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Abstract 

A newly developed cost‑effective fiber‑optic gyroscope (FOG) and an existing seismometer co‑locating at the cam‑
pus of National Central University (NCU) recorded seismic waves of a M6.6 Yilan earthquake and aftershock events 
occurring at around 24.74° N 122.03° E (88 km away from NCU) during 10–11 December 2020. Two nearest accessible 
broadband seismographs located in Hsinchu have also been employed as measurement references for facilitating the 
analysis of the detected seismic signals. Conventional seismometers usually detect the translational components of 
the seismic waves, while the FOG observes the rotational component. The recorded FOG data exhibit high‑resolution 
details of the rotational component of shockwaves, which provides additional information of seismic waves. The 
shock waveforms of the translational and rotational components, analyzed under the conservation of the shock wave 
energy density received by FOG and seismograph, are found to be significantly correlated. The correlation coef‑
ficients of 60‑s data are > 0.85 for the main shock and > 0.86 for the aftershock, while those of the 10‑s peak periods 
are as high as 0.9064 and 0.8953, respectively. The highly correlated data imply that the energy registered by the two 
devices are equivalent. The optical interference‑based rotation senor of the cost‑effective FOG provides a high sensi‑
tivity of better than 3.6 deg/h and an extended dynamic sensing range as high as 55 dB with the fully sensing ability 
from ± 3.6 deg/h to ± 720,000 deg/h. The FOG seismometer sheds some light on building an earthquake six‑degree‑
of‑freedom observation array to have a bettering on the understanding of the seismicity.

Key Points 

1. A NCU fiber-optic gyroscopy station detects the earthquake rotational motion.
2. The bias stability of the fiber-optic gyroscope reaches 0.034 deg/h.
3. The correlation of translational and rotational shockwave components is > 0.85.

Keywords: Fiber‑optic gyroscope, Rotational seismology, Seismic sensor

1 Introduction
Taiwan is on the Pacific Rim Seismic Belt and surrounded 
by the ocean and located in the subduction zone between 
the Philippine-Sea and Eurasian plates. This geographi-
cally special intersection makes the region surrounding 
Taiwan a seismically active zone, a well-known world’s 
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best laboratory for studying seismology. At present, Tai-
wan’s seismic observation facilities, including the quick 
report system, strong earthquake observation network, 
early warning system, and the “Broadband Array in Tai-
wan for Seismology (BATS)” (operated by the Institute of 
Earth Sciences, Academia Sinica), record most of the dis-
placement, velocity, and acceleration information of the 
earth’s surface caused by earthquake events in the respec-
tively covered districts. However, a certain amount of the 
seismic energy is transmitted by rotational components. 
Gyroscopes are possible to record the rotation informa-
tion of the seismic waves with high fidelity, which makes 
up the seismic sensing data with additional information 
of the three rotational components to fully map out the 
six degrees of freedom of moving objects and therefore, 
to facilitate the complete reconstruction and description 
of the seismic waves.

The common seismographs can be divided into several 
types, such as broadband seismographs (Lough 2014), 
mid-to-long-period seismographs (Warner 2014), and 
acceleration sensors (Van Hees et  al. 2009), which are 
used to record/derive the shockwave velocity, frequency, 
and acceleration values in 3 translational axes. In NCU 
campus, we have a fixed seismograph station equipped 
with several seismometers including an acceleration-type 
strong motion recorder (SMART 24A) and a broadband 
seismograph (KS-200BH). Various portable seismome-
ters like CMG-6TD broadband seismographs, SAMTAC-
801B recorders, and VSE-311C sensors for mid-to-long 
period recoding, and a K2 digital acceleration seismic 
recording system can also be found in individual labora-
tories at NCU. However, the main observation informa-
tion obtained from the above-mentioned sensors is the 
linear velocity or linear acceleration data, which are asso-
ciated with the translational components of shockwaves. 
To fully describe the dynamics of a moving object, as the 
inertial measurement unit does in the inertial navigation 
field, we need the 6 degree-of-freedom data collected 
from the 3-axis rotational components and 3-axis trans-
lational components of motions. To obtain the missing 
rotation information, the gyroscopes are usually needed. 
The origin of measuring earthquakes with gyroscopes can 
be traced back to 1979 (Kurosu et al. 1979), and a review 
paper in 2016 suggests that the gyroscopes can open the 
new era of seismic monitoring, especially using the fiber-
optic gyroscope (FOG) to monitor the near-field earth-
quake activities (Velikoseltsev et  al. 2012). There were 
many earthquakes recorded by gyroscopes in this decade, 
including the earthquake rotational motions recorded by 
ring-laser gyroscopes (RLG) for far-field earthquakes in 
Italy during 2016–2021 (Simonelli et  al. 2018; Simonelli 
et al. 2021). To make up the missing rotation information 
of seismic waves, since 2008, the rotation seismology has 

