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Abstract — Fibre optic sensors have been widely
researched in the field of geophysical science due to their high
sensitivity, and can work in harsh environments. In this paper,
a strainmeter based on fiber Bragg grating-based Fabry-Perot
interferometer is proposed and applied in the field of seismic
monitoring. The strainmeters series arrays used the Pound-
Drever-Hall ~ technique, enabling accurate  strain
measurements. A 10-channel array was built, and more than
100 earthquakes and the Earth's daily tidal signals were
successfully recorded at the Lijiang National Seismic Station.
The FBG-FFPIs had a strain resolution of 4.80 pe/\Hz @ 30
Hz. In addition, a 4-channel array was set up at the Heqing
seismic station for comparison. The results showed that the
FBG-FFPI strainmeters array has great potential for early
warning of earthquakes and can provide abundant seismic
data.

Keywords: field observation; fiber Bragg grating, fiber
Fabry-Perot interferometer; strainmeter; Sensor multiplexing

1. INTRODUCTION

Earthquake is a major disaster that causes catastrophic
losses to human beings [1]. Mitigating earthquake risk is
essential. The establishment of an earthquake early warning
system has become an important and pragmatic strategy to
minimise the damage caused by major seismic events [2]. The
accuracy of such systems depends on the use of advanced
geological instruments, including creep [3], tilt and
strainmeter [4]. Strainmeter, in particular, play a unique role
in the field of seismology due to their ability to effectively
capture seismic waves and ground motion.

Earthquake prediction can be achieved by predict surface
deformation data collected by strainmeter [5]. Conventional
strain gages limit their application due to their large size and
high cost. Fiber optic sensors are preferred for geophysical
monitoring due to their cost-effectiveness, wide bandwidth
and strong immunity to interference. In recent years, fiber-
optic based strainmeter technology has developed rapidly,
and long-baseline fiber-optic strainmeter have been used for
seismic detection [6] and crustal deformation monitoring [7],
but they require ultra-long optical fibers, which are difficult
to deploy. Therefore, the development of short-baseline fiber-
optic strain gages for wider range strain data collection is
important to enhance seismic monitoring capability.

Fibre Bragg grating (FBG)-based fibre optic sensors are
preferred for short-baseline strainmeter due to their high
integration, easy installation and support for multiplexing
operation [8]. They include n-FBG sensors, FBG laser

sensors and fiber Bragg grating-based Fabry-Perot
interferometer (FBG-FFPI) sensors. Especially, the FBG-
FFPI sensor possesses high sensitivity due to its comb
reflectance spectrum and achieves ultra-wide dynamic range
by continuous hopping locking technique. However, applying
FBG-FFPI strainmeter to multiplexed in situ observations is
still challenging due to the much wider range of the FBG
reflectance spectrum than that of the Pound-Drever-Hall
(PDH) tracking technique.

To address these challenges, Q. Liu et al. proposed an
innovative solution: a time-domain multiplexing technique
using optical delay line (ODL) implementation for the
simultaneous acquisition of three independent strain signals.
At the same time, they also developed an optical frequency
comb (OFC)-based Pound-Drever-Hall (PDH) detection
method for the measurement of two strain signals. Despite the
theoretical advancement of these techniques, the use of ODL
may exacerbate the thermal noise problem of optical fibres,
and the cost of the OFC technique limits the prospect of its
application in large-scale field observations.

In this study, a fibre Bragg grating fibre-optic Fabry-Perot
interferometer (FBG-FFPI) strainmeter array with large-scale
deployment capability, ultra-high accuracy and real-time
multiplexing has been successfully developed. The
technology combines optical spatial division
multiplexing(SDM) and electrical time-domain division
multiplexing(TDM). A 10-channel FBG-FFPI strainmeter
array was deployed at the Lijiang National Seismic
Monitoring Station for one year of observation. The array not
only recorded more than 100 seismic events, but also
accurately captured the daily tidal changes of the earth. At the
same time, a 4-channel FBG-FFPI strainmeter array was built
at Heqing seismic monitoring station. Through the
comparative analysis, we found that the multiplexed FBG-
FFPI strainmeter array has significant data acquisition
advantages in the field of earthquake early warning. These
data are of great value for the in-depth understanding of
seismic activity patterns and for improving the accuracy of
earthquake prediction.

