oped to maximize the utility of limited datasets [29,30]. Improved AE source localization
methods, including time-distance domain transformations and wavelet-based noise reduc-
tion techniques, aim to extract more information from available signals [31]. Integration
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of AE with other testing methods and advanced signal processing techniques, such as
modified empirical wavelet transforms, is being explored to enhance damage detection
capabilities [32].

Among these innovative approaches, Generative Adversarial Networks (GANs) have
shown particular promise. GAN-based augmentation typically involves an encoder-
decoder structure in the generator, where an input AE signal is encoded into a lower-
dimensional manifold, combined with random noise, and then decoded to produce a new,
related AE signal. The application of GANs in related fields has demonstrated their versa-
tility and efficacy. In machine fault diagnosis, GAN-based data augmentation has yielded
remarkable improvements in classification accuracy, particularly for fault types with sparse
samples [33]. In medical imaging, GANs have been employed to generate synthetic radi-
ology images, addressing issues of data scarcity and patient privacy [34]. Within SHM,
innovative GAN architectures such as FTGAN have been developed to address imbal-
anced datasets in bearing fault diagnosis, incorporating both time and frequency domain
information [35]. While GANs offer several advantages, including the ability to generate
diverse, high-quality samples, learn complex data distributions, and improve model ro-
bustness, they also face challenges such as training instability, mode collapse (i.e., where
the generator produces limited varieties of samples), and the potential to perpetuate biases
present in the original dataset [36]. As the field progresses, addressing these limitations
and adapting GAN architectures to the specific nuances of AE signals will be key to fully
leveraging their potential. The fundamental GAN process involves the generator creating
artificial samples from random noise while the discriminator struggles to differentiate be-
tween real and generated data, with both networks refining their performance through this
adversarial process.

Building upon these advancements and addressing the identified challenges, we pro-
pose a novel hybrid approach for AE source localization, combining a custom-designed
GAN for data augmentation with an adapted Inception network for regression-based
localization. Our methodology offers several key advancements: (a) We developed and
compared four GAN variants (GAN, DCGAN, WGAN, and TSAGAN), customized for AE
signal augmentation by incorporating gradient penalty to mitigate mode collapse. This
approach generates diverse, high-fidelity synthetic signals, expanding the dataset from 900
to 4500 samples and balancing representation across 35 distinct source locations. (b) We
adapted the Inception neural network for AE source localization prediction, modifying the
final fully connected layers to predict continuous (x, y) coordinates. This regression archi-
tecture preserves multi-scale feature extraction capabilities, which concurrently processes
AE signals at three temporal resolutions: 1 μs, 5 μs, and 10 μs simultaneously, enhancing
the model’s ability to capture complex AE wave propagation characteristics in bounded
isotropic plate structures. (c) Our experimental setup employs a novel single fiber-optic AE
sensor based on a tightly coiled fiber Fabry-Perot interferometer (FPI) formed by two fiber
Bragg gratings (FBGs). This sensor, with a cavity length of 40 cm and center wavelength of
1557.1 nm, offers enhanced sensitivity and electromagnetic interference immunity, enabling
precise localization without the need for a multiple sensor array. (d) We implemented a
rigorous validation framework comprising t-distributed stochastic neighbor embedding
(t-SNE) visualizations and Wasserstein distance analysis to quantitatively assess the quality
and diversity of GAN-generated data. The Wasserstein distance between original and
synthetic datasets decreased from 19.8 to 3.2 after 2000 training epochs, representing an
83.5% reduction. This numerically confirms the generation of high-fidelity synthetic AE
signals and allows for the comparative analysis of different GAN variants’ performance.
The proposed approach improves AE source localization accuracy by 50% compared to
traditional methods, reducing median error from six to three inches. It enables more precise
damage detection and localization in plate-like structures, potentially enhancing structural
health monitoring practices in various applications.
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3. Experiment Setup

The schematic design of a novel fiber-optic coil-based AE sensing and monitoring
system is shown in Figure 1. The setup features a grid-marked aluminum plate with a
fiber-optic AE sensor, developed in [37], comprising a fiber coil with two identical FBGs
that form a low-finesse FPI. The sensor has an 8 mm outer diameter and a 6 mm inner
diameter, and is flexibly mounted on the sample surface. The reflection features fine
fringes with a free-spectral range of 2 pm within the reflection bandwidth determined
by the FBGs. Ultrasound waves impinging on the coiled fiber create refractive index
variations, modifying the FPI cavity length and causing spectral fringe shifts. The sensor
was interrogated using a modified phase-generated carrier method that allows for the
extraction of the AE signal with good linearity and high sensitivity, regardless of the
laser wavelength with respect to the sensor fringes [38]. As illustrated in Figure 1, a
laser source generates light that passes through a phase modulator driven by a sin(wt)
signal. The modulated light travels through a circulator and optical fiber to the FBG-FPI
sensor. Reflected light returns through the circulator to a photodetector (PD). The output
of the PD is processed through two parallel paths. In the upper path, the signal is mixed
with sin(wt + ϕ1), low-pass filtered at 500 kHz, band-pass filtered from 50–500 kHz, and
amplified. The lower path involves mixing with sin(2wt + ϕ2), followed by similar filtering
and amplification steps. Both paths include additional low pass filtering at 25 kHz. The
processed signals are then combined to produce the final output θ(t), which represents the
AE signal. This system facilitates high-quality AE signal detection with an omnidirectional
response and high ultrasound sensitivity while adapting to environmental perturbations.
The AE signals obtained from the fiber-optic AE sensor were used to train and test the
proposed hybrid deep learning models for source localization. The Hsu-Nielsen pencil
lead break (PLB) test, a widely accepted method for AE signal generation [39], was used in
this study. We conducted the test in a sequential manner across 35 distinct locations on the
1/10-inch-thick aluminum plate. The plate was partitioned into 35 distinct locations, as
shown in Figure 2. Each location underwent ten PLB tests using a 2H mechanical pencil
with a 0.5 mm diameter lead.

Figure 1. Schematic of the fiber-optic coil-based acoustic emission sensing system. Inset: Close-
up image of the sensor, showing the flexible mounting and dimensions (8 mm outer, 6 mm
inner diameter).

Figure 2a presents a photograph of the experimental setup, illustrating the aluminum
plate divided into a grid for AE testing. This plate is marked with blue numbers indicating
specific test points. The numbering is reorganized for simplicity in Figure 2b. The fiber-optic
sensor, glued onto an aluminum carrier disk, is affixed to the plate with a liquid couplant
to facilitate ultrasonic coupling. Figure 2b provides a schematic representation of the plate,
detailing the grid layout and test points. The 35 distinct locations are marked by red dots,
corresponding to the PLB test points. This layout ensures the reliability and reproducibility
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of the collected AE data, crucial for training and testing deep learning models for source
localization. The clear separation of test points and consistent methodology across the grid
contribute to the robustness of the experimental design.

 

(a) (b) 

Figure 2. (a) Aluminum plate with the grid and fiber-optic sensor for AE testing (b) Schematic
representation of the aluminum plate detailing the grid layout and test points.

Figure 3 illustrates the time series augmentation technique employed in this study
to balance and expand the dataset, thereby enhancing deep learning model performance
for acoustic emission source localization. The image depicts data distribution across
35 different locations, representing distinct labels in our acoustic emission source localiza-
tion task. The figure highlights the variability in the original dataset, where some locations
(e.g., Location 2) have more raw data than others (e.g., Location 1). This variability in the
original dataset is caused by the different number of repetitive tests conducted at each
location. Due to practical constraints and the nature of the testing process, the number of
successful and usable tests varied across locations, resulting in an uneven distribution of
raw data, as seen in Figure 3.

Figure 3. Time series augmentation showing the original data (orange) and generated data (green)
to ensure each label has a balanced and sufficient number of samples for improved deep learning
model performance.
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The proposed augmentation strategy is designed to address these discrepancies by
generating high-fidelity synthetic data, with a particular focus on underrepresented lo-
cations. By supplementing the original data with these generated samples, we ensure
a sufficient and balanced number of time series for each location. The labeling of the
augmented dataset is preserved during this process. Each generated AE signal inherits
the label (corresponding to the source location) of the original signal it was based on. This
approach ensures that the augmented data maintain the same spatial distribution of AE
sources as the original dataset, while increasing the volume and diversity of our training
data. This data augmentation approach simultaneously tackles two critical challenges in
deep learning: it mitigates the risk of overfitting on some particular labels (locations) with
abundant data while addressing potential underfitting issues in locations with limited sam-
ples. The resulting balanced dataset, a product of this advanced augmentation technique,
is anticipated to significantly enhance the model’s capacity to accurately localize acoustic
emission sources across all 35 locations. This improvement is expected to manifest in
enhanced overall performance and superior generalization capabilities, ultimately leading
to more robust and reliable acoustic emission source localization in real-world applications.

4. Methodology

This section outlines the overall framework of the innovative hybrid method. Our
study employs a novel approach that combines advanced data augmentation techniques
with an adapted Inception architecture to enhance the accuracy and robustness of AE source
localization in complex structures. This methodology integrates the custom-designed GAN
for data augmentation with an Inception network specifically adapted for regression tasks.

The overall process flow is shown in Figure 4a. It commences with the collection of
AE signals, each labeled with coordinates in the form of (di, θi) for 35 distinct positions.
These signals undergo a training/test split. The training data are then augmented using
four different GAN architectures (GAN, DCGAN, WGAN, and TSAGAN) to address
dataset imbalance and scarcity issues. This multi-GAN augmentation approach is crucial
as it generates synthetic AE signals that closely emulate the characteristics of real data,
effectively expanding the dataset and improving the model’s ability to generalize across
various AE source locations. Each GAN variant offers unique strengths in data synthesis,
allowing for a comprehensive augmentation strategy. The augmented training data from
each GAN feed into an Inception network specifically adapted for regression tasks, forming
the core of our hybrid approach. This adaptation of the Inception network, originally
designed for image classification, enables effective processing of AE signals across multiple
scales, capturing both local and global features crucial for accurate localization. This
trained network is then utilized to predict AE source locations from the test data. Figure 4b
specifies the architecture of the Inception network used for regression. It initiates with
an input layer, followed by an Inception Module that processes data through multiple
parallel pathways. The Inception Module is particularly adept at AE signal processing
as it can simultaneously extract features at different scales, which is essential given the
complex nature of AE waveforms. The outputs are concatenated and passed through
batch normalization. A ReLU activation function is then applied, followed by global
average pooling to reduce spatial dimensions. global average pooling is employed instead
of traditional fully connected layers to minimize the number of parameters, mitigate
overfitting, and maintain spatial information. Finally, a dense layer produces the output,
predicting the AE source location as continuous coordinates.
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(a) (b) 

Figure 4. (a) Workflow of the hybrid network for AE source localization (b) Architecture of the
Inception network for regression.

The four GAN architectures—GAN, DCGAN, TSAGAN, and WGAN—share a com-
mon foundation but differ in key aspects of their design and training approach, which
is shown in Table 1. The original GAN uses fully connected layers in both the generator
and discriminator, with a structure of (128, 512, 1024) neurons for the generator and (1024,
512, 64) for the discriminator. It employs LeakyReLU activations throughout, with batch
normalization (momentum 0.8) in both networks. The DCGAN introduces convolutional
layers, specifically using 1D transposed convolutions in the generator and 1D convolutions
in the discriminator, which are particularly effective for capturing spatial or temporal
patterns in the data. It typically uses ReLU activations in the generator and LeakyReLU
in the discriminator, with a tanh activation in the final generator layer. The TSAGAN,
tailored for time series data, reverts to a fully connected architecture similar to the original
GAN but is optimized for sequential data. The key innovation of the WGAN lies not in its
architecture, which is similar to the DCGAN with convolutional layers, but in its use of
the Wasserstein loss function and weight clipping in the discriminator (now called a critic).
This change allows for more stable training and potentially better-quality results. The
WGAN also typically includes dropout in the discriminator, a feature that is not present
in the other architectures. All four models use the Adam optimizer with a learning rate
of 0.0002, a beta of 0.001, and a batch size of 64, and are trained for 2000 epochs. They
all incorporate model collapse monitoring, but the WGAN stands out with its multiple
critic updates per generator update. These architectural differences make each variant
suitable for different types of data and training scenarios, with the DCGAN and WGAN
often performing well on complex, high-dimensional data, while the GAN and TSAGAN
can be effective for simpler or specific time-series datasets.

118



Appl. Sci. 2024, 14, 8811

Table 1. Specifications for the GAN Variants.

Feature GAN DCGAN TSAGAN WGAN

Generator Architecture Fully connected layers
(128, 512, 1024)

1D transposed
convolutions, Dense

layers (128, 512, 1024)

Fully connected layers
(128, 512, 1024)

Fully connected layers
(128, 512, 1024)

Input Noise vector

Output layer Dense layer with
LeakyReLU Dense layer with tanh Dense layer with

LeakyReLU
Dense layer with

LeakyReLU

Discriminator
Architecture

Fully connected layers
(1024, 512, 64)

1D convolutions, Dense
layers

Fully connected layers
(1024, 512, 64)

1D convolutions, Dense
layers

Loss Function Binary cross-entropy Binary cross-entropy Binary cross-entropy Wasserstein loss

Optimizer Adam (learning rate = 0.0002, beta = 0.001)

Batch Size 64 64 64 64

Epochs 2000 2000 2000 2000

Special Features Model collapse
monitoring

Model collapse
monitoring

Model collapse
monitoring

Multiple critic updates,
Model collapse

monitoring

The GAN architecture for data augmentation, detailed in Figure 5, involves a generator
and a discriminator, both of which are sequential models. The generator G transforms
a noise vector z into synthetic AE data G(z) that mimics the real data distribution. The
discriminator D evaluates both xreal and generated data G(z), outputting a probability of
the input being real. The training process alternates between updating the discriminator
and the generator. The key equations governing this process are presented as follows.

Figure 5. Architecture of the generator and discriminator networks in the GAN for AE signal
augmentation.