attracted the attention of geophysicists in Taiwan (Lin 
et  al. 2009; Lee et  al. 2009), and FOG-based rotational 
sensors (iXBlue blueseis-3A) have been deployed as a 
Nanao array situated in east of Taiwan to construct a six 
degree-of-freedom broadband ground-motion obser-
vational network (Yuan et  al. 2020). However, the use 
of optic-based gyroscopes to measure seismic informa-
tion is currently relatively scarce and much expensive. 
To address this issue, we have developed at National 
Central University (NCU), Taiwan a cost-effective FOG-
based seismic sensor via the use of a fully homemade, 
compact FOG with a remodeled configuration rede-
signed from a conventional FOG. In this study, we dem-
onstrate the developed FOG is capable of the detection 
of an ultra-slow rotation motion with a sensitivity better 
than 3.6 deg/h, with which we have successfully detected 
the rotational components of shockwaves from the M6.6 
Yilan earthquake and aftershock events which is 88  km 
away from NCU on 10–11 December 2020.

2  The fiber‑optic gyroscope
Gyroscopes are usually used for monitoring the orienta-
tion and angular velocity of a moving object like vehicles 
and drones in general applications. The practical and 
market-proven gyroscopes include the microelectrome-
chanical-system (MEMS) gyroscopes, FOG, RLG, and 
mechanical gyroscopes, developed for different applica-
tions. The key specification of gyroscopes is the accu-
racy of the angular velocity, which can be defined by the 
parameters of the bias stability and the angular random 
walk (ARW). The bias stability is an important index of 
gyroscope performance, which is also used to define 
the gyroscope grades as the consumer grade (> 100–
10,000 + deg/h), the industrial and space grade (0.1–
100  deg/h), the tactical grade (0.01–0.1  deg/h), and the 
strategic grade (< 0.001  deg/h). Another important per-
formance index of gyroscope is the scale factor linearity, 
which is defined by the scale factor variation in the full 
sensing dynamic range. The scale factor is a coefficient 
translating the angular rate of the test object to the device 
digital output in a linear scaling law. The consumer grade 
gyroscopes feature lower cost and have been applied to 
such as the smartphones, robotics, quadcopters, game-
pad, and virtual reality helmets thanks to the great mass 
production capacity of the semiconductor industry. The 
MEMS gyroscopes has already oligopolized this con-
sumer market (Fact 2021). However, based on the optical 
interference, the FOG and RLG are time-tested solutions 
for the industrial grade, tactical grade, and military strat-
egy grade applications.

Through the Sagnac effect (Arditty and Lefevre 1981), 
by  monitoring the phase and intensity changes of the  
optical interference signal, one can convert different 
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observed physical quantities to optical domain infor-
mation, with different modulation and demodulation 
schemes. Based on this effect, FOGs use highly sensi-
tive optical interference to sense the angular velocity of 
a moving object via measuring the phase differences 
between the optical waves propagating clockwise and 
counter-clockwise in an optical fiber coil during the 
movement. The FOG sensitivity is a function of the struc-
tural parameters of the sensing coil, which in principle 
makes it relatively simple to adjust for a desired grade for 
different applications. It is worth mentioning that a low-
to-mid grade FOG (0.1–10  deg/h) has shown the capa-
bility of performing the near-field seismic sensing (Lee 
et  al. 2012). Most recently, 3-axis FOG-based rotational 
seismometers have been demonstrated in 2021 (Cao et al. 
2021).