2. METHODS AND PROCEDURES

2.1.  Working principle

The improvement of strain resolution requires that the
formant of fiber grating on the nanoscale becomes narrower.
We chose to use the FFPI interferometer structure, which
consists of two identical FBGs, as a high mirror manufactured
by PM fiber, with a distance L of 0.25 m between the two
FBGS and a fiber grating length | of 0.05 m, for in-core Fabry



Perot (F-P) interference (Figure 1a). At the core of PM FFPI,
the reflectivity of fbg is 99.5%. There are a series of narrow
transmission peaks in the reflection band of fiber grating. The
simulation spectrum is shown in Figure 1b.

The PDH technique can lock laser onto the
corresponding FBG-FFPI resonance peaks for precise strain
measurement. The feedback signal generated by the locking
process is then used to extract sensing information. The lasers’
track ranges are slightly wider than FBG-FFPIs’ free spectral
range (FSR) to ensure that at least one resonance peak is
obtained.

The FFPI's free spectral range (FSR) and the full-width-
at-half-maximum (Avewnm) Of the resonance peak are
expressed as

FSR = _°_
2nL
{ c 1-R @
Avpwum = onL R

where c is the speed of light, n is the PM fiber core's
refractive index, L is the distance between two FBGs, and R
is the reflectivity of the FBGs, as shown in Fig 1c. When the
FFPI experiences a temperature drift AT and strain &, its
resonant wavelength A, will vary linearly. The wavelength
variation can be expressed as

Ay =kr AT + ks € )

where kris the thermal coefficient, including the thermal
expansion and thermo-optic coefficients. k. is the fiber's
effective elasto-optic constant. Using the PDH technique can
convert the Lorentz shape of the FFPI's resonance peak to an
error signal with a zero-crossing shape. The laser will track
the zero point's variation. The simulated error signal is shown
in Fig. 1d.
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array (FPGA, PCle-7856R) to configure settings and store the
sensing results. The master laser is modulated by a straight
waveguide phase modulator (SPM, SPM-301A, PANWOQOO),
driven by a signal generator (SG). The laser is then split into
two beams by a 1:99 PM fiber coupler (CP). The beam with
1% power is directed into the Ref. FFPI through a PM
circulator (CIR), while the beam with 99% power is
modulated by an SSB modulator (KY-CS-SSB-15,
KEYANG).

The SSB modulator is powered by a voltage-controlled
oscillator (VCO, CVCO55BE-1100-1600, CRYSTEK).The
SSB modulator generates individual sidebands that are split
into ten beams. Each beam is then directed to the
corresponding Sen. FFPI through a CIR. The reflected light
from the FBG-FFPI is collected by multiple photodetectors
and converted into an electrical signal. the SPMT switch array
queries the output signal of the pd and sequentially
demodulates the reflected signal via a dual-channel 1/Q
demodulator (AD8333, Analog Devices). the SPMT switch
array is powered by a VCO (VCO, CVCO55BE-1100-1600,
CRYSTEK).

The SG produces a steady 60-MHz sine-wave directed
into the demodulator's 4xLO (local oscillator) port, while a
15-MHz sine-wave is used to operate the SPM. The FPGA
processes the dual error signals and generates the closed-loop
feedback voltage. Additionally, the FPGA can generate a
burst pulse to coordinate the VCO and SPMT during a single
query time.
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Figure. 1 (a) The 3D structure diagram of FBG-FFPI. (b) In the
simulation spectra, the center wavelength of the FBG-FFPI is
1550.12 nm. (c) Zoomed-in spectra. The FSR of the FBG-FFPI is
408 MHz, and the FWHM of the resonance peak is 0.65 MHz. (d)
The PDH technique generates the error signal of the resonance peak
with fast modulation.

To enhance the measurement accuracy further, the
strain-free FBG-FFPI (Ref.FFPI) is used as a temperature
reference around the sensing FBG-FFPI (Sen.FFPI). Both are
synchronously deflected when the temperature changes and
the laser drift is eliminated by locking the main laser to
Ref.FFPL.The laser for Sen.FFPI is provided by a single
sideband modulator.