The first step is to compute the discriminator real loss:

LDra = −log(D(xreal)) (1)

Then, we derive the discriminator fake loss as:

LDfk
= −log(1 − D(G(z))) (2)
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By combining the two terms, the overall discriminator loss is:

LD = 0.5 × (LDra + LDfk

)
(3)

And the overall generator loss is derived from the input noise vector:

LG = −log(D(G(z))) (4)

The discriminator aims to maximize the probability of correctly classifying real and
fake samples, while the generator aims to minimize the probability of the discriminator cor-
rectly classifying generated samples as fake. During training, we updated the discriminator
by maximizing:

E[log(D(xreal))] + E[log(1 − D(G(z)))] (5)

and then updated the generator by minimizing:

E[log(1 − D(G(z)))] (6)

To prevent mode collapse, we implemented a model edge collapse threshold τ. If
|LD − LG| > τ for a certain number of consecutive iterations, we reinitialized the models.
Hyperparameter tuning was conducted using grid search to optimize the learning rates αD
and αG for the discriminator and generator respectively, as well as the batch size B and a
number of epochs N. The optimization problem can be formulated as:

minimize Ltotal(αD, αG, B, N) = LD + LG (7)

This is example 1 of an equation:

minimize Ltotal(αD, αG, B, N) = LD + LG (8)

subject to:
0 < αD, αG ≤ 0.01

16 ≤ B ≤ 256
1 ≤ N ≤ 2000

This detailed mathematical approach ensures effective augmentation of the dataset
and robust AE source localization, addressing specific challenges that traditional methods
struggle with, such as limited data availability and the complex nature of AE signals in
real-world applications.

5. Evaluating the GAN Performance for Data Augmentation

To visualize the distribution of synthetic (augmented) and original datasets in a lower-
dimensional space, we employed t-Distributed Stochastic Neighbor Embedding (t-SNE), a
dimensionality reduction technique. t-SNE maps high-dimensional data to two dimensions,
effectively preserving local relationships between points and revealing structure at multiple
scales. Figure 6 presents t-SNE visualizations for the four GAN variants (GAN, WGAN,
DCGAN, TSAGAN) at their final training epoch (2000), as well as the GAN at epoch 1 and
noise-based augmentation for comparison. Original data points are depicted in blue and
synthetic data points in red, providing a clear visual distinction.
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(c) (d) 

  
(e) (f) 

Figure 6. The t-SNE visualization of synthetic and original datasets (a) The training epoch of 1 for
GAN (b) The training epoch of 2000 for GAN (c) The training epoch of 2000 for WGAN (d) The
training epoch of 2000 for DCGAN (e) The training epoch of 2000 for TSAGAN (f) Augmentation via
addition of noise.
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In the early stages of GAN training, the augmented data points are sparsely dis-
tributed and show little overlap with the original data, indicating poor alignment and high
divergence. By epoch 2000, the GAN-augmented data points are well-integrated with the
original data, demonstrating the GAN’s capability to generate synthetic data that closely
resembles the original dataset. The WGAN shows a unique pattern where augmented data
forms distinct clusters that encompass the original data points, suggesting it captures the
overall distribution well but may over-segment the data space. The DCGAN (Figure 6d)
and TSAGAN (Figure 6e) both show good integration of augmented and original data, with
the TSAGAN appearing to have a slightly more uniform distribution. In the last image,
noise-based augmentation produces a distinct pattern where augmented data form concen-
tric circles around original data points, indicating a simple additive noise approach that
does not capture the underlying data distribution as effectively as GAN-based methods.
These visualizations highlight the effectiveness of GAN-based augmentation techniques
in generating high-quality synthetic data that closely mimics the original dataset. The
increasing overlap and similarity in distribution between original and augmented data
points across different GAN architectures demonstrate their capability to produce diverse
yet representative samples, providing a robust foundation for deep learning models and
ensuring balanced representation across all labels.

The Wasserstein distance between the original and synthetic datasets across different
epochs for the four GAN variants are illustrated in Figure 7, serving as a metric to quantify
the similarity between the two distributions. Lower values indicate higher similarity. The
WGAN shows the most rapid convergence, achieving the lowest Wasserstein distance
of about 2.5 by epoch 100 and maintaining this level throughout training. The DCGAN
and TSAGAN demonstrate similar convergence patterns, starting with high distances
but steadily decreasing to around three by epoch 2000. The standard GAN, interestingly,
shows the most volatile behavior, with an initial decrease followed by a spike at epoch
500, before eventually converging to a distance similar to the DCGAN and TSAGAN
by epoch 2000. This comparison reveals that while all GAN variants eventually achieve
similar levels of data similarity, they differ significantly in their convergence paths. The
WGAN’s rapid and stable convergence suggests it may be the most efficient in generating
high-quality synthetic data, despite its underperformance in the final localization task.
The standard GAN’s volatility indicates a need for careful monitoring during training,
although it ultimately achieves competitive results. Overall, the results confirm that with
adequate training, the GAN-based augmentation technique significantly enhances the
dataset, providing a balanced and high-quality training set for deep learning models.

Figure 7. The comparison of Wasserstein distance convergence across epochs for the four GAN
variants (GAN, TSAGAN, WGAN, and DCGAN).

6. Results and Discussion

Our novel hybrid approach, combining GAN-based data augmentation with an In-
ception network for AE source localization, demonstrates significant improvements in
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accuracy and reliability compared to traditional methods. This section presents a detailed
analysis of our results, highlighting the benefits of our approach through comparative
studies and error distribution analysis.

6.1. The Comparative Analysis of Localization Performance

Figure 8 presents a comparative analysis of AE source localization performance be-
tween two approaches: (a) a hybrid deep learning model incorporating GAN-based data
augmentation and an Inception network, and (b) a model using only the Inception network
without GAN-based augmentation. In Figure 8a, the hybrid deep learning approach demon-
strates remarkable accuracy. The predicted locations (stars) closely align with the actual
source locations (squares) across the grid, with minimal deviation. This high accuracy is
consistent across the entire plate, suggesting robust performance regardless of the source’s
position relative to the sensor. In contrast, Figure 8b shows results without GAN-based aug-
mentation. Here, the discrepancies between actual and predicted locations are significantly
more pronounced. Many predicted points (stars) are substantially displaced from their
corresponding actual locations (squares). Notably, the errors appear to increase towards the
edges and corners of the plate, indicating degraded performance for sources further from
the sensor. The marked difference in accuracy between these approaches underscores the
significant impact of GAN-based data augmentation. By generating additional synthetic
training data, the hybrid model appears to have developed a more robust and generalized
representation of AE signal characteristics across the entire plate. This results in more
accurate predictions, even for locations that might be underrepresented in the original
dataset.

 
(a) (b) 

Figure 8. The comparison of acoustic emission (AE) source localization performance. (a) Results
from the hybrid deep learning model with GAN-based data augmentation and Inception network.
(b) Results from the Inception network alone without GAN-based augmentation. Square markers
represent actual source locations, star markers show predicted locations, and the large circular marker
indicates the sensor position. The x and y axes represent dimensions in inches.

6.2. Error Distribution Analysis

To quantify improvements in our hybrid approach, we conducted error distribution
analyses across six methods: the original dataset, noise-based augmentation, and four
GAN-based techniques (GAN, DCGAN, TSAGAN, WGAN). Each method was evaluated
10 times for model variability. We calculated mean Euclidean distance errors between
predicted and actual source locations for each run. Figure 9 presents box plots of these
errors, with each box representing the distribution of mean errors across 10 runs per method.
This approach provides a statistically sound comparison of augmentation strategies for
improving AE source localization accuracy.

123



Appl. Sci. 2024, 14, 8811

Figure 9. The comparison of errors for the different methods.

The original data show that the highest median error was 6.2 inches with a 1.1-inch
interquartile range. Noise-based augmentation marginally improves this to 5.2 inches
(median) with a 0.3-inch range, indicating increased consistency but persistent substantial
errors. Among the GAN methods, the standard GAN demonstrated superior performance,
achieving a median error of 2.9 inches and a 0.7-inch interquartile range. This represents
a 53% reduction from the original data and a 44% improvement over noise-based aug-
mentation. The DCGAN and TSAGAN also perform well, with median errors of 3.4 and
3.6 inches respectively, showing 45% and 42% in improvements over the original data. Sur-
prisingly, the WGAN underperforms with a 5.7-inch median error, only marginally better
than the original data. This unanticipated performance of the WGAN, which theoretically
should provide more stable training, demands further investigations. Its median error
of 5.7 inches, only slightly better than noise-based augmentation, may be attributed to
specific characteristics of AE signals or potential issues in implementation. We assume
that the Wasserstein loss might be less effective in capturing the nuanced features of AE
signals compared to the binary cross-entropy loss used in the standard GAN for this
particular application.

While our hybrid approach demonstrates significant improvements, it is also impor-
tant to acknowledge its limitations. This study focused on a specific 24” × 24” × 0.1”
aluminum plate configuration, and further research is needed to validate its performance
on larger structures and different materials. In conclusion, our innovative hybrid deep
learning approach with GAN-based augmentation exhibits superior performance in AE
source localization. The standard GAN architecture emerges as the most effective method,
reducing median localization error by 53% compared to the original data, and by 44%
compared to noise-based augmentation. These quantitative improvements underscore
the value of advanced data augmentation techniques in enhancing model accuracy and
reliability for structural health monitoring applications.

7. Conclusions

This study presents a comprehensive approach to acoustic emission (AE) source local-
ization, leveraging a novel single fiber-optic coil-based sensing system, advanced signal
processing techniques, and data augmentation with GAN. Our hybrid methodology, com-
bining GANs for data augmentation with an adapted Inception network for localization,
demonstrated substantial increases in AE source localization accuracy in bounded isotropic
plate-like structures. The t-SNE visualizations and Wasserstein distance analysis confirm
the high fidelity of the synthetic data generated by the GAN, leading to improved model
accuracy and robustness. The comparison of error distributions highlights the superiority
of GAN-based augmentation over noise-based augmentation and the original dataset,
illustrating an evident reduction in localization errors and improved consistency across
various source locations, crucial for detecting fatigue cracks and corrosion in metallic plate
structures. The implications of these findings are extensive, potentially transforming struc-
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tural health monitoring practices across various industries. By addressing the challenges
of limited and imbalanced datasets, our approach paves the way for more reliable and
efficient damage detection and localization in complex infrastructures. While our study
focused on a specific, thin aluminum plate-like structure, future research should extend this
methodology to more diverse real-world scenarios, including larger structures of different
materials and additive manufacturing. Further exploration of advanced signal processing
techniques and alternative deep learning architectures could potentially enhance model
performance, particularly in applications such as ship hulls, bridge girders, aircraft wings,
and fuselages. In conclusion, the hybrid deep learning architectures we developed here are
for more accurate, reliable, and efficient damage detection and localization in plate-like
structures, thus contributing to safer and more sustainable infrastructure management.
This single-sensor configuration enables precise localization without the need for a multi-
ple sensor array, offering a promising solution for enhancing AE-based SHM in complex
infrastructures and improving damage detection accuracy and reliability for more efficient
predictive maintenance strategies.
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Abstract: Simultaneous monitoring of temperature and vibration of electromechanical systems,
public buildings, and volcanic terrain is an important indicator of preventing accidents. This work
showcases the simultaneous temperature and vibration measurement using a single-fiber Bragg
grating (FBG) sensor. The concurrent interrogation of vibration and temperature by the FBG sensing
system can be integrated with free space optics (FSO), which saves on the costs associated with
fiber optic cables and overcomes terrain barriers. Furthermore, the real-time measured vibration
frequencies and different temperature levels can be recognized by a deep neural network (DNN)
sequential model. In addition to the FSO support, the sensing system can be arranged in multiple
sensing locations to form a wide range of measurements, offering a highly cost-effective solution.

Keywords: fiber Bragg grating; vibration measurement; temperature measurement; free space optics;
deep neural network

1. Introduction

Fiber optic sensing, renowned for its small size, sensitivity, precision, rapid response,
and immunity to electromagnetic interference, holds significant promise for a wide range
of manufacturing [1,2], biomedical [3,4], and transportation sensing applications [5,6].
The performance of fiber optic sensing technology has witnessed continual enhancements.
Despite being typically employed to measure a single physical parameter, fiber optic sensors
also possess the capability to concurrently measure multiple parameters if required [7–9].
This feature yields cost savings by obviating the necessity for additional sensors. However,
swift identification of the measured parameter’s value is imperative when assessing diverse
physical parameters.

Theoretically, as long as the optical transceiver is functioning properly and the data
sampling points and ranges are appropriate, fiber optic sensors are capable of accurately
measuring the frequency of vibrations [10]. Furthermore, fiber optic sensors can be operated
over a wide range of temperatures due to the nature of the glass, making fiber optic
sensors a very suitable tool for simultaneous monitoring of vibration and temperature.
Simultaneous monitoring of vibration and temperature in electromechanical systems,
especially within large public facilities, represents a highly effective strategy for ensuring
their proper functionality and preventing potential accidents. This study mainly focuses
on the simultaneous measurement of temperature and vibration using a solitary FBG
sensor. In fiber optic sensing measurements, fiber optic interferometer sensors are the most
sensitive choice [11], and they can measure both physical parameters simultaneously [7,8].
Nevertheless, using multiple fiber optic interferometer sensors in tandem is difficult due to
complex spectral and optical loss problems. In addition, distributed fiber optic sensing can
measure vibration and temperature simultaneously [9]. However, the system equipment
is more complicated, and the cost is certainly higher, so it is not cost-effective when the
measurement is not over a large area (fiber length of 1 km or more). Standard FBG
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sensors are capable of measuring a wide range of parameters accurately and can cascade
multiple FBG sensors for simultaneous measurements [2]. Furthermore, FBG sensing
systems can be integrated with FSO [12,13], allowing the fiber to be easily routed over
geographic obstructions and thus eliminating cable routing and maintenance costs. The
top half of Figure 1 shows the potential application of an FSO-based FBG sensing system
for simultaneous measurement of vibration and temperature. The light emitted from the
central office can be passed through the FSO instead of a fiber optic so that the sensed
signal is transmitted directly over the air and over obstructions to the target location to be
measured. Simultaneous vibration and temperature monitoring by FBGs can play a key
role in the proper functioning and safety of tunnels and green energy-related applications.

Figure 1. The application vision (upper part) and the experimental setup (lower part) of the FSO-
based FBG sensing system for simultaneous monitoring of vibration and temperature. (FBGI: fiber
Bragg grating interrogator; PC: personal computer; VG: vibration generator; SG: signal generator).