In this work, we developed a cost-effective seismic 
sensor based on a fully homemade, compact FOG with 
a simplified control logic circuit via open-loop and 

closed-loop control approaches. The rotation rate of the 
FOG is characterized by a test on a single-axis refer-
ence rotating stage having a dynamic range from − 200 
to + 200 deg/s. Figure 1a shows the physical picture of the 
sensor (NCU-FOG). The FOG sensor unit is mounted on 
a granite anti-vibration platform for conducting a steady 
and long-term monitoring experiment with its azimuth 
being approximately aligned with the NS direction. The 
normal axis of the FOG is roughly perpendicular to the 
earth surface. The stability of a FOG can be character-
ized by the Allan deviation analysis (Lefevre 2014) which 
gives the information of the long-term bias stability and 
the short-term noise indexed by the ARW. With this 
setup, we obtain the room-temperature bias stability of 
0.034 ± 0.01 deg/h and ARW of 3 ± 0.6 deg/sqrt(h) for all 
our homemade FOG sensors under a sensing data rate 
of 100  Hz, derived from the Allan deviation analysis as 
shown in Fig. 1b. Besides, the dynamic range of the sen-
sor reaches > 55  dB, covering the full linear response of 

Fig. 1 a The physical picture of the NCU‑FOG. b The Allan deviation analysis, which shows our FOG has a bias stability of 0.034 deg/h and an 
ARW of 3 deg/sqrt(h). c Relatively fast and d ultra‑low rotational response characteristics, plotted with data from 15 independent measurements 
(represented by different colors). The solid lines shown in c and d are the flitted results with a linear scaling response.
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the sensor from relatively fast to ultra-slow rotation rates, 
as shown in Fig.  1c and d. The rotation sensing of this 
sensor can be extended to − 200 to + 200 deg/s, and with 
the same linearity, this sensor can also provide the ultra-
slow rotation sensing ability of < 3.6  deg/h, which cor-
responds to 0.001 deg/s sensitivity. Figure 1d shows the 
statistics of 15 repeated measurements in an ultra-low 
rotation test environment, indicating the measurement 
results are highly repeatable and reliable. With a bias sta-
bility of ~ 0.034  deg/h, our FOG sensor can be of great 
potential for various vibration monitoring applications 
such as earthquake monitoring, track vibration monitor-
ing, building, wind turbine, high-voltage electric tower, 
and carrier shaking monitoring, and heading detections, 
showing its greatly versatile applicability.

3  Observation and analysis
On 10 December 2020 at 21:19:58 Local Time (LT), a sub-
marine M6.6 earthquake occurred near offshore Yilan, 
the epicenter 24.74° N 122.03° E with 75.7  km depth, 
reported by the Central Weather Bureau (CWB) of Tai-
wan (CWB 2020). NCU campus is located in Zhongli, 
the north-west of Taiwan (121.190733° N, 24.969367° 
E), which is 88  km away from the epicenter (as Fig.  2a 
shown). According to the report, the detected seismic 
intensity scale in Zhongli is 4 (Moderate). About 5 h later, 
an aftershock occurred at 02:15:08 LT on 11 Decem-
ber 2020 at the location of 24.53°N 121.97°E in 62.7 km 
depth with a magnitude  ML = 5.7 (from CWB). These two 
events are well recorded by NCU-FOG under the free-
running passive measurement over the 14-h monitoring 
experiment conducted from 18:30:00 LT 10 December 
2020 to 08:30:00 LT 11 December 2020.

There were another two minor aftershocks  (ML ~ 4) of 
seismic intensity scale 1 (measured in Zhongli), occurring 
around 8  min and 4  h later than the main shock event, 
respectively, during the experiment period according to 
the CWB’s report. However, these much weaker events 
were not detected by our FOG sensor with a sensing abil-
ity of < 3.6 deg/h (or ~  10–5 rad/s) for rotational motions. 
According to the study by Zhou et al. (2019), we estimate 
this sensing ability of FOG can only detect an earthquake 
with a magnitude > 4–5. This agrees with what we have 
observed for events with a magnitude > 5 (i.e., the M6.6 
main shock with intensity scale 4 and M5.7 aftershock 
with intensity scale 3) with our homemade FOG installed 
in NCU, Zhongli.

