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Ocean observation becomes increasingly important as the ocean climate changes
diversely and the marine disasters (such as tsunamis, typhoon, and earthquakes) occur
frequently, which typically requires widespread and reliable monitoring techniques. In such
a scenario, this paper presents a submarine optical fiber sensing system to realize real-
time monitoring of the environmental parameters. The system consists of an undersea
optical interrogation module together with multiple fiber Bragg grating (FBG)-based
sensors, particularly for the measurement of depth, vibration, and temperature. The
experimentally demonstrated sensitivities of the pressure, temperature, and vibration
sensors are -1.993 nm/MPa, 0.08 nm/°C, and 0.139 nm/g (g = 9.8 m/s2), corresponding
to the resolutions of 0.25 kPa, 0.006°C, and 0.004 g, respectively, based on the
interrogation resolution of ~0.5 pm. To verify the feasibility and reliability of the
proposed submarine sensing system, a prototype was developed and a proof test
under the sea was conducted in an area close to Pearl River Estuary in China. The
achieved results from the sea test show promising accuracy that is comparable to the
commercially available electric-based sensors. Good characteristics of the surface water
wave were observed by conducting the fast Fourier transform of the measured depth
change, which shows a dominant frequency of ~0.25 Hz. The system provides the
flexibility of replacing various optical fiber sensors easily and the capability of real-time
monitoring in a remote way. The demonstrated submarine sensing system could find
potential applications in real-time monitoring of the undersea ecosystem and the
environmental evolution where multiparameter sensing is in demand.

Keywords: optical fiber sensing, fiber bragg grating, submarine real-time monitoring, environmental monitoring,
optical fiber sensor
INTRODUCTION

Ocean observation becomes vitally important due to the close relationship between marine
ecology and human life. The variation of environmental parameters such as temperature, depth,
salinity, and vibration in a specific region is a key vector to evaluate the change in the local ocean
environment, which typically influences the balance of the undersea ecosystem and the climate.
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Full characterization of these physical parameters in a wide
range could help to establish the geophysical model in an
attempt to understand the evolution of the ocean (Favali and
Beranzoli, 2006). Some specific chemical sensing system can
even contribute to investigate the substance cycling and the
ecosystem around the hydrothermal plume (Gartman and
Findlay, 2020). As extreme weather occurs frequently on the
sea and causes disasters to coastal areas, it is of great
significance to have real-time monitoring of the undersea
environmental change. To achieve this, basically, a full
monitoring network is required to map the physical
parameters and build an effective forecast mechanism.

In recent years, various approaches have been proposed to
realize monitoring of the submarine environment. There are
several well-developed cabled seafloor observatories established
to monitor the multiparameters under the sea, for instance, the
NEPTUNE in Canada, MARs in the United States, ESONET in
Europe, S-NET in Japan, etc. All of these undersea
observatories are based on sophisticated measurement
systems on the seabed and connected by submarine optical
cables. Among them, the high-precision sensing system plays
an important and irreplaceable role. Basically, most sensing
system integrates various electrical sensors, which provide high
sensitivity to certain measurands. The sensing performance
depends on the materials and mechanical structure of the
sensors. Since 2012, a Joint Task Force (JTF) on SMART
cable systems chaired by Howe et al. (2019) was established
to realize ocean and climate monitoring and disaster warning
utilizing the submarine telecommunication optical cables. The
main feature of such a system is to integrate individual
electrical temperature, vibration, and pressure sensors into
the repeater, which therefore works as a multiparameter
sensing element on the seabed. Owing to the wide and long-
distance network of the submarine cables, full characterization
of the ocean environment and dynamics could be achieved
(Howe et al., 2022).