In a previous study, FBG vibration sensing in a link containing an FSO was demon-
strated by a single-frequency laser [14]. However, the previous framework relied on optical
power measurement and was incapable of conducting simultaneous multi-site measure-
ments and simultaneous measurements of vibration and temperature. The present work
on FBG vibration sensing with FSO link architecture is based on the FBG decoder using
wavelength mode signaling, which is capable of measuring vibration and temperature
simultaneously and allows simultaneous measurement of multiple points. Moreover, the
acquired signals can be learned by machine learning to quickly determine the temperature
and vibration frequency, obviating the need for a fast Fourier transform to analyze the
vibration frequency. This enhancement renders it more effective for timely vibration and
temperature monitoring. While applying fast Fourier transforms may offer greater effi-
ciency compared to training machine learning models, they are limited in their capability
to detect variations in temperature and identify subtle frequency differences [10].
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2. Measuring Setup, Principle, and Results

The main equipment used in the experiments was an FBG interrogator (Citpo Tech-
nologies Co., Taipei, Taiwan) with a wavelength scanning range of 1528~1568 nm, an FSO
device (Thorlabs Inc. F810FC-1550 in Newton, NJ, USA), and a vibration generator (Pasco
SF-9324, Pasco, Roseville, CA, USA). Other equipment, such as the personal computer,
standard FBG, temperature bath, and signal generator, are commonly available on the mar-
ket. The lower part of Figure 1 shows the experimental setup. First, the FBG interrogator
sends the probing beam from the optical fiber via the collimator to the air path, i.e., the 2 m
FSO, and then from the collimator to the FBG sensor for sensing. The optical fiber on the
side of the FBG is tied to a heavy object and immersed in a temperature bath. The signal
generator-driven vibration generator generates different frequencies of vertical vibrations
to pull the optical fiber so that the FBG generates a dynamic strain over time. Consequently,
this setup allows the FBG to simultaneously measure different vibrations and temperatures.
The measured vibration and temperature signals are returned to the FBG interrogator for
data acquisition. Subsequently, the sampled data is then used to train a machine learning
model to recognize the FBG’s signal-sensing information. The computer for machine learn-
ing is equipped with a CPU of Intel(R) Core (TM) i7-9700k speed @ 3.60 Hz, installed RAM
of 16 GB, and a graphics card of NVIDIA GeForce RTX 2080Ti.

FBG is a periodic grating structure; in temperature measurement, the thermal expan-
sion of the fiber material due to the change of ambient temperature changes the spacing of
the grating period and the refractive index of the core material, which results in the Bragg
wavelength of the FBG changing with the temperature. In terms of vibration measure-
ment, it relies on the applied dynamic mechanical stress to cause fiber deformation, which
dynamically changes the grating period and refractive index, resulting in the FBG Bragg
wavelength changing with vibration. That is to say, the FBG sensing temperature and vibra-
tion mechanism are different due to the fiber deformation mechanism being different and
can be superimposed, so the simultaneous measurement of vibration and temperature will
be feasible. Generally speaking, a single FBG cannot measure the strain and temperature
change at the same time because the wavelength shift of the FBG when subjected to strain
(strain sensitivity is 1 pm/με) will overlap with the wavelength shift of the FBG when
subjected to ambient temperature change (temperature sensitivity is 10~13 pm/◦C) [15],
and it is not possible to recognize the exact amount of the strain and temperature change.
However, the difference is that the vibration is a continuous periodic strain response; a
vibration signal corresponding to the FBG wavelength change and a temperature change
corresponding to the FBG wavelength change will be able to be recognized.

The data collection process consists of two segments: one involving the FSO link,
employing an FBG interrogator with a 3 Hz sweeping laser (equivalent to three sampling
points per second), and the other without the FSO link, utilizing an FBG interrogator
with a 200 Hz sweeping laser (equivalent to 200 sampling points per second). As per the
Nyquist sampling theorem [16], the maximum sampling frequencies are restricted to 1.5 Hz
and 100 Hz, respectively. In the FSO connection scenario, the FSO collimator may cause
wavelength disturbance of the high-speed sweep laser. Consequently, when employing a
200 Hz FBG interrogator, this faster sweeping speed and stability issues with the 200 Hz
FBG interrogator result in pronounced wavelength fluctuation, impacting the accurate
interrogation of vibration signals. Therefore, to measure higher vibration frequencies in
FSO links, in addition to a high-speed swept laser, it must also be stable and prevent
wavelength fluctuations. Due to site constraints in the experimental environment, the FSO
system has a length of only 2 m, whereas, in normal operation, the theoretical length of
the FSO can extend to several kilometers [17,18]. The length discrepancy necessitates a
higher laser power to compensate for transmission path loss. Additionally, environmental
turbulence in the FSO path will add noise to the FBG spectrum [19], which will cause
errors in the read wavelength and produce vibration signals with noise. This issue can be
effectively addressed through the application of denoising techniques [20].
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Figure 2 shows the results of simultaneous vibration and temperature measurements
without the participation of the FSO link. Figure 2a–d display the vibration frequencies
of 20 Hz, 40 Hz, and 80 Hz, and the temperatures of 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C are
measured for different vibration frequencies. The findings indicate that the vibration
signals at various temperatures can be differentiated. The prominently displayed red
line represents the vibration signal smoothed using the Savitzky–Golay filter [21], which
theoretically will be very close to the wavelength of the FBG under the actual ambient
temperature measurement. Since the temperature measurement is without the vibration
signal, the corresponding wavelength would be exactly in the middle of the wavelengths
corresponding to the peaks and valleys of the hypothetical vibration signal since the
vibration is a harmonic motion. It should be clarified that the FBG sensor used for the
measurements is used to measure both vibration and temperature, so it is not possible
to use the same FBG to measure only the temperature but not the vibration. Also, there
may be small temperature differences each time of temperature bath adjustment, and small
changes in the fiber optic tension and the water level in the sink may cause the wavelength
of the FBGs to fluctuate. Therefore, the FBG wavelength may not fall perfectly in the
center of the amplitude level of the vibration signal if the temperature data are measured at
different times, so the results of temperature measurement alone are not shown in Figure 2.
In addition, one of the main ideas of the scheme is to use the vibration signal directly to
recognize the frequency of the vibration and temperature value by machine learning, so
consideration of the vibration signal only indicates that the temperature and vibration can
be differentiated.

     

      

Figure 2. Simultaneous measurements of vibration and temperature at 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C
without FSO participation: (a) 20 Hz vibration frequency, (b) 40 Hz vibration frequency, (c) 60 Hz
vibration frequency, and (d) 80 Hz vibration frequency.
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Figure 2 shows that the measured vibration frequency is not affected by the tempera-
ture change. The temperature measurements are generally less affected by the frequency
of vibration, with wavelengths of 1536.2 nm, 1536.3 nm, 1536.4 nm, and 1536.5 nm for
30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C, respectively. Some of the deviations in the temperature
measurements are due to the small differences in fiber tension and water level of the bath,
as mentioned earlier. Also, the water temperature may not be the same every time the
temperature bath is adjusted to the same temperature. In addition, since the sampling
point of the FBG interrogator is fixed, the sampling time transients may not necessarily
coincide with the peaks and valleys of the mechanical waves generated by the vibration
generator, so the waveforms of the data measured at different vibration frequencies may
not be perfect sinusoids. This may result in the peaks and valleys of the vibration signal
corresponding to the wavelength of the position of the distortion, resulting in the curve of
the smoothed vibration signal and the actual temperature measurement of the wavelength
of the deviation. Hence, using machine learning to read the vibration signal directly to
derive the vibration and temperature information can overcome this problem. Incidentally,
the signal amplitude generated by the signal generator is the same, and the length between
the FBG and the vibration generator is 30 cm of fiber. Since the resonance length is different
for each vibration frequency, the amplitude of the vibration signal will be different.

In practical applications, the operation of the electrical system and changes in the
ambient temperature can lead to continuous changes in temperature. For this purpose, the
vibration measurements under dynamic temperature were collected as shown in Figure 3,
and the frequencies of vibration measurements in Figure 3a–d are 20 Hz, 40 Hz, 60 Hz,
and 80 Hz, respectively. Temperature conditions are 31 to 36 ◦C, 41 to 46 ◦C, and 51 to
56 ◦C. Similarly, by smoothing the signal, the wavelength curve closest to the temperature
information can be obtained, as shown by the white line. The wavelength response is
1536.2 nm to 1536.26 nm for water heating from 31 to 36 ◦C, 1536.3 nm to 1536.36 nm for
41 to 46 ◦C, and 1536.4 nm to 1536.47 nm for 51 to 56 ◦C. The initial water temperature
being 1 ◦C higher than the condition indicated in Figure 2 has led to a slightly higher
corresponding wavelength compared to the measurement result depicted in Figure 2.
Additionally, since the water heating time cannot be controlled consistently each time, the
sampling time of the signals will be different. The important point is that the level of the
vibration signal rises as the temperature rises, indicating that simultaneous measurements
of vibration and temperature can still be made under dynamic temperature conditions.
The vibration signal and the white smoothed lines indicate minor fluctuations, which
are attributed to both the noise from the FBG interrogator itself and the fluctuations in
water temperature.

Figure 3. Cont.
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Figure 3. Simultaneous measurements of vibration and dynamic temperature from 31 to 36 ◦C, 41 to
46 ◦C, and 51 to 56 ◦C without FSO participation: (a) 20 Hz vibration frequency, (b) 40 Hz vibration
frequency, (c) 60 Hz vibration frequency, and (d) 80 Hz vibration frequency. Since the vibration
signals are dense, different frequencies can be seen by drawing lines with gradient colors.

Figure 4 shows the simultaneous measurement of vibration and temperature with the
participation of FSO. The measured vibration frequencies in Figure 4a–d are 0.1 Hz, 0.5 Hz,
1 Hz, and 1.5 Hz and correspond to four temperatures, namely, 30 ◦C, 40 ◦C, 50 ◦C, and
60 ◦C. From the results, it can be seen that different vibration frequencies are not affected by
temperature changes, and the smoothing result of the vibration signals, i.e., the bright red
line, presents temperature-related information that is very close to the measurement results
in Figure 2. Besides, the amplitudes of the 0.1 Hz, 0.5 Hz, 1 Hz, and 1.5 Hz vibration signals
do not differ much because the vibration frequency is low and cannot cause resonance. The
important point is that the FBG can also measure the vibration and temperature signals
simultaneously and accurately through the FSO transmission.

      

Figure 4. Cont.
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Figure 4. Simultaneous measurements of vibration and temperature at 30 ◦C, 40 ◦C, 50 ◦C, and
60 ◦C with FSO participation: (a) 20 Hz vibration frequency, (b) 40 Hz vibration frequency, (c) 60 Hz
vibration frequency, and (d) 80 Hz vibration frequency.

Figure 5 also shows the case with FSO, the temperature conditions are 31 to 36 ◦C,
41 to 46 ◦C, and 51 to 56 ◦C (consistent with the measurement settings in Figure 3), and
the vibration frequencies of Figure 5a–d are 0.1 Hz, 0.5 Hz, 1 Hz, and 1.5 Hz, respectively.
The smoothed bright red line reveals the wavelength response ranges from 1536.2 nm to
1536.26 nm for water temperatures between 31 ◦C and 36 ◦C, from 1536.3 nm to 1536.36 nm
for temperatures between 41 ◦C and 46 ◦C, and from 1536.4 nm to 1536.47 nm for tempera-
tures between 51 ◦C and 56 ◦C. These findings are in line with the outcomes presented in
Figure 3. Therefore, it is shown that in a dynamic temperature environment, both vibration
and temperature can be measured simultaneously by the FSO transmission.

Figure 5. Cont.
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Figure 5. Simultaneous measurements of vibration and dynamic temperature from 31 to 36 ◦C, 41
to 46 ◦C, and 51 to 56 ◦C with FSO participation: (a) 20 Hz vibration frequency, (b) 40 Hz vibration
frequency, (c) 60 Hz vibration frequency, and (d) 80 Hz vibration frequency.

3. Machine Learns to Recognize Signals

Machine learning is a robust tool for understanding signal characteristics and effec-
tively identifying signals detected across various sensing tasks, such as vibration signals for
fault detection [10,22–24], through trained machine learning models. Notably, exploring
vibration signals in varied temperature environments, particularly the concurrent measure-
ment of vibration and temperature through fiber optic sensing and the subsequent signal
recognition using machine learning, remains an area yet to be thoroughly investigated.
This report employs a DNN sequential model [25] to discern the vibration frequency and
temperature characteristics of the vibration signals. The main code of the DNN sequential
model is defined as follows:

model = Sequential([Input([X.shape(1)]), Dense(500, activation=‘relu’),
BatchNormalization(), Dropout(0.2), Dense(500, activation=‘relu’),
BatchNormalization(), Dropout(0.2), Dense(128, activation=‘relu’),
BatchNormalization(), Dropout(0.2), Dense(y_one_hot.shape(1),
activation=‘softmax’)]).
The sequential model comprises stacked layers arranged linearly. The model com-

mences with an input layer designed to receive vibration frequency signals. The input
layer’s shape is specified by Input[X.shape(1)], where X.shape(1) denotes the number of
features in the input data. In a sequential model, it is not strictly necessary to define the
input layer explicitly, but doing so can improve clarity even though Keras can determine the
input shape from the first layer. DNN is made up of several hidden layers, each containing
neurons that process the weighted sum of inputs from the layer before it using activation
functions. Common activation functions include Rectified Linear Unit (ReLU) and sigmoid.
These layers are instrumental in discerning intricate patterns and features from the input
data. The first hidden layer, Dense (500, activation = ‘relu’), is a fully connected (dense)
layer housing 500 neurons. The utilization of ReLU as the activation function introduces
non-linearity into the model. ReLU outputs the input directly if it is positive; otherwise, it
yields zero. The BatchNormalization() layer normalizes the output of the preceding layer,
thereby stabilizing and expediting the training process by reducing internal covariate shifts.
This normalization technique adjusts the activations of the prior layer within each batch,
leading to a potential acceleration in convergence. Additionally, the Dropout(0.2) layer
randomly deactivates 20% of the input units during training, mitigating overfitting by
preventing the model from heavily relying on any single feature. Subsequently, the second
dense layer, Dense(500, activation = ‘relu’), the subsequent BatchNormalization() layer, and
the following Dropout(0.2) layer serve similar functions to their respective initial layers.
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The third dense layer consists of 128 neurons and employs ReLU activation. Its primary
function is to act as a bridge to the output layer. Following this, the third batch normaliza-
tion, achieved through BatchNormalization(), standardizes the output of the third dense
layer. Additionally, the third dropout layer, implemented using Dropout(0.2), serves to mit-
igate overfitting. The model learns to identify relevant features from the vibration signals
as the data moves through the hidden layer. This could include the ability to recognize
unique frequency patterns or anomalies that correspond to vibrations that take place at
different temperatures. The final layer, Dense(y_one_hot.shape(1), activation=‘softmax’),
functions as the output layer, containing many neurons equivalent to the classes present
in the target variable, denoted by ‘y_one_hot.shape(1)‘. This layer employs the softmax
activation function, which is well-suited for addressing multi-class classification tasks by
generating class probabilities that sum to 1.