2.2.  System configuration

The setup of the multiplexed FBG-FFPI strainmeters
array is shown in Fig. 2a. A computer (PC) is connected to a
wavelength-tunable narrow-linewidth master laser (Koheras
BASIK E15, NKT Photonics) and a field programmable gate

Figure. 2. The multiplexed FBG-FFPI strainmeters array. PC,
computer; 1:99 CP, 1:99 PM fiber coupler; SSB, single-sideband
modulator; 1x10CP, 1x10 PM coupler; CIRs, PM circulators; Ref.
FFPI, strain-free FBG-FFPI; Sen. FFPI, sensing FFPI; PDs,
photodetectors; SPMT, single-pole multi-throw switch; AD8333,
dual-channel 1/Q demodulator; VCO, voltage-controlled oscillator;
SG, signal generator; FPGA, field programmable gate array.

Field observation deployment strategies need to consider
costs. The FBG-FFPI array and SDM are located in the
observation cave. The FBG-FFPI array is installed on the
bedrock or connecting platform. The fibers from the FBG-
FFPI array are routed to the SDM. Two 240-m long armored
PM fiber cables and an armored multicore single-mode (SM)
fiber cable connect the SDM and interrogator through the
cave entrance.

3. FIELD OBSERVATION AT LIJIANG NATIONAL
SEISMIC STATION

Field observation was first conducted at Lijiang National
Seismic Station, Yunnan Province, China.

3.1.  Deployment strategy
The FBG-FFPI sensor developed in this study has a centre



wavelength of 1549.87 nm, which is pre-tensioned to achieve
a match with the wavelength range of the reference FFPI
sensor of 1550.24 nm. All sensors were fabricated with
uniform parameters, including an FBG bandwidth of 0.32 nm,
99.5% reflectivity, an FFP1 FSR of 3.68 pm, an FFPI FWHM
of 0.72 MHz, and a cavity length of 0.22 m. The sensors were
fabricated with the FFPI FSR of 3.68 pm. The sensor is
mounted on an Inva alloy base for seismic monitoring via a
fibre optic fixture. The pedestals were spaced 0.3 m apart,
slightly larger than the sensor cavity length, and were fixed
to a concrete platform with bolts embedded vertically in the
concrete.

Fig. 3a illustrates the distribution of the FBG-FFPI
strainmeters array in the observation cave. The room's
dimensions are approximately 3x9 m? containing three
concrete platforms. The SDM is positioned at the cave's
center, with the Ref. FFPI sensor placed on its top. Please
refer to Fig. 3b for a photo of the installation site of the FBG-
FFPI strainmeter array.
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Figure. 3. Deployment strategy at Lijiang National Seismic Station.
(a) The distribution of the FBG-FFPI strainmeters array in the
observation cave. (b) On-site picture.

3.2,  Earthquake monitoring

The FBG-FFPI strainmeters array system in this study can
effectively monitor and record natural earthquakes signals.
For instance, on 2 January 2022, China Earthquake Networks

Center (CENC) recorded a magnitude 5.5 earthquake in
Ninglang, Yunnan Province, China, with a depth of 10 km.
All strainmeters successfully captured seismic waves
including P-waves, S-waves and surface waves, and the
signals were detected 18 seconds after the earthquake. The
small differences in amplitude between different strainmeters.

The four orientations of different channels provide a
complete vector of vibration information about the
earthquake. The normalized seismic waves of the north-south
orientated strainmeters (CH4, CH5) and west-east orientated
strainmeters (CH1, CH9) are displayed in Fig. 4a,b,
respectively. The figures show that the waveforms of the
same direction have the same phase.