In addition to electrical sensing approaches, optical fiber
sensing technique becomes increasingly feasible in monitoring
of marine information due to its advantages of low cost,
compactness, immunity to electromagnetic interference and
corrosion, long-distance capability, and easy compatibility to
the optical communication system. In 2018, Marra et al. (2018)
reported on laser interferometry via submarine optical cables
and achieved monitoring of earthquakes. The vibration caused
the slight change in the optical phase of the fiber-based
interferometer. Such submarine monitoring system is
beneficial to the use of existing optical cables. A similar
approach was proposed by Zhan et al. (2021) in 2021, where
the state of the polarization (SOP) was monitored to retrieve
the seismic wave occurring along the optical cable. The
advantage of such interferometry is its high sensitivity to
microseism, which however lacks precise localization. To
further achieve localization of a particular event, the
distributed acoustic sensing (DAS) system was proposed
using existing submarine dark fibers, which is proven efficient
to monitor undersea vibrations caused by earthquakes, ocean
Frontiers in Marine Science | www.frontiersin.org 2
waves, and microseisms (Jousset et al., 2018; Ajo-Franklin et al.,
2019; Williams et al., 2019; Walter et al., 2020). This distributed
approach is promising to construct a cable-based sensing
network easily and realize monitoring of ocean dynamics, as
existing submarine optical cables can be employed in an
ultralow cost. One possible shortage of it may be the sensing
capability of only vibration, which could be complemented by
various sensors.

To achieve the multiparameter measurement, various
optical fiber sensors of high performance have been
investigated. By employing the architecture of fiber Bragg
grating (FBG) or fiber interferometry, temperature, pressure,
vibration, and even chemical parameters could be measured
with high precision and resolution. The sensing systems
consisting of those sensors have been employed successfully
in structural health monitoring in industries of railway (Liu
et al., 2017), oil and gas (Qiao et al., 2017), biomedical
engineering (Najafzadeh et al., 2020), and civil engineering
(Wu et al., 2021). To achieve high sensing performance,
sensing configurations based on the detection of either the
spectral wavelength (Leitão et al., 2021) or the optical
intensity (Leal-Junior et al., 2018; Leal-Junior et al., 2019)
are proposed. The proper enhancement of the demodulation
techniques provides an improvement of the sensing accuracy.
Regarding ocean information monitoring, the sensing
performance in terms of sensitivity, accuracy, and limit of
detection typically varies with the sensor structures (Min
et al., 2021). Undersea pressure is one key parameter to
obtain depth information, which is relevant to the sea
surface height and tsunamis (Yu, 2015). Optical fiber
pressure sensors have been developed with various
sensitivities from ~0.004 nm/MPa (Xu et al., 1993) up to
~50 nm/MPa (Liu et al., 2018) by measuring the optical
spectral shift with respect to pressure change. By varying the
structure of the fiber interferometer , s imultaneous
measurement of temperature and pressure or salinity in a
single sensor can be achieved (Zhao et al., 2019; Zhao et al.,
2022a). A similar fiber interferometer was also reported by
micromachining an in-line cavity to realize temperature and
salinity sensing (Flores et al., 2019). Basically, optical fiber
sensors provide full flexibility in measuring seawater
parameters. However, most optical fiber sensors are
demonstrated in laboratory tests and few are employed to
monitor submarine environmental changes due to harsh
conditions and requirements of strict sensing systems.

As a demonstration of the sea test, Wang et al. (2020) in
2020 developed an FBG sensor array along the marine optical
cable and laid the cable undersea to monitor temperature and
depth. The FBG sensors worked efficiently and provided
profiling with high spatial resolution owing to the densely
distributed pressure and temperature sensors. In this sensing
scheme, the signal demodulation system is on the boat,
meaning that the submarine part is passive. In another
verification of the sea test, researchers from Ireland
developed a compact optical fiber sensing system containing
an FBG-based sensor and managed to measure temperature,
June 2022 | Volume 9 | Article 922669
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depth, and salinity (Duraibabu et al., 2017). The sensing
system was mounted on a remotely operated vehicle (ROV).
From these field tests, it can be seen that the undersea optical
fiber sensors show high potential in multiparameter
monitoring of the marine environment. However, the
capability of the sensors and the relevant undersea sensing
system is still under investigation, especially to improve the
sensitivity and accuracy of the specific sensors as well as the
compatibility of the sensing system with the optical
communication system.