Overall, this DNN model has multiple dense layers with dropout and batch normal-
ization layers in between to increase training stability and decrease overfitting. The model
is designed for a classification task, as indicated by the softmax output layer. Every compo-
nent is essential to achieving both efficient learning from the input data and maintaining
generalization to new data. The model is trained using labeled data, where each input
signal is associated with a known class. During training, the model fine-tunes its weights
through backpropagation to minimize the variance between its predictions and the actual
labels. The accuracy of the model can then be verified by evaluating its performance on
unseen data (20% of the total data). Based on the learned features, the model can predict
the signal’s class when new vibration signals are fed in.

Figure 6 shows the training and validation results of using the DNN sequential model
to recognize different vibration frequencies under various ambient temperatures. The
training and validation results are based on the data results presented in Figures 2 and 4.
Figure 6a–d shows the training accuracy, training loss, validation accuracy, and validation
loss, respectively. It can be found that the results of 0.1 Hz, 0.5 Hz, 1 Hz, 1.5 Hz, and 20 Hz
after 2000 epochs are significantly better than the results of 40 Hz, 60 Hz, and 80 Hz after
2000 epochs at four temperatures, namely, 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C. The validation
accuracy of the 0.1 Hz, 0.5 Hz, 1 Hz, 1.5 Hz, and 20 Hz frequencies at different temperatures
is 100%, while the validation accuracy of the 40 Hz, 60 Hz, and 80 Hz frequencies at different
temperatures is about 92.2%, 87.6%, and 81.7%. This difference is because the 0.1 Hz, 0.5 Hz,
1 Hz, 1.5 Hz, and 20 Hz signals are closer to a sinusoidal waveform, and the 0.1 Hz, 0.5 Hz,
1 Hz, and 1.5 Hz signals have relatively fewer sampling points. Regular and consistent
signals tend to be easier for the model to learn and recognize because the regular pattern
provides clear features that can be recognized by the model. On the other hand, more
complex and irregular signals may introduce a large amount of variability, making it more
challenging for the model to accurately recognize and classify them. Furthermore, there are
32 scenarios within eight vibration frequencies and four different ambient temperatures,
and the validation accuracy is 89.1%. Figure 7a,b shows the results for 0.1 Hz and 80 Hz
vibration frequencies, respectively. Following 1000 epochs, the validation accuracy can
reach 95%, respectively. In this scheme, the smallest vibration frequency of 0.1 Hz and the
largest vibration frequency of 80 Hz can be recognized under dynamic temperature, which
implies that other vibration frequencies can also be recognized successfully. In particular,
the validation accuracy of the 80 Hz case is 95.2%, which is higher than the 81.7% validation
accuracy result at static temperature. This is due to the fact that the sampling time at
dynamic temperatures is longer, and the data points are sufficiently large so that the model
can be better trained to have better accuracy.
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Figure 6. Results of using the DNN model to recognize the vibration frequency and temperature from
vibration signals: (a) training accuracy, (b) training loss, (c) validation accuracy, and (d) validation loss.

Figure 7. DNN model recognizing vibration measurements at dynamic temperature: (a) 0.1 Hz
vibration frequency, (b) 80 Hz vibration frequency.

4. Conclusions

In this work, a sensing scheme for the simultaneous measurement of vibration and
temperature by a single FBG sensor routed through an FSO link is demonstrated for the
first time. The vibration measurement signals under different ambient temperatures can be
deciphered by a DNN sequential model to obtain the vibration frequency and temperature
information. The DNN sequential model recognizes 32 scenarios at various ambient
temperatures, i.e., 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C, and at different vibration frequencies,
i.e., 0.1 Hz, 0.5 Hz, 1 Hz, 1.5 Hz, 20 Hz, 40 Hz, 60 Hz, and 80 Hz, with an accuracy of
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up to 89%. In addition, at dynamic temperatures, i.e., 31 to 36 ◦C, 41 to 46 ◦C, and 51 to
56 ◦C, the accuracy of recognition reaches 95% for vibration frequencies of 0.1 Hz and
80 Hz. This solution integrates FSO technology and a single FBG sensor to simultaneously
measure vibration and temperature, with the machine learning to recognize the signal data,
which is expected to save the cost of optical cable laying and maintenance, the cost of the
number of FBG sensors, and the cost of human identification of the signals, and promote
the development of related surveillance applications.
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Abstract: Intraluminal photoacoustic (PA) imaging has the potential for providing phys-
iological and functional information in wide-ranging clinical applications. Along with
endoluminal ultrasound transducers, these applications require compact light delivery
devices which can deliver high-energy ns-pulsed laser to the target region. In this work,
we describe the design, method of fabrication and characterization of a new compact,
side-fire optical fiber that can deliver high-energy laser pulses for PA imaging. Side-fire
illuminators were fabricated using UV laser ablation to create windows on the side of a
1.5 mm diameter single core, multi-mode optical fiber with a reflective silver coating and a
beveled end. Devices with 10 mm, 20 mm, and 30 mm window lengths were fabricated
and their beam profiles characterized. Elongated side-fire fibers with −6 dB beam size up
to 30.79 mm × 5.5 mm were developed. A side-fire to total output ratio of up to 0.69 and a
side fire efficiency of up to 40%, relative to a standard front-fire fiber, were achieved. We
evaluated the effects of high-energy ns-pulsed light propagation on the fiber by coupling
the fiber to 18 mJ or 100 MW/cm2 (at 750 nm) beam from a Q-switched laser. The PA
imaging with the fiber was demonstrated by detecting India ink targets embedded in
chicken breast tissue over the full length of a 20 mm illumination window and over a 100°
angle and by visualizing in vivo the rat ear vasculature.

Keywords: intraluminal; endovascular light delivery; high-energy laser; photoacoustic
imaging; side-fire fibers; laser micromachining

1. Introduction

Photoacoustic (PA) imaging combines optical contrast from pulsed laser illumina-
tion of tissue with the imaging field of view of ultrasound. The PA signal arises from
wavelength-specific absorption of typically near-infrared wavelength, nanosecond (ns)
laser pulses by chromophores in the tissue, including hemoglobin, lipids, melanin, and ex-
ogenous contrast agents. With multi-wavelength illumination, PA imaging is capable of
differentiating chromophores with distinct absorption spectra, so it can provide functional
information such as total hemoglobin concentration, oxygen saturation [1–3], and molec-
ular imaging [4–7], mapped to the anatomical structure shown by conventional B-mode
ultrasound. The pressure generated by the absorption of light is given by

p0(r) = Γμa(r)Φ(r)

where the Grüneisen parameter (Γ) relates to the efficiency of converting absorbed opti-
cal energy into pressure, μa(r) is the optical absorption coefficient of the chromophore,
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and Φ(r) is the local fluence (energy per unit area). As the light travels through the tissue,
it is scattered and absorbed, resulting in a gradual reduction in the fluence with distance
from the light source; hence, the PA signal is limited by the fluence reaching it. This can
degrade the PA imaging performance when large-volume imaging is required or if the
imaging target is situated deep in the anatomy [8–10].

PA imaging systems for non-invasive imaging often use optical fiber bundles flanking
the ultrasound transducer to illuminate tissue over the ultrasound imaging plane with high
peak power laser pulses, typically in MWs. However, the fiber bundle adds to the bulk of
the ultrasound probe [1,11]. The PA field of view can match the ultrasound imaging field if
the fiber bundles deliver sufficient fluence at depth while being distributed along the length
of the US probe. However, for applications that have limited access, such as image-guided
intervention, intraluminal, or endovascular imaging, both the ultrasound probe and the
light delivery device must be compact. Single optical fibers, with forward illumination
from the end or side-fire with a prism, mirror, or bevel at the tip have been developed to
investigate these applications [9,12–27]. Small-diameter fibers (e.g., <5 mm) can also enable
through-transmission illumination aligned with the ultrasound image plane, for example,
intraluminal light delivery separated from the US probe [28–30].

While compact side fire devices have yielded good PA imaging depth [28,29,31],
the imaging field of view is restricted by the small spot size and weakly diverging beam,
requiring the optical fiber to be mechanically swept to illuminate the full region of interest.
This may significantly increase the imaging time and make it difficult to use in a clinical
setting. Further, the laser pulse energy may have to be restricted so that the fluence at the
small aperture is below safety limits to avoid localized tissue heating or damage. Therefore,
a compact light delivery device with an extended illumination aperture is needed.

Radial fiber diffusers deliver light circumferentially along a section of the fiber [17,27,32].
Such designs can have an extended aperture and provide large illumination volumes.
However, the cylindrical beam is not an efficient use of the laser energy for PA imaging
using a finite ultrasound imaging plane. Furthermore, diffusers based on light scattering
centers in the fiber core, such as those used for photodynamic therapy applications [32,33]
are not able to withstand high peak powers. Therefore, we propose a compact side-fire fiber
with an elongated illumination aperture that can carry high peak power (MW) ns pulses.
Elongated side-fire illuminators have been developed by creating multiple notches along
the fiber to reflect the light [34], by depositing materials with different refractive indices on
the core [35], by laser-ablating micro-holes the generate multiple side-fire beams [36,37],
or by adding a conical mirror to a cylindrical diffuser [38]. However, high power laser
pulse transmission has not been demonstrated with the first three, while the diameter of
the latter [38] is 8 mm. The challenge of generating uniform side-fire illumination from a
compact (e.g., <3 mm diameter) device capable of carrying high pulse power remains.

In this paper, we present an elongated side-fire fiber comprising rectangular apertures,
which were laser micromachined on one side of an optical fiber. By ablating into the
core, light from the low order propagation modes can be redirected out of the machined
window. UV laser ablation was used to create a roughened window on the side of a 1.5 mm
diameter optical fibers. The fibers were coated with silver to redirect light out of the ablated
region. Fibers with windows up to 30 mm long were developed and characterized. We
measured the beam profile and the side-firing efficiency using a low-power CW laser
(660 nm). The fabricated fibers were coupled to a 100 MW/cm2 beam from a Q-switched
PA imaging laser (680–970 nm), and the effect of repeated transmission of the laser pulses on
the emission characteristics of the window was evaluated. PA imaging with a fabricated fiber
was demonstrated with ink tubes in a tissue phantom and then by scanning a rat ear in vivo.
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2. Materials and Methods

2.1. Side-Fire Fiber Design

The forward light propagation in multi-mode optical fibers can be altered by modifying
the refractive index or the physical structure of the fiber core or its surface through methods
such as chemical etching, mechanical abrasion, UV laser ablation, and femtosecond laser
writing [17,32,39,40]. These modifications cause scattering of optical energy and redirection
of some light propagation modes, allowing photons to escape the core and be emitted
from the fiber’s side, such as in circumferential diffusers. In our work, we used UV laser
ablation to create corrugated windows along the side of single core 1.5 mm diameter multi-
mode optical fibers (FT1500UMT, Thorlabs, Inc., Newton, NJ, USA), which have a damage
threshold of 1 GW cm−2. We made side-emitting fibers with 10 mm (n = 2), 20 mm (n = 2),
and 30 mm (n = 2) long windows. Three successive ablations were performed to enhance
the side emission by creating deeper structures in the fiber, enabling more transmission
modes to interact with the window. The ablated window was positioned 5 mm from the
fiber’s distal end, leaving an intact segment for quantifying emission properties, including
the side-to-front fire ratio, as described below. The goal of these modifications is to disrupt
the total internal reflection at the modified core surface, causing a constant redistribution
of the modes traveling in the core.

Reflective silver coatings were used to further redirect modes that do not satisfy the
optical fibers’ NA and would not be emitted at the machined window. Silver films are highly
reflective across the visible and infrared spectrum down to 400 nm and minimally absorbed
in the visible range [41]. While optical properties depend on film thickness, stability
in transmittance and reflectance is achieved once a minimum thickness of 12–18 nm is
reached [42].

2.2. Side-Fire Fiber Fabrication

The optical fiber’s buffer coating was stripped using a fiber stripping tool, keeping
the cladding intact, and the fiber was secured on a glass slide. To address the challenge
of focusing the ablation laser on the fiber’s curved surface, one side was flattened using
a dicing saw (DAD3240, DISCO Corporation, Tokyo, Japan). A 200 μm thick, 500-grit
diamond blade was used to make 150-μm-deep cuts perpendicular to the fiber axis, spaced
100 μm apart, creating overlapping passes that flattened the surface by removing the
cladding and exposing the core (Figure 1a,b). Additionally, a 45° bevel was made at
the distal end with the same blade to reflect light back into the fiber core and to reduce
forward emissions.

The fiber was then secured on a glass slide and mounted on a four-axis servomotors-
operated stage. The diced surface was patterned using an ArF excimer laser (wave-
length = 193 nm; IX-255, IPG Photonics, Oxford, MA, USA), emitting 10 ns pulses at
a 100 Hz repetition rate. We focused a 90 μm square laser beam spot onto the fiber, set-
ting the ablation energy at 6.42 J/cm². The laser focus was set to the mean depth of the
ablated surface, which was found by adjusting the focus of the inspection camera of the
laser micromachining system at three positions along the window. As the four-axis stage
moved the fiber along the x-axis in 3 μm steps, each pulse overlapping the previous one,
continuous ablation lines were created along the fiber’s length. We patterned seven parallel
lines across the fiber’s width (y-axis) to achieve a 0.8 mm window width (Figure 1c). This
process was repeated twice to ablate deeper into the fiber (Figure 1d). For each successive
ablation, the width of the cut (along the y-axis) was reduced by 180 μm, giving the ablated
region a u-shape as shown in Figure 1e.

After laser ablation, we cleaned the fibers with isopropyl alcohol, masked the window
area with masking tape, and wrapped the proximal end of the fiber in aluminum foil,
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leaving only the distal end exposed for silver coating. A 3000 Å thick layer of silver was
deposited using a magnetron sputtering system (Orion3, AJA International, Scituate, MA,
USA). Fibers, between 12 cm and 19 cm long to fit within the sputtering system, were
placed horizontally on the carrier plate, and sputtering was performed twice to coat the
entire fiber circumference. After sputtering, the tape covering the window was removed,
and the distal end of the fiber, including the ablated window, was encapsulated in a clear
fused quartz tubing (Technical Glass Products Inc., Painesville, OH, USA) with 2.2 mm
(inner diameter) × 3 mm (outer diameter) dimensions. The final outer diameter of the
enclosed fiber was 3 mm.

Figure 1. The micromachined side-fire optical fiber. (a) Side-view sketch showing the flattened
region and beveled tip machined with a dicing saw. (b) A fiber before silver coating showing the
surface ridges made by the dicing blade. (c) The top view sketch illustrates the laser ablation pattern
along the length of the fiber (dotted lines). (d) A side view sketch illustrates the refocusing of the
micromachining laser focus on ablating successive layers deeper into the fiber. (e) Transverse view
sketch illustrating the successive ablations.