Fig. 4c illustrates the waveforms of two other oblique
components, i.e., north-west (CH7) and north-east (CHS8).
Meanwhile, Fig. 4d compares the waveforms of orthogonal
components, including east-west direction (CH2) and north-
south direction (CH3).The waveforms of CH2 and CH3 have
opposite phases. For CH7 and CH8, while their waveforms
are in the same phase in some regions, there are differences
in other regions, which are attributed to the fact that the

deployments of these two channels are not perfectly
orthogonal. The waveforms of CH7 and CH8 can be obtained
by synthesising the east-west and north-south components.
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Figure. 4. The normalized seismic waves of the (a) north-south
orientated strainmeters (CH4, CH5), (b) west-east orientated
strainmeters (CH1, CH9), (c) north-west orientated strainmeter
(CHT), and north-east orientated strainmeter (CH8). (d) Comparison
of the waveforms in orthogonal directions.

The distance between the epicentre of an earthquake and
the monitoring station can be estimated by determining the
difference in arrival time between the first-to-arrival (P-wave)
and second-to-arrival (S-wave) waves, which have a velocity
difference of about 6 to 8 km/sec. Figure 5a shows a seismic
signal recorded by CH3, which occurred on 20 October 2021
in Yangbi Yi autonomous county, Yunnan province, China,
with a magnitude of 3.4 on the Richter scale, epicentral
coordinates of 25.73°N, 100.00°E, and a depth of 8 km. The
difference in the arrival times of the P-wave and the S-wave
is about 18 s, and the distance between the epicentres is
estimated to be 108 to 144 km.

Figure 5b shows another seismic signal recorded by CH3,
which occurred in Laos on 20 December 2021, with a
magnitude of 6.0 on the Richter scale, epicentre coordinates
19.60°N, 101.40°E, and depth of epicentre of 10 km. The
difference in arrival time between the P- and S-waves was
about 105 s, and the estimated distance from the epicentre
was between 630 and 840 km.The signals of a small
aftershock are also clearly recorded in Figure 5b.
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Figure. 5. Earthquake signal recorded by CH3. (a) An earthquake
occurred in Yangbi Yi autonomous county, Yunnan province, China.

(b) An earthquake occurred in Lao People's Democratic Republic.

The multiplexed FBG-FFPI strain-gauge array system
successfully recorded more than 100 earthquakes during a
year of continuous monitoring. The performance of the



multiplexed FBG-FFPI strainmeters array system was
demonstrated by the fact that the epicentre of the farthest
earthquake recorded was located in Peru (4.50°S, 76.70°W),
which had a magnitude of 7.3 on the Richter Scale, with an
estimated epicentre distance of 17,000 km.

3.3.  Ultra-low frequency strain signal detection

In addition to monitoring seismic activity, it is equally
important to detect ultra-low frequency strain signals below
1 mHz. For this purpose, we installed a standard 30-metre SS-
Y telescope in the east-west direction of the observation hole
for comparison. Figure 6 shows the ultra-low frequency strain
signals recorded from 1-11 October 2021 by CH3 and SS-Y.
The signal from CH3 was downsampled to be consistent with
the sampling rate of SS-Y. Both the FBG-FFPI strainmeters
array and SS-Y show a signal with a ~24 hour period, which
includes semi-diurnal variability features. We believe that the
signal is correlated with Earth tides.
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Figure. 6. The ultra-low frequency strain signals of CH3 and SS-Y
from October 1 to October 11, 2021.

4. FIELD OBSERVATION AT HEQING SEISMIC
STATION

A field observation was conducted at Heging Seismic
Station in Yunnan Province, China. The system operation
started on March 14, 2022, and concluded on March 26, 2022.

4.1.  Deployment strategy

In order to improve the observation sensitivity of the
Heqing seismic monitoring station, we use FBG-FFPI strain
gages with higher accuracy. These FBG-FFPI strain gages
follow a uniform manufacturing standard and have an FBG
bandwidth of 0.4 nm, a reflectivity of 99.5%, an FFPI free
spectral range of 0.781 picometres, an FFPI full-width-half-
height of 0.25 MHz, and a cavity length of 1.4 metres. In
addition, the original single-sideband (SSB) modulator power
supply was replaced using a voltage-controlled oscillator
(VCO), which has a tuning range of 95 MHz. The strain
sensitivity of each FBG-FFPI strain gage was tested using a
piezoelectric nano-actuator, and the test result was 34.17 n
€/V. As shown in Fig. 7b, this Inva alloy base consists of a
long pillar, an auxiliary platform, a bracket and three fibre
optic fixtures.
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Figure. 7. Deployment strategy at Heqing Seismic Station. (a) The
distribution of the FBG-FFPI strainmeters array in the observation
cave. (b) On-site picture.