In this paper, we report a submarine optical fiber sensing
system integrated with pressure, temperature, and vibration
sensors to realize real-time monitoring of the undersea
environment. The sensing system contains an undersea
interrogation module to demodulate the optical sensing
signal. Various optical fiber sensors could be connected to
the system to establish the local monitoring network and
eventually acquiring multiple parameters widely in real time.
The demonstrated sensitivities of the pressure, temperature,
and vibration sensors are -1.993 nm/MPa, 0.08 nm/°C, and
0.139 nm/g (g = 9.8 m/s2), corresponding to the resolutions of
0.25 kPa, 0.006°C, and 0.004 g, respectively, if taking the
interrogation resolution of 0.5 pm into account. The
proposed optical fiber sensing system was proof-tested under
the sea, and the monitored results are comparable to the
commercial electrical sensors installed on-site. In contrast to
the conventional underwater electric-based sensors, the
novelty of the proposed submarine sensing system is that the
system has flexible capability of multiplexing various FBG-
based sensors by a simple connection and the measurands
obtained by the sensors can be monitored in real-time via
optical fiber cable. The proposed submarine sensing system
could find potential applications in real-time monitoring of the
Frontiers in Marine Science | www.frontiersin.org 3
undersea ecosystem and the environmental evolution where
multiparameter sensing is highly required.
MATERIALS AND METHODS

Principle and Development of the Optical
Fiber Sensors
The proposed temperature, pressure, and vibration sensors are
developed based on the principle of FBG, which basically is
sensitive to the perturbations caused by the external strain and
temperature change. The strain can be induced by any
mechanical stress exerted on the fiber such as pressure and
vibration. In principle, FBG works as a filter to reflect back a
specific wavelength propagating in the fiber core if a broadband
incident light is launched into the optical fiber. As illustrated in
Figure 1A, there is a dominating peak showing in the reflection
spectrum, indicating that the wavelength at the peak is totally
reflected while the other wavelengths transmit continuously to
the end. The reflected wavelength, also called Bragg wavelength
(lB), is determined via the phase-matching condition as
expressed by (Erdogan, 1997):

lB = 2neffL (1)

where neff is the effective refractive index of the fundamental
mode propagating in the fiber core, and L is the pitch of the FBG.
By fabricating the FBGs with different pitches in a strand of fiber,
the refection spectrum shows various peaks, each of which
corresponds to a certain FBG, as illustrated in Figure 1B. To
inscribe the FBG in the core of the optical fiber, the standard
phase-mask technique with 248-nm UV laser scanning (Cheng
et al., 2003; Pospori et al., 2017) was utilized in this work. Such
A

B

FIGURE 1 | Schematic illustration of (A) working principle of the optical fiber Bragg grating (FBG) and (B) multiplexing principle of various FBG-based sensors.
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inscription method has been demonstrated to be reliable and
repeatable during volume production, also suitable for the
grating inscription of polymer optical fibers (Marques et al.,
2013; Marques et al., 2018). After inscription, the refractive index
of the core is modulated by the UV laser depending on the pitch
of the phase mask used. The grating length depends on the
design of the sensor, varying from a few millimeters to 10 mm.

Basically, the Bragg wavelength of FBG is a function of the
refractive index of the fiber core and the grating pitch. Owing to
the thermo-optic effect and photoelastic effect, the effective index
and pitch can be altered by the external stress or temperature.
The relationship between the Bragg wavelength change and the
external measurand (i.e., temperature change: DT, strain: e) can
be deduced as:

DlB = lB h1 1 − peð Þϵ + h2 · a + bð ÞDT½ � (2)