2.3. Fiber Emission Characterization

Fiber characterization involved measuring the beam profile in the longitudinal and
azimuth directions. Additionally, the percentage of light emitted from the side of the fiber
was measured relative to the total light output from the fiber to estimate the proportion
diverted through the side-fire window. The percentage of side-emitted light was also
compared to that of a naïve optical fiber of the same model to estimate the combined light
lost in back-reflections and front leakage.

To measure the longitudinal profile, we scanned an isotropic detection fiber (IP85,
Medlight, Ecublens , Switzerland, tip diameter 850 μm) over a 30 mm × 30 mm area
in the x-longitudinal and y-transverse directions with a step size of 500 μm in both
directions, recording the relative irradiance emitted by the area side-fire fiber regardless
of the emission angle. The detection fiber, which was positioned at a distance of 5 mm
from the side-fire fiber, was connected to a photodiode (DET10, Thorlabs, Newton, NJ,
USA) to record the output voltage with an oscilloscope and was positioned at a distance of
5 mm from the side-fire fiber. The side-fire fiber was connected to a 660 nm laser source
(S1FC660, Thorlabs, Newton, NJ, USA) via a coupling assembly consisting of a collimator
(F810SMA-780, Thorlabs, Newton, NJ, USA) and a focusing lens (LA1560-B, Thorlabs,
Newton, NJ, USA). This laser wavelength is close to the Q-switched PA imaging laser
wavelengths, and the wavelength difference does not significantly change the refractive
index, hence the scattering at the window can be expected to be similar for all the PA
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wavelengths. The Numerical Aperture (NA) of the coupling assembly was 0.10 and the
fiber was spatially overfilled by placing it behind the lens focus. The coupling assembly
was mounted on a computer-controlled 2D motor stage for automated data collection by
synchronizing the oscilloscope output with a 2D motor stage. The “front” beam profile
corresponds to measurements taken with the light-emitting window facing the isotropic
detection fiber, while the “back” profile corresponds to measurements when the detection
fiber faces the silver-coated region. Figure 2a illustrates this setup.

For azimuthal profile measurements, the side-fire fiber was fixed vertically on a mount,
while the detection fiber was mounted on a rotation stage. The middle of the machined
window was visually aligned to face towards the detection fiber. The distance between the
two fibers was set at 1 mm, and data points were acquired at 5° intervals while manually
rotating the detection fiber around the stationary side-fire fiber. Azimuth measurements
were taken at the proximal, mid, and distal regions of the side-fire window, as shown in
Figure 2b. The beam spread in the azimuth direction was calculated by the difference
between the maximum and minimum angle at 50% of the peak intensity.

Figure 2. Experiment setup for fiber characterization. (a) Two-dimensional beam profile measurement
is shown here for the “front” profile. (b) Azimuthal profile measurement. Schematic diagram of the
experiment setup showing the position of the optical fiber inside an integrating sphere for measuring:
(c) Total output It (d) Side fire Is. (e) Front fire If from a non-modified front firing optical fiber.

The side-fire ratio is the ratio of the light emitted from the side of the fiber, Is, relative
to the total light exiting fiber It, and it evaluates the proportion of the total emitted light
that is coming from the machined window. This is critical to assess how much light is lost
in forward propagation. The side-fire efficiency is the side fire emission Is relative to the
light emitted from a multi-mode straight-cut front-firing fiber of the same model (If). This
measurement evaluates the proportion of light diverted to the side-fire window compared
to the total light in the fiber. This is useful for assessing the amount of light lost in forward
propagation and back reflections from the bevel. These measurements were performed
using an integrating cylinder (IC) manufactured from ultra-high-density polyurethane
(Gigahertz-Optik, Munich, Germany). A fraction of the light inside the IC was recorded via
a detector fiber (FT600UMT, Thorlabs, Newton, NJ, USA) inserted via a small port hole.
The measurement configurations for It, Is, If are illustrated in Figure 2c–e. For side-fire
measurement, the fiber extends through the IC such that its distal end passes through the
front hole, otherwise the front hole is sealed with reflective tape. An average of 10 readings
was acquired for each prototype characterized and each measurement configuration.
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2.4. Coupling PA Laser into Fiber

A Q-switched Nd:YAG OPO tunable laser (LAZR, FUJIFILM VisualSonics, Inc.,
Toronto, ON, Canada) was used as the PA laser source. The laser system produces 40 mJ
pulses with a duration of 5–10 ns in the near-infrared range (680–970 nm) at 20 Hz rep-
etition rate. For multispectral photoacoustic (PA) imaging using the Vevo 3100 system
(FUJIFILM VisualSonics, Inc., Toronto, ON, Canada), up to 550 frames can be collected
during one acquisition, with 4 pulses required for each frame. Thus, a total of 2200 pulses
can be fired during one PA acquisition. To demonstrate the fiber’s mechanical resilience,
it was tested by coupling more pulses than needed for one PA acquisition; thus, a total of
6000 shots at 18 mJ pulse energy (λ = 750 nm) were transmitted into the fiber. A custom
coupling assembly was developed as described in our previous studies [28] and had an
NA of 0.10, as used in the characterization setup. The light from the coupling assembly
was directed into a 1-meter-long patch cable of the same specification as the fabricated
side-fire fibers. The fabricated fibers were then butt coupled to this long fiber connected
to the PA laser with an index matching gel (G608N3, Thorlabs, Inc., Newton, NJ, USA);
we measured an energy loss of 10–16% due to the butt connection. The patch fiber was
spatially overfilled by placing the coupling end slightly beyond the focal point of the
focusing lens. The per-pulse energy emitted from the window region was measured using
a power/energy meter (Maestro; Gentec, OR, USA; 5 cm diameter) before and after PA
laser pulse transmission as part of standard measurement prior to imaging.

2.5. Phantom and In Vivo PA Imaging Using the Side-Fire Fiber

PA imaging of a phantom using the side-fire fiber was demonstrated by imaging
absorbing targets embedded in chicken breast tissue. The targets were polyurethane
tubes (0.015′′ ID and 0.033′′ OD) filled with India ink (DeSerres, Vancouver, BC, Canada).
The fiber with the 20 mm long window was coupled to the tunable laser (LAZR, FUJIFILM
VisualSonics, Inc., Toronto, ON, Canada). The energy output at the 750 nm wavelength
used for imaging was 3–5 mJ, as measured from the window region. B-mode and PA-mode
images were acquired with a Vevo 3100 ultrasound imaging system (FUJIFILM VisualSonics,
Inc., Toronto, ON, Canada) and a 20 MHz linear array (MX250; max. image width 23 mm)
positioned to image the tube cross-sections. To evaluate the illumination along its length,
the optical fiber was positioned parallel to the image plane, i.e., perpendicular to the tubes.
The fiber was then aligned perpendicular to the image plane (i.e., parallel to the target
tubes) and positioned centrally approximately 10 mm from the tubes to evaluate the tissue
illumination by the fiber in the azimuth direction. A motor stage was used to translate the
transducer along its elevation direction with a step size of 150 μm and acquire a volumetric
image of the tube targets.

For in vivo PA imaging, a rat ear was placed on an anechoic and optically transparent
support that held the optical fiber such that the ear was within the large illumination area
of a 20 mm window side-fire fiber. Anesthesia of the animal was initiated by 5% isoflurane
in oxygen and maintained at 2% throughout the imaging. B-mode and PA-mode imaging
was performed with the same laser and ultrasound acquisition setup as for the phantoms
described above. The optical fiber was inserted into a channel 5 mm below the top surface
of a block of plastisol (50 × 50 × 50 mm3) [28,43] to separate visually the strongly reflecting
fiber from the thin ear in the images. The transducer was held by a motor stage above
the ear, with ultrasound gel coupling between the ear and the plastisol block, and up to
8 mm thick above the ear. A 3D scan of the ear was set up to acquire an image volume of
25 mm (image width) × 16 mm (image depth) × 10 mm (scan length) with a step size of
150 μm. Animal experiments were performed under the approved animal use protocol
of Sunnybrook Research Institute. Image reconstruction and analysis for both phantom
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and in vivo imaging were performed using the Vevo LAB software (v5.6.1, FUJIFILM
VisualSonics, Inc., Toronto, ON, Canada).

3. Results

3.1. Side-Fire Fiber Fabrication

Three variations of the side-fire fibers were fabricated, sporting 10 mm, 20 mm,
and 30 mm long windows on the fiber’s side. Figure 3a–c shows microscope images
of the laser machined region on a fiber. The ablated surface of the fiber is visibly roughened,
and a pit was observed along the central axis of the fiber (Figure 3b). Figure 3c shows
the cross-sectional view of the fiber showing a u-shaped valley created as a result of three
successive ablations. Figure 3d,e shows the side and top view of a 20 mm long window
fiber after coating it with silver, encasing in a 3 mm (OD) glass tube. A red laser was
coupled manually to the fiber, and the light exiting over the full length of the window was
observed. As shown in Figure 3d, some light can be seen exiting from the silver coated
bevel and sideways from the window region. More light was observed visually towards
the proximal end of the window compared to the distal end (Figure 3e). The maximum
ablation depth into the fiber, estimated with the laser machining system inspection camera,
is reported in Table 1.

Figure 3. Laser machined side-fire fiber: (a) side view showing the machined window demarcated by
black dashed lines in the 1.5 mm OD fiber and the 45° diced end, (b) top view showing the width of
the cut indicated by black dashed lines, and (c) transverse view of the window cut along the width
showing a valley created by the laser machining. (d) Side and (e) top view images of the fiber with
silver coating, except in the ablated window, placed in a glass tube and with a red laser pointer
coupled to it to show the light emitting from the machined window.

Table 1. Summary of beam characteristics for fabricated prototypes.

Prototype#
Est. Ablation
Depth (μm)

2D Beam Size
(mm)

Azimuth Angle
(Degrees)

Side-Fire Ratio
(Is/It)

Side-Fire
Efficiency (Is/If)

A: 10 mm window (i) 588 (i) 12.29 × 6.89 (i) 104 (i) 0.62 (i) 20%
(ii) 500 (ii) 11.3 × 7.38 (ii) 112 (ii) 0.59 (ii) 18%

B: 20 mm window (i) 780 (i) 20.6 × 7.08 (i) 109 (i) 0.69 (i) 40%
(ii) 750 (ii) 20.1 × 7.37 (ii) 109 (ii) 0.66 (ii) 37%

C: 30 mm window (i) 623 (i) 30.07 × 6.0 (i) 81 (i) 0.38 (i) 29%
(ii) 631 (ii) 30.79 × 5.5 (ii) 81 (ii) 0.44 (ii) 31%

3.2. Side-Fire Fiber Characterization

The beam profiles of fibers with window lengths of 10 mm, 20 mm, and 30 mm are
shown in Figure 4, and their characteristics are summarized in Table 1. The distal and
proximal ends of the windows, relative to the light travel direction in the core, are indicated
by yellow arrows; intensities are normalized to the peak in each dataset. Figure 4b,e,
and k show the plots of the normalized intensity along the longitudinal and transverse
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directions relative to the fiber axis, indicated by the black dotted lines in the 2D beam plots.
The maximum intensity in the beam profile was observed near the center of the ablated
aperture for the 10 mm window prototypes. The maximum intensity was about 5 mm from
the proximal window end for the 20-mm window prototypes, with the signal intensity
tapering slowly to about 4 mm from the distal end then dropping quickly (Figure 4e).
The beam profile for the 30 mm prototype has peaks within 4 mm of each end of the
window and a 30% intensity drop in the middle; the highest intensity was measured near
the distal edge. The pair of 10 mm window prototypes had substantially similar beam
profiles, as did the 30 mm window pair. The pair of 20 mm window prototypes had
differing slopes in the plateau over the machined window, with the beam profile of the
second prototype.dropping to 70% of the peak before the steep drop at the distal edge of
the window.

Figure 4. Normalized measured beam profiles for side-fire fibers: (left) two-dimensional beam
profile, (mid) longitudinal and transverse intensity plots along black dotted lines in beam profile,
and (right) azimuthal beam profile at proximal, central, and distal positions within the ablated
aperture of fibers with (a–c) a 10 mm window, (d–f) a 20 mm window, (g–i) a 20 mm window fiber
after receiving 6000 PA laser pulses, and (j–l) a 30 mm window.

The azimuth beam profile at the distal, middle, and proximal window positions for
the three window lengths are shown in Figure 4c,f,l. The intensity values are normalized to
the maxima at each longitudinal position. The average azimuth angle span was 108°, 109°,
and 82° for the 10 mm, 20 mm, and 30 mm window prototypes, respectively. The prototypes
achieved a side fire ratio ranging from 38% for a 30 mm window and up to 69% for a
20 mm window. The side-fire efficiency, compared to a naïve fiber with emission only at
the flat distal end, was a maximum of 40% for one of the 20 mm prototypes and as low as
18% for a 10 mm window.

3.3. Beam Profile Before and After PA Laser Transmission

Figure 4g shows the 2D beam profile of the 20 mm long window prototype fiber
after launching 6000, 18 mJ (λ = 750 nm) pulses into the fiber. A clear difference was
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observed in the 2D beam profiles pre- and post-PA laser coupling, as seen in Figure 4d,e
and Figure 4g,h, respectively. The beam width (FWHM) after the PA laser coupling fiber
expanded by 2.8 mm in the longitudinal direction and 1.63 mm in the transverse direction.
After PA laser exposure, the location of the maximum intensity shifted proximally, as can
be seen from the 2D beam plot graphs in Figure 4e,h. A small diagonal crack, indicated
by an arrow in Figure 4i, appeared on the window after PA laser transmission and was
also observed with the naked eye as a bright spot when the 660 nm test laser was coupled
to the fiber. The azimuth plots indicated an expansion of the beam divergence by 10° at
the proximal position. The per-pulse energy from the window region, as measured by the
energy meter, decreased from 8 mJ at the beginning of the session to 5 mJ after transmitting
the 6000 pulses.