The long struts are vertically embedded in concrete and
anchored into bedrock using grouting material. The auxiliary
platform is fixed to the long pillar by brackets. Three fibre-
optic fixtures are distributed on the auxiliary platform at equal
intervals at a 45-degree angle to capture the strain signals in
different directions. Figures 7a and 7b show the layout of the
FBG-FFPI strainmeters array in the observation hole. Four
Invalid bases are arranged in a square with 1.6 m sides, one
at each corner, and the FBG-FFPI strain gages are mounted
directly on these bases by fibre-optic fixtures, which are
specially designed for seismic monitoring.

4.2,  Earthquake monitoring

On 16 March 2022, an earthquake measuring 7.4 on the
Richter scale occurred in the town of Namie, Fukushima
Prefecture, Japan, with an epicentre at 37.65°N latitude and
141.95°E longitude and a depth of 63 km. This major
earthquake had been preceded by a foreshock of magnitude
6.0 on the Richter scale at 22:34:22 on the same day. Figure
8 illustrates the seismic waveforms after the infinite impulse
response (IIR) filtering process. The figure clearly shows a
foreshock signal, followed by a large earthquake immediately
after, separated by only 127 s. The response consistency of
the FBG-FFPI strainmeters array is better than that recorded
at the Lijiang National Seismic Station due to its improved
sensitivity.

e e

L L L
800 1600 2400 3200 4000
Sample

CHO

ao o

Strain/ ne

o

Figure. 8. (a) The seismic waveforms after applying IR filtering. On
March 16, 2022, the ML = 7.4 earthquake struck Namie, Fukushima,
Japan, at 22:36:29. The epicenter coordinate is 37.65°N, 141.95°E.
The focal depth is 63 km. (b) Zoomed-in waveform.

4.3.  Comparison offield observation in two seismic stations

This study compares and analyses the seismic data
recorded by two seismic monitoring stations.On 23 March
2022, an earthquake of magnitude 6.6 on the Richter scale
occurred in Taitung City, Taiwan Province of China, at a
depth of 20 km, with an epicentre geographically coordinated
at 23.45°N latitude and 121.55°E longitude. Figure 9
illustrates the seismic waveforms captured by the two stations.
The slight difference in the epicentral distance between the
Lijiang National Seismic Station and the Heqing Seismic
Station resulted in a difference of about 4.85 s in the arrival
time of the seismic waves received by the two stations.
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Figure. 9. Seismic waveform recorded by the two stations. The ML
= 6.6 earthquake occurred in Taidong, Taiwan province, China. The
focal depth is 63 km.

Fig. 10 shows the Power spectral density (PSD) of the two
stations.The resolution of the FBG-FFPI strainmeters array at
the Heqing seismic station is better than 1 pe/NHz at
frequencies above 10 Hz. Specifically, the resolution of the
array at the Heqing station reaches 476 fe/NHz at 30 Hz,
whereas the resolution of the array at the Lijiang national
seismic station is 4.80 pe/VHz at the same frequency.
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Figure. 10. shows the PSD of the two stations.
5. DISCUSSION AND CONCLUSION

In this study, we successfully developed and deployed
large-scale, ultra-high resolution, real-time multiplexed FBG-
FFP1 strainmeters arrays for field observation, a
technological breakthrough that has brought innovations to
the field of seismic monitoring. 10-channel strainmeters
deployed at Lijiang seismic monitoring station and 4-channel
strainmeters deployed at Heging seismic monitoring station
effectively captured a large number of seismic signals. More
than 100 seismic signals were acquired during the
deployment of the seismic monitoring station. By improving
the parameters of the strainmeters, the PSD of the Heqing
station was 476 fe/NHz @ 30Hz, which was significantly
higher than that of the Lijiang station.The results of this
research lay the foundation for future advances in early
warning of earthquakes, and the combination of strainmeters
arrays with advanced data analysis and data mining
algorithms foreshadows the future direction of earthquake
early warning systems.
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