where pe is the photoelastic coefficient, a is the coefficient of
thermal expansion (CTE) of the fiber core, and b is the thermo-
optic coefficient. In Eq. 2, h1 is the factor to describe the amount
of external stress caused by pressure or vibration transferred to
the strain and h2 is the transferring coefficient of thermal
expansion, which are related to the particular packaging
materials used to embed the FBG. These two coefficients could
be determined through the calibration measurement of the
sensors. Typically, the photoelastic effect is avoided to develop
the temperature sensor so that only temperature change induces
the Bragg wavelength shift, whereas the temperature effect
cannot be reduced in the design of pressure and vibration
sensors, which can only be compensated.
Interrogation Design of the Sensing
System
The interrogation is necessary to demodulate the optical sensing
signal that includes the change of measurands. In this work, a
homemade interrogation system was designed and developed.
Frontiers in Marine Science | www.frontiersin.org 4
Figure 2 shows the schematic layout of the interrogation system,
including a superluminescent diode (SLD, Denselight DL-
CS5169A), laser driver, interrogation module (Ibsen I-MON
512), microprocessor, power controller, optical transceiver,
circulator, and coupler. The coupler is utilized to split the
optical signal into four paths, each of which is able to connect
to the FBG-based sensors. The wavelength range of the SLD is
over 80 nm covering from 1,510 to 1,590 nm. The minimum
power of the SLD is 16 mW, which is enough for the four output
ports split by the coupler. The temperature and current of the
SLD are controlled by the driver. An optical circulator is used to
send the incident light from port 1 to port 2 and circulate the
reflection light from the FBG sensors to port 3. Regarding the
demodulation method of the interrogation module, it employs
an array of 512 photodiodes (PDs) spaced in a line to detect the
intensity of the input light. There is a blazed grating and mirror
in the module that can diffract the broadband light to various
components of light with different wavelengths, as illustrated in
the inset of Figure 2. After accurate calibration, each PD receives
the intensity of a certain wavelength. The resolution of the
hardware is about 170 pm. The reflected spectral peak of one
FBG typically covers a wavelength bandwidth of about 500–700
pm, meaning that about 4–5 PDs are occupied to profile the peak
spectrum. As FBG is typically apodized with a Gaussian profile
during fabrication (Hill and Meltz, 1997), a Gaussian peak fit
algorithm is utilized in the interrogation module to achieve
precise peak detection according to the arrayed intensities
from the illuminated PDs. Therefore, the fitted resolution of
the interrogation could reach ~0.5 pm. By detecting the peaks in
the reflection spectrum of FBGs, all of the measurands can be
monitored and acquired remotely in real time via the optical
fiber cable and the transceiver with a speed of 100 Mbps. The
power and fiber cables provide the function of electricity and
communication, which could enable the submarine sensing
system work independently or jointly with other systems in
a network.
FIGURE 2 | Schematic layout of the proposed interrogation system.
June 2022 | Volume 9 | Article 922669
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To realize and demonstrate the feasibility of the proposed
submarine optical fiber sensing system, a prototype of the
submarine interrogation system was developed based on the
design illustrated in Figure 2. As shown in Figure 3, the entire
system was designed in a cylinder made of stainless steel in an
attempt to withstand high hydraulic pressure. The height, inner
diameter, and outer diameter of the main body is 566, 120, and
132 mm, respectively, which however could be optimized to a
smaller size by rearranging the modules inside. The main body
was tested in a pressurized chamber of 15 MPa over 3 h, and no
leakage was found, meaning that the system could be employed
under the sea for over 1,000 m if leaving a pressure margin of
one-third. Regarding the sensing capability, it is possible to carry
various FBG-based sensors by connecting to the optical fiber
connectors. The entire system possesses the external connection
of optical fiber cable to implement the fast and real-time
communication from the remote station, for instance, on the
shore or the ship.

Proof Test Under the Sea
To verify the feasibility and performance of the proposed
submarine optical fiber sensing system, a proof test under the
sea was carried out, as illustrated in Figure 4. Figure 4A shows
the test route employed to create three different conditions in
terms of depth, acceleration, and temperature, i.e., (D1, A1, T1),
(D2, A2, T2), and (D3, A3, T3). The test was carried out in a
specific area close to Pearl River Estuary in China, as shown in
Figure 4B. Figures 4C, D are the photos captured during the sea
test, and the submarine optical fiber sensing system is powered
by an external battery. There is a commercial Conductivity,
Temperature, Depth (CTD) device installed close to the system
to provide a comparison to the monitored results.
Frontiers in Marine Science | www.frontiersin.org 5
RESULTS