3.4. Phantom and In Vivo PA Imaging Using the Side-Fire Fiber

Figure 5 shows B-mode and PA-mode images of the tissue phantom with embedded
tubes filled with India ink. The tubes are imaged in cross-section and visible in the B-mode
as bright features; as expected, both the top and bottom walls of the tube are visible as
two echoes for each tube. When the optical fiber is perpendicular to the tubes and parallel
to the transducer (Figure 5a), it is faintly visible in B-mode because it is slightly out of
plane (Figure 5b). In the corresponding PA-mode image (Figure 5c), all targets above the
optical fiber are detected, including the tubes furthest (9 mm) from the fiber. When the
optical fiber is aligned parallel to the ink-filled tubes, nd perpendicular to the image plane
(Figure 5d), it is visible as a bright feature in the B-mode image (Figure 5e). Tubes spanning
102° are visible in the PA-mode (Figure 5f), which matches the 109° azimuthal beam profile
of the fiber (Figure 4f). The PA signals from the tube delineating the top and bottom of
the ink can be seen in the inset in Figure 5f; this is expected when imaging contrast-filled
tubes due to the N-shaped PA waveform [44]. Since the light source is below the tubes,
the bottom surface of the ink yields a stronger signal. The volumetric scan has the fiber
aligned approximately parallel to the tubes (Figure 5g), and demonstrates PA signals are
detected from these tubes along the 10 mm scan (Figure 5h). The top and bottom of the
ink-filled tubes is also detected, appearing as a doublet for tubes that received sufficient
energy to generate a strong PA signal at the top surface.

The PA-mode image of the rat ear overlaid on the B-mode image is shown in Figure 6.
The PA image is acquired with laser per pulse energy of 3 mJ measured at 750 nm. The op-
tical fiber is visualized in the B-mode as a strong reflector at the bottom of the image; it is
tilted due to the deformation of the plastisol block in which the fiber is inserted. The shape
of the ear is visible in the B-mode, with anechoic gel and plastisol above and below the
ear, respectively. No signal was observed from plastisol as it was devoid of any optical or
acoustic scatterers. Due to hemoglobin absorption, blood vessels appear as bright regions
in the PA-mode, which are, as expected, confined within the ear. PA signals from the blood
vessels were observed over 19 mm apart in the central cross-section of the ear, matching
the site of the machined window.
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Figure 5. PA imaging of polyurethane tubes filled with India ink embedded in chicken breast tissue.
(a) Schematic diagram, (b) B-mode US image and (c) PA-mode image of the tube cross-sections with
optical fiber perpendicular to the tubes (parallel to image plane), demonstrating the longitudinal
illumination field, and (d) Schematic diagram, (e) B-mode US image, and (f) PA-mode image with
the optical fiber parallel to the tubes (perpendicular to the plane) showing the angular illumination
field; inset in (f) is zoomed-in view of PA signal from top and bottom surfaces of ink in the tube.
Multi-plane imaging with 10 mm scan (g) schematic and (h) volume rendered PA-mode image
showing both angular and longitudinal illumination field. Solid white arrows indicate tubes visible
in PA-mode images; dotted white arrows indicate approximate orientation of the machined window
and direction of the emitted laser beam.

Figure 6. (a) Setup for imaging rat ear in vivo, with optical fiber placed 5 mm below the surface of a
plastisol block supporting the ear. Ultrasound gel couplant surrounds the ear. (b) Volume rendering
of 3D B-mode and PA-mode scan of a rat ear. Pseudo-color PA-mode image (red) is overlaid on
the grayscale B-mode image, and three perpendicular cross-sections are shown, intersecting near
the middle of the ear. (c) The transverse view shows the same imaging plane as in (b). The image
dimensions are 23 mm (lateral) × 16 mm (depth), and the length of the imaged ear is 19 mm.

4. Discussion and Conclusions

Intraluminal or interstitial photoacoustic imaging of tissues and organs requires the
delivery of high peak power (MW) over the field of view of the ultrasound probe while
minimizing the cross-sectional dimensions of the light delivery device for ease of access.
As PA imaging requires the delivery of a large number of sub-micro-second pulses, the light
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delivery system must be resilient to high transient optical power densities. At the same
time, the local fluence near the illumination device must be kept below safety limits. Since
off-the-shelf cylindrical diffusers are not suitable due to their low power damage threshold,
an elongated illuminator that can carry high peak power and scatter optical energy from the
core is needed. Furthermore, the light emission should be directional and confined within
the US imaging plane. In order to obtain light out from the side of the fiber, the modes in
the core need to be disturbed. While structures or modifications on the fiber surface can
redistribute energy from higher modes, alteration of the material close to the fiber center
is required to redistribute the energy from lower modes and redirect the majority of the
energy out of the fiber.

4.1. Observations and Insights

In this work, single-core, multimode fused silica fibers with high damage threshold
(1 GW cm−2) were utilized to develop side-fire elongated illuminator using ArF excimer
laser machining. The developed device was compact with a 1.5 mm OD or a 3 mm OD with
a glass tube housing, had extended side-fire illumination demonstrated up to 30 mm in
length, and was capable of carrying 18 mJ per-pulse energy or 100 MW cm−2 power density.
As shown in Figure 4, for all the prototypes, the −6 dB beam size in the longitudinal
direction matched the machined window length. The fibers with 10 mm long windows
showed a central peak in intensity, whereas the longer windows had steep rises in intensity
within 5 mm of the window ends and tilted plateaus or dips (>10% drop within 10 mm)
over the middle of the window. The peaks are likely due to scattering of the higher modes
on interaction with the machined material, whether at the proximal end of the window
or at the distal window end after reflection of forward propagating modes at the bevel.
The decreasing intensity with distance from the peaks is likely due to the reducing energy in
the higher order modes after interaction with the machined surface and therefore decreasing
scattering and escaping light as a function of position. As expected, the silver deposition led
to negligible light intensity detected opposite the window. The lateral window dimension
was the same for all prototypes, corresponding with reasonably consistent transverse beam
spread (80–110°), though the effect of widow width was not investigated here. It should be
noted that the optical coupling used in the current setup has an NA of 0.10 which is less
than the NA of the fiber of 0.39, which leads to mode under-filling. While mode filling was
not investigated here, if we overfill the modes, we can expect more light interacting with
the machined window region. This may result in more light escaping out from the side and
less light propagating unperturbed and improved side-fire efficiency.

The ablation depth in the fiber core is a crucial factor in the beam profile and side-fire
efficiency, with deeper ablation corresponding with higher side-fire efficiency irrespective
of window length (Table 1). For example, the 30 mm window was expected to allow more
light to exit the fiber but had lower efficiency than the 20 mm fibers, corresponding with
shallower ablation depths. Hence, greater ablation depths and the consequent disruption
closer to the center of the core is a larger determinant of side-fire efficiency than the window
size. The u-shaped ablation trench, created by three successive machining layers, was
selected to retain as much of the fiber material for structural integrity while ablating into the
core in order to scatter the lower modes. The cross-sectional geometry, such as the opening
angle of the fabricated prototypes, is expected to affect the emitted azimuthal beam profile
but was not investigated in this study. All fibers were structurally intact after machining
but were fragile and could easily break during testing. In some early prototypes, the trench
was encapsulated in an optically transparent epoxy to strengthen the fiber, but charring was
observed after coupling to the PA imaging laser, caused by air bubbles not fully removed
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during the epoxy casting process. However, once they are encased in a glass tube, they
maintain mechanical integrity through all the characterization and imaging experiments.

Compared to our earlier prototype [45], this new design includes a bevel at the distal
end of the fiber. This bevel, which redirects the reflected light into the fiber, allowing for
further interaction with the machined region, resulted in a 30% increase in the side-fire
ratio compared to the 10 mm window prototype with a flat-cut end. When the device has
both a beveled tip and a conformal silver coating to reflect light from the fiber surface, up to
40% of the light emitted from a flat ended fiber is redirected outside of the machined fiber.
Some of the light is lost in back reflections from the beveled tip that also does not interact
with the machined window, such that the side-fire efficiency, relative to a flat-cut fiber, is
lower than the ratio of side-to-total light emitted from the tip.

We also observed some light transmission at the bevel end, which increased after
6000 PA laser pulses were transmitted into the fiber. Upon visual inspection, the silver
covering the beveled tip was completely eroded after a set of PA laser transmits was used
in the test and imaging demonstration of the fibers. This emission from the bevel results in
a decrease in the side-fire efficiency of the device. This could be remedied by replacing the
silver coating by a 45° rod reflector at the terminating end of the fiber [29].

The optical fiber developed in this study is designed for Acoustic Resolution–
Photoacoustic Imaging (AR-PAI) applications, where image resolution is determined by
the ultrasound transducer and system and not the light beam dimension [28,46].While
light intensity drops by up to 30% along the window (for the 30 mm windows), tissue
scattering is expected to significantly homogenize the beam, reducing the effect of beam
intensity variation on PA signal uniformity. As with any light source, fluence is highest near
the emitting surface and decreases as light travels through tissue due to absorption and
scattering, leading to stronger PA signals near the firing window, as observed in Figure 5c.
However, apart from this expected PA signal intensity decrease with distance, no significant
effect on the spatial registration of PA signal due to window size is anticipated.

4.2. Challenges and Limitations

We used an excimer laser to fabricate the side-fire fiber prototypes because it is a
versatile and programmable micromachining tool available in our lab [47]. This allowed us
to investigate the side-fire fiber concept. This laser was able to ablate the core materials
and generate a roughened surface. However, the cylindrical shape of the optical fiber
makes it challenging to focus the machining laser at the surface and causes insufficient and
non-uniform ablation at the sides of the fiber. This challenge was overcome by dicing the
optical fiber surface prior to laser machining. The dicing saw creates a planar surface with
ridges, as shown in Figure 1b, so that the ArF radiation could be focused on the intended
region of the fiber.

The focus of the excimer laser to remove the successive layers of glass was set using
the inspection camera. This has limited accuracy because of the roughened surface of the
ablated window, so the six characterized fibers have variable ablation depths with a mean
and standard deviation of 645 ± 95 μm, consistent with an imprecise laser focal position
relative to the surface height and the effect of it is reflected in a variation in the fiber side-fire
efficiency (Table 1).

The nanosecond PA imaging laser pulses have the potential to effectively continue
altering the fiber structurally. The long-duration ns pulse allows for the heat to diffuse in the
fiber material, which may result in melting and fracturing [48] in the fibers. As an example,
a diagonal crack (black arrow, Figure 4g) near the center of the window was observed
following the 6000 pluses of the PA imaging laser. This may have been a result of the
elongation of an existing crack or the formation of a new crack as the ns laser pulses interact
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with the modified fiber structure. The beam profile was also altered, increasing by 12%
and 18% in the longitudinal and transverse directions, respectively, and the peak intensity
shifted proximally (Figure 4g–i). This can be expected as the proximal region of the window
interacts with the highest power density, redirecting a portion of the energy out of the fiber,
while more distal regions experience lower power densities. The azimuth emission profile
was also affected most at the proximal window position (Figure 4i), increasing the beam
spread by 10°. Overall, the light emitted from the window side decreased by 37% following
the initial sequence of imaging laser pulses, and a drop in the energy was observed after
each phantom and in vivo imaging session. Repeated use of the fibers may change the
beam characteristics and reduce side-fire efficiency significantly, which may limit their use
to single use only.

4.3. Optimization and Future Directions

While it is possible to fabricate the elongated side-fire fibers with an excimer machining
laser, and process optimization can improve some of the limitations discussed above,
the method leads to fragile fibers that degrade when transmitting ns PA imaging laser
pulses. Micromachining processes like femto-second (fs) laser would be better suited
for altering the optical fiber core because of the short pulse duration and their ability to
perform subsurface ablations without affecting the fiber surface [49,50]. The pulse duration
of fs lasers is shorter than the thermalization time scale, resulting in smaller temperature
diffusion length and a more precise ablation [51]. This is expected to reduce fractures in the
fiber and improve strength and robustness post fabrication. Another advantage of using fs
laser ablation is that patterns of ablated points can be created across the full diameter of the
fiber so that light in all the modes in the fiber can be redistributed. This has the potential
to significantly improve the side-fire efficiency of the fibers if an appropriate pattern and
density of ablated spots can be created.

We demonstrated PA imaging of India ink-filled tubes embedded in chicken breast
tissue and vasculature in a rat ear in vivo using the side-fire fiber prototypes. Targets were
visible in the PA-mode over an angle of 102° and for the full width of the US transducer
field of view. The initial device design considered optical fibers positioned within and
parallel to the ultrasound probe imaging plane so as to benefit from the illumination from
the full longitudinal length of the side-fire window. Yet, the 3D imaging of the tissue and
ink phantom (Figure 5f) demonstrates the feasibility of PA imaging of a volume using these
extended illumination side-fire optical fibers aligned perpendicular to the image plane.
In this setup, the optical fiber can be stationary, illuminating a constant segment of tissue,
and the ultrasound probe is translated to cover its entire length. In the end, PA imaging
of the phantom with India ink tubes and rat ear in vivo was performed at 5 mJ and 3 mJ,
respectively, which is quite low when compared to the 35 mJ delivered by the commercial
PA system used in our lab. Yet, we were able to visualize tubes in the chicken at 10 mm
depth and blood vessels in the rat ear, demonstrating a potential for deeper PA imaging
with this elongated side-fire fiber design.

4.4. Conclusions

In this work, we introduced a compact (OD = 1.5 mm without casing, 3 mm with
casing) side-fire fiber capable of carrying 100 MW/cm2 peak power density for at least
6000 pulses. Fibers of different illumination lengths were fabricated and characterized.
We showed the improvement in side-fire coupling of the light in fibers for an increased
illumination window size. The fiber was coupled to the PA imaging laser, and variations in
beam profile due to high-energy PA laser pulse transmission were evaluated. The fibers
were shown to be structurally stable over multiple imaging sessions. We demonstrated the
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PA imaging capability of the fiber by imaging India ink targets embedded in chicken breast
and the vasculature in a rat ear. The compact device developed here has the potential to
be used for intraluminal optical illumination for PA imaging in applications in the brain,
prostate, esophagus, colon, and blood vessels or for minimally invasive PA imaging.
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Abstract: In the context of significant climate change, monitoring inclination, water levels,
and temperatures in public buildings and surrounding environments is sensible. This
paper presents a pair of fiber Bragg grating (FBG) subsidence sensor systems designed to
simultaneously measure tilt and water levels and explore the system’s potential to detect
temperature variations. The configuration of the FBG subsidence sensor is intentionally
skewed to enhance measurement sensitivity. The system is capable of concurrently detect-
ing a 0.5 cm variation in water level and a 0.424◦ change in tilt, with tilt measurements
spanning from −1.696◦ to 1.696◦. Furthermore, the measurement system can be integrated
with free-space optics (FSO), which is anticipated to address the challenges associated with
installing fiber optic cables. Consequently, the proposed innovative FBG sensor system can
measure multiple parameters using fewer sensors, thereby improving sensing capacity and
cost-efficiency.

Keywords: fiber Bragg grating; inclination sensing; water level sensing; free-space optics

1. Introduction

Global extreme climatic events such as hurricanes, floods, and heat waves present
significant challenges to both human life and the economy. The monitoring of water levels
and the structural integrity of critical public facilities and infrastructure is essential for the
prevention and mitigation of such disasters. Fiber optic sensors are particularly advantageous
as they are power-free, compact in design, possess long operational lifespans, and are resistant
to electromagnetic interference [1]. Additionally, they are highly sensitive and capable of
measuring a wide range of physical parameters [2–5]. These characteristics render fiber optic
sensors an optimal choice for monitoring efforts toward achieving net-zero carbon emissions.

Recent advancements in fiber optic sensors for liquid level or hydrological-related
measurement have garnered significant attention [6–20], attributed to their numerous
advantages. However, existing research predominantly addresses the measurement of a
singular liquid level parameter. In practical applications, variables such as the liquid’s re-
fractive index, temperature fluctuations, or the inclination of the monitoring structure may
compromise this focus. Fiber optic interferometer sensors exhibit excellent measurement
resolution, wide-band measurability [21–24], and the capacity to assess multiple param-
eters [25–27] simultaneously. However, due to the inherent complexity of the spectrum,
employing multiple fiber optic interferometer sensors for concurrent measurements can
often present significant challenges. Distributed fiber optic sensors possess the capability to
measure multiple sites and various parameters simultaneously at a single location [28–31].
However, it is important to note that these sensors are typically more expensive and may
not provide a cost-effective solution for measurements over small areas.
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Standard FBG sensors can be configured in arrays to provide measurements akin to those
obtained through distributed fiber optic sensing and can be effectively integrated with FSO
to address cable routing challenges [32,33]. When FSO technology is integrated with sensors
in applications where optical communication over distances of several hundred meters is
feasible [34,35]. Commercially available FSO systems can achieve ranges of several kilometers
or more, demonstrating their capability to function effectively even under adverse weather
conditions [36]. This resilience highlights the utility of FSO technology in a diverse range of
applications requiring reliable data transmission across considerable distances.

The liquid level measurement technique founded on the Archimedean buoyancy
principle enables FBG sensors to accurately gauge liquid levels through a stretching mecha-
nism [6]. This approach circumvents the influence of refractive index variations that may
occur when the sensor comes into contact with the liquid [6]. Furthermore, intensity-based
measurement sensors are often susceptible to variations in light source power; in contrast,
FBG-based sensors exhibit resilience to such fluctuations [6]. By utilizing the center wave-
length of the FBG sensor as a reference point, a single FBG is capable of simultaneously
measuring both vibration and temperature [37]. However, simultaneous measurement of
strain and temperature is not feasible unless spectral interrogation techniques are imple-
mented in lieu of relying solely on the center wavelength value of the FBG [38].

In Archimedean buoyancy principle-based FBG subsidence sensor applications, two
physical quantities, specifically changes in water level and tilt, are measured through the
degree of stretching of the FBG indicated by the center wavelength. Consequently, the
main limitation of FBG sensor measurements is that additional sensors must be arranged to
measure more than two physical quantities simultaneously, owing to the same mechanism
for FBG spectrum variation of these quantities. Nonetheless, it is important to note that
FBG sensors retain significant potential for multi-site measurement applications within
compact measurement environments. Moreover, the investigation of FBG subsidence sen-
sors utilizing conventional FBGs for the simultaneous measurement of multiple parameters
has not been conducted.

The primary distinction between the current tilt measurement study and the similar
previous study [39] lies in the following point: the prior research utilized only two FBGs
to ascertain both the tilt angle and the tilt direction. This study explores a modular system
comprising two FBG subsidence sensors designed for the simultaneous measurement of water
level and inclination while also investigating the feasibility of concurrently measuring various
water temperatures. It is important to clarify that the upper limit of the measurement range
and the measurement sensitivity of water level and tilt are not the primary focus of this study.
Concentrating on these aspects would shift attention towards the design of sensor packaging
rather than the measurement of multiple parameters. Furthermore, the FBG subsidence sensors
were skewed in deployment to enhance the sensitivity of tilt measurements. Additionally,
the measurement system can be integrated with the FSO, thereby potentially increasing the
system’s flexibility for practical applications. Consequently, this study contributes to the cost
optimization and efficacy of related monitoring and measurement processes.

2. Experimental Setup

The upper section of Figure 1 illustrates the potential applications of utilizing FBG sub-
sidence sensors in conjunction with FSOs to measure water levels and tilt. Such applications
are pertinent in various contexts, including dams, offshore regions, and sea islands, among
others. The optical coupler is vital in enhancing the multi-sensory pathways, allowing
for the strategic distribution of multiple FBG sensing networks across various locations
within measurement applications. When the density of FBG sensors increases, challenges
may arise due to wavelength overlap or interference, which can adversely impact the
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accuracy of wavelength interrogation results. To address this issue, implementing machine
learning techniques is recommended to effectively resolve the wavelength interrogation
challenges [40]. The primary framework of the experiment is illustrated in the lower sec-
tion of Figure 1. For real applications, the sensing signal transceiver must be strategically
positioned at the sensing center. Through FSO, the optical signal can be captured by the
FBG sensor located at the measurement point. To facilitate experimental procedures and
enhance operational efficiency, the broadband light source (BLS) emits the optical signal
via an optical circulator (Cir.) to the 2 m FSO link in the lab instead of the outdoor corre-
sponding scene. This is subsequently connected to the FBG array sensors for measurement
purposes. The sensed signal is then routed back to the optical circulator and directed to the
optical spectrum analyzer (OSA) for comprehensive signal observation. The FBG sensing
module comprises 3 FBGs; two FBG subsidence sensors are used to measure the water level
and tilt simultaneously, and the remaining FBG is used to correct air temperature change.
The FBG subsidence sensor consists of a conventional FBG that supports a buoy [41]. Both
the FBG and the buoy are contained within a hollow cylindrical bottle, which is designed
with an opening to facilitate water flow in and out. Consequently, variations in water level,
or changes induced by the tilting of the cylindrical bottle, will affect the buoy’s positioning.
This, in turn, will stretch the FBG, leading to alterations in the center wavelength of the FBG.
For the measurement conditions, FBG subsidence sensors are placed in the temperature
bath (TB) to control the water level and temperature for customization of measurement
conditions. The tilted measurement setup is made by placing a gasket under the leftmost or
rightmost side of the rectangular TB. The tilting of the TB tilts the FBG subsidence sensors,
but the water surface remains flat. The length of the TB is 32 cm, and the thickness of the
gasket is 2.4 mm, so the calculation shows that each additional gasket used will increase
the tilt angle by 0.424◦. To enhance measurement sensitivity, a gasket with a thickness
of 1.6 mm has been positioned beneath the FBG subsidence sensors. Furthermore, the
two FBG subsidence sensors have been strategically placed at opposing ends of the TB
apparatus. This arrangement ensures that, in instances of TB tilt, there is a pronounced
water level difference between the two sensors, thereby optimizing the accuracy of the
measurements. Incidentally, the equipment’s brand and model are respectively affiliated
with UNICE Inc. (Taoyuan, Taiwan) NA0101 for BLS; Thorlabs Inc. (Newton, NJ, USA)
F810FC-1550 for FSO; Citpo Technologies Inc. (Taipei, Taiwan) for the FBG subsidence
sensor; and Anritsu Inc. (Atsugi, Japan) MS9740A for OSA.

Figure 1. The application vision and experimental setup of using FBG module to integrate with FSO
to simultaneously measure inclination angle and water level.
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3. Experimental Results

As previously stated, variations in water levels or angular dip result in shifts in the
position of the buoys on the FBG subsidence sensors. These shifts subsequently induce
strain on the FBGs, leading to alterations in their center wavelengths. Consequently, this
mechanism allows for the understanding that, at a consistent water level, variations in
the inclination angle of FBG subsidence sensors can alter the buoy’s submerged surface
area. This, in turn, affects the buoyancy, leading to the FBG’s elongation. To enhance
measurement resolution, it is advisable to increase the immersion area variation of the buoy
whenever the inclination angle varies. As previously indicated, incorporating a gasket at
the base of the FBG subsidence sensor can augment its sensitivity. This enhancement is
attributed to the buoy’s rectangular design; when the FBG subsidence sensor is positioned
at an angle, it results in a greater alteration of the buoy’s immersed area with each change
in tilt, in contrast to a vertically oriented FBG subsidence sensor.

The experimental results are shown in Figure 2, in which the initial wavelength of
FBG1 is 1548 nm; the initial wavelength of FBG2 is 1542 nm, so the overall tilting of the TB
to the right, such as 0.424◦, 0.848◦, 1.272◦, and 1.696◦, will lead to a decrease in the water
level at the FBG1, and thus the buoyancy force decreases, so that the FBG wavelength is
subjected to long wavelength drift. Conversely, a leftward tilt of the TB will cause the water
level at FBG1 to rise and increase the buoyancy, resulting in a reduction of the strain on
the FBG and a drift to a shorter wavelength. On the other hand, FBG2 is located on the
right side of TB, so when TB is tilted left or right, the water level at FBG2 changes in the
opposite direction to that at FBG1, which makes the wavelength drift direction of FBG2
opposite to that of FBG1. Figure 2a–f sequentially presents the tilt measurements at water
levels of 1 cm, 1.5 cm, 2 cm, 2.5 cm, 3 cm, and 3.5 cm. It is observed that the drift trends of
the FBG wavelengths exhibit consistency across different water levels during the tilting
process. A crucial aspect of Figure 2 is that the solid line indicates the FBG wavelength
drift observed when the FBG subsidence sensors are installed at an oblique angle. In
contrast, the drift represented by the dotted line corresponds to the FBG wavelength
changes when the sensors are positioned normally. The measurement results affirm the
initial hypothesis, demonstrating that the inclined placement of FBG subsidence sensors
enhances measurement sensitivity. Furthermore, the drift in FBG wavelength appears to be
a somewhat nonlinear pattern, especially at low water levels. This is because in low water,
the buoys are in contact with less water, and the FBG subsidence sensors are placed on
both sides of the TB rather than in the center; therefore, when the buoys are tilted left and
right at the same water level, the buoys are buoyed differently, thus causing the drift of the
FBG wavelength to be not so linear.

The experimental results presented in Figure 2 indicate that the skewed FBG subsi-
dence sensors exhibit greater wavelength variation and enhanced sensitivity. Consequently,
subsequent experiments will measure skewed readings at various water levels and temper-
atures, adhering to the experimental configuration depicted in Figure 1. Figure 3 presents
the drift results of the FBG wavelength at 1542 nm, evaluated under varying water temper-
atures and levels. Given that fluctuations in water temperature also influence the buoyancy
of the buoys, it is essential to examine the measurements across different thermal condi-
tions. The water temperatures in Figure 3 correspond to 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C in
Figure 3a–d and the water level and inclination settings are consistent with those in Figure 2.
The data presented in Figure 3 indicate that, irrespective of water temperature, an increase
in water level results in a corresponding reduction in wavelength. This phenomenon can
be attributed to the amplification of buoyancy, which consequently decreases the strain
experienced by the FBG. In addition, 1542 nm of the FBG2 wavelength is placed on the
right side of TB, so TB tilted to the right will cause the water level to rise, i.e., buoyancy will
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increase so that the FBG wavelength will drift towards the shorter wavelengths, while TB
tilted to the left will have the opposite effect. Corresponding to the results in Figure 2, the
wavelength drift is linear with respect to the angle of inclination. Furthermore, an increase
in water temperature is observed to cause a significant drift of the FBG wavelength towards
longer wavelengths. As the temperature of the water rises, the buoyancy typically declines
due to a decrease in water density. Consequently, if the buoy volume of discharged water
remains constant, the overall buoyancy of the water will diminish.

     

   

Figure 2. At varying water levels, FBG subsidence sensors have been deployed at both skewed positions
(represented by solid line data) and standard positions (denoted by dashed line data) to monitor the
wavelength drift resulting from tilting. The measurements correspond to the 30 ◦C water temperature
with the following water levels: (a) 1 cm, (b) 1.5 cm, (c) 2 cm, (d) 2.5 cm, (e) 3 cm, and (f) 3.5 cm.

  

  

Figure 3. The FBG wavelength shift results of the tilt measurements correspond to 1542 nm at
different water levels. The temperature conditions for the water during the measurements were as
follows: (a) 30 ◦C, (b) 40 ◦C, (c) 50 ◦C, and (d) 60 ◦C.
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As previously noted, the necessity of concurrently measuring water levels and incline
variations necessitates the deployment of two FBGs. This requirement arises because the
right-leaning condition observed at low water levels may yield wavelength readings for
the FBGs that are indistinguishable from those generated under the left-leaning condition
at elevated water levels, as illustrated in Figure 3. Consequently, employing two FBGs for
measurements can effectively eliminate potential confusion regarding the parameter signals
and address this limitation. Figure 4a–d illustrate the wavelength measurements of FBG1,
which is based on a reference wavelength of 1548 nm. The measurement setups utilized are
identical to those presented in Figure 3a–d. A notable distinction is that FBG1 is positioned
on the left side of the TB. Consequently, when the TB is inclined to the left or right, the
resulting changes in the water level exhibit an inverse relationship with those observed in
FBG2. Therefore, the most significant finding depicted in Figure 4 is that the drift tendency
of the FBG wavelength is precisely opposite to that illustrated in Figure 3. By recording
the wavelength readings from both FBG1 and FBG2, it is possible to concurrently ascertain
the water level and tilt parameters. The findings presented in Figures 3 and 4 indicate
that an increase in temperature results in a drift of the FBG towards longer wavelengths.
However, while measuring both water level and tilt using two separate FBG sensors is
feasible, conducting concurrent measurements of water temperature with the same two
FBGs poses significant challenges. This difficulty arises from the fact that the wavelength
drift of the FBG, attributed to buoyancy changes stemming from variations in water
temperature, is minimal. Furthermore, a more complex consideration is that the salinity
of the water influences its density, subsequently affecting buoyancy. It is advisable to
incorporate additional sensors to accurately measure water temperature, ensuring that the
concurrent measurements of water level and inclination are not compromised by variations
in temperature and salinity. Notably, it is feasible to measure either water level and
temperature or inclination and temperature simultaneously, provided that salinity remains
constant. The feasibility of concurrent measurement of water level, tilt, and temperature
is contingent upon a significant temperature differential in the water utilized for the
measurement applications, specifically exceeding 30 ◦C. It is important to note that the
data corresponding to the shortest wavelength of subfigure a and the longest wavelength
of subfigure d in Figures 3 and 4 do not overlap with other datasets. Thus, under these
exceptional conditions, it is possible to accurately obtain the aforementioned measurements
simultaneously. It is also worth mentioning that the wavelength of FBG3, utilized for
calibration to adjust for wavelength measurement deviations induced by changes in air
temperature, is consistently maintained at 1544 nm. Consequently, there is no requirement
to compensate for wavelength changes due to fluctuations in air temperature in the context
of this experiment.