Calibration Results of the Optical
Fiber Sensors
To test the proposed submarine optical fiber sensing system,
highly sensitive pressure, temperature, and vibration sensors are
developed based on the sensing principle of FBG described in
Principle and Development of the Optical Fiber Sensors. The
pressure sensor is utilized to monitor the depth determined by
the relationship of h = P/pg, where P is the water pressure
measured by the sensor, p is the mass density of the sea water,
typically in the range of 1.02~1.07 g/cm3, and g is the
gravitational acceleration equal to 9.8 m/s2. The pressure
sensor is designed in a cylindrical tube of stainless steel, and
the FBG with a Bragg wavelength of ~1,540 nm is packaged
inside. As schematically illustrated in Figure 5A, the FBG is
aligned in the center of the cylindrical tube and prestressed at
one end. Once the water pressure is exerted on the top, the
prestressed FBG gets released to some extent according to the
value of pressure, resulting in a blue shift of the Bragg
wavelength. The performance of the pressure sensitivity was
characterized by placing the sensor in a hydraulic pressure
chamber and increasing the pressure from 0 kPa to 0.5 MPa.
For each state of the pressure, the Bragg wavelength was
recorded. Figure 5A plots the response of the pressure sensor
in terms of Bragg wavelength with respect to the applied
pressure. From the experimentally measured results, the
pressure sensitivity is -1.993 nm/MPa. The maximum
calibrated pressure is up to 0.5 MPa, meaning that the depth
variation could reach ~50 m.

Similarly, the temperature sensor was characterized by placing
it in an environment with the temperature controlled precisely.
FIGURE 3 | Captured image of the prototype of the developed submarine interrogation system.
June 2022 | Volume 9 | Article 922669
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A B

DC

FIGURE 5 | Experimentally measured responses of the pressure, temperature, and vibration sensors, where (A) and (B) are the Bragg wavelength as a function of
pressure and temperature change, C shows the wavelength shift with respect to the applied acceleration of the vibration, and (D) plots the frequency response of
the vibration sensor.
FIGURE 4 | Illustration of the sea test conducted to verify the submarine optical fiber sensing system in a specific area close to Pearl River Estuary in China, where
panel (A) is the test route employed to introduce three different conditions in terms of depth, acceleration, and temperature, panel (B) shows the test area near
Wanshan Islands, and panels (C–F) are the photos captured during the field test.
Frontiers in Marine Science | www.frontiersin.org June 2022 | Volume 9 | Article 9226696
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The sensing FBG is packaged and glued inside a cylindrical tube
of stainless steel. By proper alignment, the FBG is absence of
external strain during measurement, so that only the temperature
induces a corresponding wavelength shift. As shown in
Figure 5B, the calibrated temperature sensitivity is 0.08 nm/°C.
Given that the resolution of the interrogation module is ~0.5 pm,
the measurement resolution of the pressure and temperature can
be ~0.25 kPa (corresponding to a depth variation of ~0.024 m)
and 0.006°C, respectively. The relationship between the Bragg
wavelength change and the measurands shows a good linearity,
and the fitting R2 exceeds 0.999.

Regarding the vibration sensor, its sensing performance was
investigated by applying various accelerations to the sensor in a
fixed vibration direction. As schematically illustrated in the inset
of Figure 5C, two FBGs are adhered on the top and bottom of the
cantilever, which experience compression and tension strain,
respectively, under a certain degree of vibration. The difference
in the Bragg wavelengths of these two FBGs is utilized to
characterize and calibrate the acceleration. After packaging the
FBGs, the sensor was placed on a vibration shaker to induce the
desired acceleration to the sensor. The actual acceleration was
calibrated by an electric-based accelerometer. The shift between
these two Bragg wavelengths vs. acceleration is plotted in
Figure 5C, where the sensitivity is calculated to be 0.142 nm/g
(g = 9.8 m/s2) and measured acceleration is up to 25 g. The FBG
of the vibration sensor is packaged on a cantilever with an
inertial mass at the top to induce periodical strain to the
grating together with the vibration. The vibration at various
frequencies was measured and the corresponding sensitivity was
characterized, which is shown in Figure 5D. It can be observed
that the response could remain nearly constant (within 5%
Frontiers in Marine Science | www.frontiersin.org 7
variation) in a wide frequency range, and the sensor shows the
sensing capability in small frequencies less than 10 Hz.