As previously discussed, the difference in buoyancy of the buoy at the same water
level when tilted to the left or right results in a non-linear shift of the FBG wavelength.
This phenomenon arises from the tilting of the FBG subsidence sensors; however, it is also
primarily attributable to the geometric configuration of both the water container and the
buoy utilized in the FBG subsidence sensor. Achieving a consistent FBG wavelength shift
for identical tilt angle changes proves to be challenging and impractical, as it necessitates
consideration of varying water levels and temperatures. Consequently, it is difficult to
design a water container and buoy with an appropriate shape and mass that would
ensure a uniform buoyancy change for every equal tilt angle variation, particularly when
accounting for the diverse conditions presented by different water levels and temperatures.
Consequently, a slight nonlinear wavelength drift is inevitable and may indirectly influence
measurement accuracy. However, this challenge is not insurmountable. In comparison
to a previous similar investigation [39], the sensitivity of the tilt measurement within this
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framework still presents opportunities for optimization. These enhancements primarily
hinge on the interplay between the design of the buoy and the configuration of the water
container. For the existing scheme, if the size of the water vessel, the volume of the buoy,
and the length of the TB are increased, the measurement sensitivity can be improved
theoretically. Therefore, as measurement sensitivity improves, the resultant increase in
the reflected FBG wavelength drift will diminish the likelihood of misinterpreting the
measured tilt angle or water level, thereby fostering greater measurement accuracy.

  

  

Figure 4. The FBG wavelength shift results of the tilt measurements correspond to 1548 nm at
different water levels. The temperature conditions for the water during the measurements were as
follows: (a) 30 ◦C, (b) 40 ◦C, (c) 50 ◦C, and (d) 60 ◦C.

4. Conclusions

This paper presents a novel pair of FBG subsidence sensors, which are designed
to measure left and right tilt and changes in water levels simultaneously. The sensors
are uniquely skewed and configured in opposing directions, facilitating the collection
of accurate data on slope variations and water level fluctuations. The sensing system is
capable of resolving at least 0.424◦ of inclination and 0.5 cm of water level change, while also
being able to detect variations in water temperature when either water level or inclination
measurements are conducted independently. Furthermore, the proposed measurement
system is compatible with FSO, streamlining the system by reducing the maintenance and
installation costs typically associated with fiber optic cabling. This innovative FBG sensor
system enables the measurement of multiple parameters with a reduced number of sensors,
significantly enhancing sensing capabilities and maximizing cost efficiency.
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3. Cięszczyk, S.; Panas, P.; Skorupski, K.; Kida, M. Fibre Bragg Grating Wavelength Shift Demodulation with Filtering and
Enhancement of Spectra by Simple Nonlinear Signal Processing. Appl. Sci. 2025, 15, 3384. [CrossRef]

4. Leal-Junior, A.; Silveira, M.; Macedo, L.; Frizera, A.; Marques, C. Polarization-Assisted Multiparameter Sensing Using a Single
Fiber Bragg Grating. Opt. Fiber Technol. 2024, 84, 103775. [CrossRef]

5. Mandal, H.N.; Sidhishwari, S. Apodized Chirped Fiber Bragg Grating for Measuring the Uniform and Non-Uniform CharacTeris-
tics of Physical Parameters. Measurement 2025, 240, 115606. [CrossRef]

6. Ramos, C.C.; Preizal, J.; Hu, X.; Caucheteur, C.; Woyessa, G.; Bang, O.; Rocha, A.M.; Oliveira, R. High Resolution Liquid Level
Sensor Based on Archimedes’ Law of Buoyancy Using Polymer Optical Fiber Bragg Gratings. Measurement 2025, 252, 117368.
[CrossRef]

7. de Almeida, G.G.; Barreto, R.C.; Seidel, K.F.; Kamikawachi, R.C. A Fiber Bragg Grating Water Level Sensor Based on the Force of
Buoyancy. IEEE Sens. J. 2019, 20, 3608–3613. [CrossRef]

8. Rosolem, J.B.; Dini, D.C.; Penze, R.S.; Floridia, C.; Leonardi, A.A.; Loichate, M.D.; Durelli, A.S. Fiber Optic Bending Sensor for
Water Level Monitoring: Development and Field Test: A Review. IEEE Sens. J. 2013, 13, 4113–4120. [CrossRef]

9. He, R.; Teng, C.; Kumar, S.; Marques, C.; Min, R. Polymer Optical Fiber Liquid Level Sensor: A Review. IEEE Sens. J. 2021, 22,
1081–1091. [CrossRef]

10. Lee, H.K.; Choo, J.; Kim, J. Multiplexed Passive Optical Fiber Sensor Networks for Water Level Monitoring: A Review. Sensors
2020, 20, 6813. [CrossRef]

11. Lee, H.K.; Kim, Y.; Park, S.; Kim, J. Passive IoT Optical Fiber Sensor Network for Water Level Monitoring with Signal Processing
of Feature Extraction. Electronics 2023, 12, 1823. [CrossRef]

12. Dejband, E.; Tan, T.H.; Yao, C.K.; Chang, E.M.; Peng, P.C. Enhancing Multichannel Fiber Optic Sensing Systems with IFFT-DNN
for Remote Water Level Monitoring. Sensors 2024, 24, 4903. [CrossRef]

13. Lee, H.K.; Choo, J.; Shin, G.; Kim, J. Long-Reach DWDM-Passive Optical Fiber Sensor Network for Water Level Monitoring of
Spent Fuel Pool in Nuclear Power Plant. Sensors 2020, 20, 4218. [CrossRef]

14. Pereira, K.; Coimbra, W.; Lazaro, R.; Frizera-Neto, A.; Marques, C.; Leal-Junior, A.G. FBG-Based Temperature Sensors for Liquid
Identification and Liquid Level Estimation Via Random Forest. Sensors 2021, 21, 4568. [CrossRef] [PubMed]

15. Schenato, L. A Review of Distributed Fibre Optic Sensors for Geo-Hydrological Applications. Appl. Sci. 2017, 7, 896. [CrossRef]
16. Shangguan, M.; Yang, Z.; Shangguan, M.; Lin, Z.; Liao, Z.; Guo, Y.; Liu, C. Remote Sensing Oil in Water with an All-Fiber

Underwater Single-Photon Raman Lidar. Appl. Opt. 2023, 62, 5301–5305. [CrossRef]
17. Li, P.; Yan, H.; Zhang, H. Highly Sensitive Liquid Level Sensor Based on an Optical Fiber Michelson Interferometer with

Core-Offset Structure. Optik 2018, 171, 781–785. [CrossRef]
18. Wang, S.; Yang, Y.; Zhang, L.; Mohanty, L.; Jin, R.B.; Wu, S.; Lu, P. High-Precision Fiber Optic Liquid Level Sensor Based on Fast

Fourier Amplitude Demodulation in a Specific Range of Spectrum. Measurement 2022, 187, 110326. [CrossRef]
19. Martins, J.; Diaz, C.A.; Domingues, M.F.; Ferreira, R.A.; Antunes, P.; Andre, P.S. Low-Cost and High-Performance Optical

Fiber-Based Sensor for Liquid Level Monitoring. IEEE Sens. J. 2019, 19, 4882–4888. [CrossRef]
20. Diaz, C.A.; Leal-Junior, A.; Marques, C.; Frizera, A.; Pontes, M.J.; Antunes, P.F.; Andre, P.S.; Ribeiro, M.R. Optical Fiber Sensing

for Sub-Millimeter Liquid-Level Monitoring: A Review. IEEE Sens. J. 2019, 19, 7179–7191. [CrossRef]
21. Lee, C.L.; Yeh, C.Y.; Jiang, Y.X. Effective Liquid-filled Leaky-Guided Fiber Mach-Zehnder Interferometer with a Side-Polished

Fiber. IEEE Sens. J. 2025, 25, 9681–9688. [CrossRef]
22. Zhu, K.; Ren, S.; Li, X.; Liu, Y.; Li, J.; Zhang, L.; Wang, M. Sub-Micron Two-Dimensional Displacement Sensor Based on a

Multi-Core Fiber. Photonics 2024, 11, 1073. [CrossRef]
23. Noori, N.F.; Mansour, T.S. A Review of Recently Optical Hybrid Optical Fiber Interferometers. J. Opt 2025, 1–14. [CrossRef]

163



Appl. Sci. 2025, 15, 4819

24. Wei, Y.; Yang, M.; Shao, Y.; Liu, C.; Ren, P.; Zhang, Z.; Liu, Z. Asymmetric Coated Direction Recognition Fiber Optic Interferometric
Curvature Sensor. J. Light. Technol. 2025, 1–6. [CrossRef]

25. Lu, C.; Su, J.; Dong, X.; Sun, T.; Grattan, K.T. Simultaneous Measurement of Strain and Temperature with a Few-Mode Fiber-Based
Sensor. J. Light. Technol. 2018, 36, 2796–2802. [CrossRef]

26. Lei, X.; Dong, X.; Lu, C.; Sun, T.; Grattan, K.T. Underwater Pressure and Temperature Sensor Based on a Special Dual-Mode
Optical Fiber. IEEE Access 2020, 8, 146463–146471. [CrossRef]

27. Duan, S.; Wang, W.; Xiong, L.; Wang, B.; Liu, B.; Lin, W.; Zhang, H.; Liu, H.; Zhang, X. All In-Fiber Fabry–Pérot Interferometer
Sensor Towards Refractive Index and Temperature Simultaneous Sensing. Opt. Laser Technol. 2025, 180, 111551. [CrossRef]

28. Dang, Y.; Zhao, Z.; Wang, X.; Liao, R.; Lu, C. Simultaneous Distributed Vibration and Temperature Sensing Using Multicore Fiber.
IEEE access 2019, 7, 151818–151826. [CrossRef]

29. Lu, L.; Yong, M.; Wang, Q.; Bu, X.; Gao, Q. A Hybrid Distributed Optical Fiber Vibration and Temperature Sensor Based on
Optical Rayleigh and Raman Scattering. Opt. Commun. 2023, 529, 129096. [CrossRef]

30. Zhou, Z.; Tian, L.; Han, Y.; Yang, X.; Liao, F.; Zhang, D.; Sha, Y.; Feng, X.; Zhu, J.; Zheng, X.; et al. Distributed Vibration and
Temperature Simultaneous Sensing Using One Optical Fiber. Opt. Commun. 2021, 487, 126801. [CrossRef]

31. Yao, C.K.; Lin, T.C.; Chen, H.M.; Hsu, W.Y.; Manie, Y.C.; Peng, P.C. Inclination Measurement Adopting Raman Distributed
Temperature Sensor. IEEE Sens. J. 2023, 23, 22543–22555. [CrossRef]

32. Kanwal, F.; Atieh, A.; Ghafoor, S.; Haq, A.U.; Qureshi, K.K.; Aziz, I.; Mirza, J. Remote Monitoring of Sleep Disorder Using FBG
Sensors and FSO Transmission System Enabled Smart Vest. Eng. Res. Express 2024, 6, 025337. [CrossRef]

33. Sadik, S.A. Leveraging Fiber Bragg Grating Sensors for Enhanced Security in Smart Grids. In 5G and Fiber Optics Security
Technologies for Smart Grid Cyber Defense; IGI Global: Hershey, PA, USA, 2024; pp. 259–288.

34. Zhang, Q.; Yu, J.; Long, J.; Wang, C.; Chen, J.; Lu, X. A Hybrid RF/FSO Transmission System Based on a Shared Transmitter.
Sensors 2025, 25, 2021. [CrossRef]

35. Syriopoulos, G.; Kyriazi, E.; Prousalidi, T.; Ntanos, A.; Stathis, A.; Kourelias, P.; Toumasis, P.; Zervos, H.; Giannoulis, G.;
Poulopoulos, G.; et al. Co-Existence of SiPh Sensing Link and Real World Traffic over 100 m FSO link for 6G Deployments. IEEE
Photonics Technol. Lett. 2025, 37, 9. [CrossRef]

36. Yao, C.K.; Lin, H.P.; Cheng, C.L.; Chung, M.A.; Lin, Y.S.; Wu, W.B.; Chiang, C.W.; Peng, P.C. Fiber/Free-Space Optics with Open
Radio Access Networks Supplements the Coverage of Millimeter-Wave Beamforming for Future 5G and 6G Communication.
Fibers 2025, 13, 39. [CrossRef]

37. Yao, C.K.; Kumar, P.; Liu, B.X.; Dehnaw, A.M.; Peng, P.C. Simultaneous Vibration and Temperature Real-Time Monitoring Using
Single Fiber Bragg Grating and Free Space Optics. Appl. Sci. 2024, 14, 11099. [CrossRef]

38. Choi, B.K.; Kim, J.S.; Ahn, S.; Cho, S.Y.; Kim, M.S.; Yoo, J.H.; Jeon, M.Y. Simultaneous Temperature and Strain Measurement in
Fiber Bragg Grating Via Wavelength-Swept Laser and Machine Learning. IEEE Sens. J. 2024, 24, 27516–27524. [CrossRef]

39. Chao, C.R.; Liang, W.L.; Liang, T.C. Design and Testing of a 2D Optical Fiber Sensor for Building Tilt Monitoring Based on Fiber
Bragg Gratings. Appl. Syst. Innov. 2017, 1, 2. [CrossRef]

40. Bogale, S.D.; Yao, C.K.; Manie, Y.C.; Zhong, Z.G.; Peng, P.C. Wavelength-Dependent Bragg Grating Sensors Cascade an
Interferometer Sensor to Enhance Sensing Capacity and Diversification through the Deep Belief Network. Appl. Sci. 2024, 14,
7333. [CrossRef]

41. Dejband, E.; Manie, Y.C.; Deng, Y.J.; Bitew, M.A.; Tan, T.H.; Peng, P.C. High Accuracy and Cost-Effective Fiber Optic Liquid Level
Sensing System Based on Deep Neural Network. Sensors 2023, 23, 2360. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

164



MDPI AG
Grosspeteranlage 5

4052 Basel
Switzerland

Tel.: +41 61 683 77 34

Applied Sciences Editorial Office
E-mail: applsci@mdpi.com

www.mdpi.com/journal/applsci

Disclaimer/Publisher’s Note: The title and front matter of this reprint are at the discretion of the Guest

Editor. The publisher is not responsible for their content or any associated concerns. The statements,

opinions and data contained in all individual articles are solely those of the individual Editor and

contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or property

resulting from any ideas, methods, instructions or products referred to in the content.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-7258-5992-4