Real-Time Monitoring Results of the
Depth, Acceleration and Temperature
During the Sea Test
The proposed submarine optical fiber sensing system integrated
with the pressure, vibration, and temperature sensors was tested
and verified under the sea, as demonstrated in Figure 4. The
entire system was laid down to three depths, i.e., ~5, ~10, and ~15
m under the sea level. The actual depth was also measured by the
commercial CTD device. At each stage, the system was hanged
on for over 1 h and then moved to the next level. The monitored
results are shown in Figure 6, where the depth and temperature
measured by the commercial CTD are plotted as well for
comparison. From the results, it can be observed that the FBG-
based sensors are able to measure the depth and temperature
accurately, and small variations compared to the commercial
CTD device are found. As for the acceleration, the sudden spikes
clearly indicate the movement of the system to the next stage.
Since there is no electrical vibration sensor installed on the
commercial CTD device, no comparison is given. However, the
moving posture of the sensing system is possible to be retrieved
by the two acceleration sensors placed orthogonally, which
managed to capture the slight vibration caused by the
movement of the positioning or the undersea water. In this
particular test lasting for a time duration of ~5 h, the first depth
(~5.4 m) was reached at 13:43 on the testing day, and the
monitored temperature by the FBG sensor dropped to 28.9°C.
At this depth level, the temperature showed some minor
fluctuations due to the non-uniform temperature distribution
A B

DC

FIGURE 6 | Measured results of the (A) temperature, (B) depth, and (C, D) acceleration by the submarine optical fiber sensing system under the sea.
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of the water. At 14:41, the second depth (~10.8 m) was reached
and the temperature further dropped to ~23.8°C. As the depth
was increased to ~15.5 m, occurring at 16:03, the reduction of the
temperature was small, staying at about 23.2°C. The temperature
distribution decreasing with the depth is similar to the general
surface layer of the sea as reported previously (Duraibabu
et al., 2017).

Dynamics of the Surface Water Wave
During the sea test, the submarine optical fiber sensing system
was also maintained at a certain depth (~15.4 m) for over 12 h to
test the long stability and to retrieve the dynamics of the surface
water wave according to the monitored pressure. Figure 7 plots
the monitored depth, temperature, and acceleration in a time
duration over 12 h, starting at 18:09 of the testing day and ending
at 05:50 the next day. The test was conducted overnight, during
which the temperature basically decreases gradually with time.
This is confirmed from the measured temperature as illustrated
in Figure 7C, which shows the sea water temperature at the
depth of ~15.4 m under the sea drops from ~25°C to the lowest
point of ~22.8°C. The measured acceleration during this time
duration keeps still, since the entire system was maintained at the
same depth, except the starting and ending moments, where the
vibration was caused during the movement of sinking and taking
out. By taking a closer view of the depth change with time shown
in the inset of Figure 7A, a periodic depth change can be
observed clearly, which is supposed to be the result of the
surface water wave. The fast Fourier transform of the depth
change over time is plotted in Figure 7B, showing a prominent
peak at the frequency of ~0.25 Hz with a signal-to-noise ratio
of >20 dB. This frequency component falls into the range of
Frontiers in Marine Science | www.frontiersin.org 8
ocean surface waves observed by the GPS-tracked buoys
(Herbers et al., 2012). Thus, it is possible to employ the
proposed submarine optical fiber sensing system to realize the
real-time investigation of the surface water wave.
DISCUSSION

To realize environmental monitoring in real time, various
techniques have been developed and employed, including the
seabed cabled observatories and distributed optical fiber sensing
systems. Those systems are typically established in a large-scale
area, and high cost is required. In those monitoring systems, the
multiparameter sensors with high performance are in high
demand. As demonstrated in this work, a submarine optical
fiber sensing interrogation system is proposed and various
optical fiber sensors could be integrated with the system. Since
the optical fiber sensors are pluggable, the proposed system is
flexible to conduct different measurements of multiple
parameters. This feature allows it to monitor the sophisticated
undersea environment with the ease of replacing the
desired sensors.

To further investigate the repeatability of the sensor
performance, new batches of the pressure, temperature, and
acceleration sensors were fabricated in a similar approach as
the sensors presented above have been installed in the system
and being under monitoring of the field test. The sensing
responses were measured three times, as displayed in Figure 8,
where the error bar presents the standard deviation of the
repeatable measurements. The averaged wavelength deviation
A B

DC

FIGURE 7 | Measured results of the depth, temperature, and acceleration in a time duration over 12 h under the sea. (A, C, and D) are the depth, temperature, and
acceleration monitored in real time, and (B) is the fast Fourier transform of the depth change in the time domain.
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of the pressure, temperature, and acceleration measurement
is ~0.004, ~0.01, and ~0.02 nm, respectively, corresponding to
a measurement accuracy of ~2 kPa, ~0.1°C, and ~0.14 g. It is
worth noting that the measurement accuracy could be enhanced
further by establishing more precise calibration and
demodulating the FBG spectra using deep learning method
(Cao et al., 2022), which we are currently working on.

As a proof test under the sea, preliminary results show good
verification of the sensor system, and the pressure sensor is able
to depict the curve of the depth during sinking while the
temperature is monitored precisely at various positions. With
regard to the vibration, a highly sensitive accelerometer is
capable of recording the abrupt perturbation during the test. It
is worth indicating that the resolution and limit of detection
(LOD) of the sensors are not the best optimized during the
verification test. Proper improvement in terms of the sensor
structure, especially the novel packages with enhanced
sensitivity, could be further investigated. With this regard, the
simultaneous measurement of temperature, depth, and salinity is
possible using a single optical fiber sensor. Prior examples can be
found by the interferometric configurations, such as the FBG
integrated with Fabry–Pérot interferometer (Liu et al., 2021),
Fabry–Pérot interferometer with inline microcavity (Flores et al.,
2019), Mach–Zehnder interferometer with core diameter
mismatch structure (Selokar and Giraldi, 2021), Fabry–Pérot
interferometer with U-shaped defect (Zhao et al., 2022b), and
no-core fiber structure (Zhao et al., 2022a). All of these sensing
structures show good sensitivity and discrimination of the
multiple parameters based on a single structure. However, to
realize the in situ monitoring under the sea, the stability and
accuracy of the sensors need further investigation together with
the submarine sensing system, as demonstrated in this work.
With the integration of the interferometry-based fiber sensors,
better algorithms such as deep learning method could be
employed in the microprocessor of the proposed submarine
interrogation system illustrated in Figure 2, which eventually
retrieves the sensing signal in a smart approach. In a recent study
(Cao et al., 2022), we have demonstrated that the spectrum of
the FBG-based sensors can be directly demodulated by the
deep convolutional neural network (DCNN) model, and good
accuracy can be maintained; even the resolution of the hardware
is reduced. This approach allows for the development of a
Frontiers in Marine Science | www.frontiersin.org 9
compact and low-cost submarine sensing system, which is
under investigation.
CONCLUSION

In conclusion, to achieve real-time monitoring of the
environmental parameters under the sea, a submarine optical
fiber sensing system is proposed. The principle of FBG-based
sensors and the sensing system have been described. Basically,
the proposed interrogation system is feasible to various sensors.
As a demonstration of the sensing capability, the FBG-based
pressure, acceleration, and temperature sensors are designed and
utilized, respectively, for the measurement of the depth,
vibration, and temperature. In the experiment, the achieved
sensitivities of the pressure, temperature, and vibration sensors
are -1.993 nm/MPa, 0.08 nm/°C, and 0.139 nm/g (g = 9.8 m/s2),
meaning that the respective resolution can reach ~0.25 kPa,
~0.006°C, and ~0.004 g if taking the interrogation resolution of
~0.5 pm into account. A prototype of the submarine sensing
system integrated with the FBG-based sensors was designed and
manufactured. The proof test under the sea based on the
prototype shows good capability of real-time monitoring of
multiple parameters under the sea. The measured results
during the sea test are comparable to the commercial CTD
device installed at the same position, which exhibits the
feasibility and accuracy of the proposed submarine sensing
system. From the results of the sea test, the monitored depth
change demonstrated a dominant frequency of ~0.25 Hz close to
that of the surface water wave, which is promising for the long-
term investigation of the dynamics of the ocean surface wave.
The submarine optical fiber sensing system is able to integrate
with various fiber sensors, and novel demodulation algorithms
could be employed to realize the simultaneous measurement of
multiple parameters with higher accuracy.
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