Figure  2a shows the 14-h unfiltered monitoring raw 
data of the seismic waves of the M6.6 Yilan earthquake 
event detected by the NCU-FOG sensor. Figures 2b and 
c show the FOG response of the rational component of 
the seismic waves during the main shock and aftershock 
periods, respectively. To study the data in the frequency 

domain, we use the fast Fourier transform (FFT) algo-
rithm to analyze the recorded FOG raw signal and the 
recorded raw data from a local seismograph (SMART 
24A, located at 121.1849°N, 24.9679°E) during the main 
shock and M5.7 aftershock events (referring to the time 
periods marked as “Main shock” and “Aftershock” in 
Fig. 2a) as shown in Figs. 3 and 4, respectively.

We choose three time periods (marked as A, B and C in 
Fig.  2a) where signal exhibits relatively low fluctuations 
as the FOG signal background reference. These periods 
are well outside the time durations of the main shock and 
the three sensible aftershocks with intensity scales ≥ 1 
according to the CWB’s report. We found two observ-
able frequency responses around 31 Hz and 38 Hz in the 
FFT spectrum of the time periods A, B and C, which cor-
responds to the inherent characteristic response of the 
FOG system. The insets of Figs.  3b–d and 4b–d show 
the seismograph recorded translational information with 
respect to the x-axis (North–South), y-axis (East–West), 
and z-axis (Perpendicular to the ground), which are titled 
as “Ses-X”, “Ses-Y”,and “Ses-Z”, respectively. Some appar-
ent DC offsets can be observed from these recorded 
waveforms, which can be attributable to the meter bias 
caused by some instrumental calibration issue. Actually, 
a DC offset of around 6.6 deg/h has also been observed 
from the FOG raw signals (see, e.g., Fig. 2c), which origi-
nates from the Earth’s rotation rate measured at Zhongli, 
Taiwan. However, since all these DC offsets are observed 
to be relatively stable over time, they should only have a 
minor effect on the information we have processed and 
analyzed in this work. The results of the FFT analysis of 
the NCU-FOG and seismograph signals during the after-
shock event are also shown in Fig. 4. It can be shown in 
Figs. 3 and 4, the major frequency response of the (rota-
tional) signal from the FOG sensor is 11–13  Hz and 
21–23 Hz for both the main shock and aftershock events, 
which is quite different from that analyzed with the seis-
mograph data (translational information). The spectra of 
the seismograph FFT signals are mainly distributed in 
1–5 Hz for X- and Y-axes, and < 10 Hz for Z-axis. Simi-
lar spectral feature is also observed with the aftershock 
FFT data as shown in Fig. 4. Besides, from the FFT spec-
tra shown in Figs. 3 and 4, it indicates the intensity of the 
main event is about half to one order of magnitude larger 
than that of the aftershock event for both the FOG and 
seismograph detection cases.

Unfortunately, the broadband seismograph (KS-
200BH) at NCU was not functioning during the experi-
ment period we performed for this study. To further 
confirm our analysis made above, we have accessed and 
studied the data recorded by nearest accessible broad-
band seismographs, Trillium240/Q330HR and Trillium 
120 PH, located in Shibagienshan (the SBCB station of 
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Fig. 2 a (Left) The seismic wave observation location (at NCU) with respect to the location of the M6.6 Yilan earthquake. (Right) 14‑h unfiltered 
seismic‑wave monitoring raw data with the NCU‑FOG sensor. b and c FOG response of the rational component of the seismic waves monitored 
during the time periods of the main shock and the aftershock events, respectively.
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BATS) and Guansi (the KSHI station of CWBSN), Hsin-
chu, respectively, during the period of the 2020 M6.6 
Yilan earthquake. The SBCB and KSHI seismographs 
have a broader responsivity with bandwidths extended 
to 35  Hz and 150  Hz, respectively (the specifications 
of the two seismographs can be found in https:// www. 
passc al. nmt. edu/ conte nt/ instr ument ation/ senso rs/ broad 
band- senso rs/ t240- bb- sensor and https:// www. nanom 
etrics. ca/ produ cts/ seism omete rs/ trill ium- 120- posth ole, 
respectively). Figure  5a and b show the FFT response 
spectra of the data recorded by the two broadband seis-
mographs, respectively, during the main shock of the 
earthquake event. It clearly shows the major frequency 
response of the seismographs to the shock waves was 
observed to fall within 0–10 Hz as that observed with the 
local seismograph (SMART 24A) studied above in Figs. 3 
and 4, which could be attributed to the fast degraded 
(cut-off) sensitivity for a translational seismograph in a 
higher frequency range. The results also show FOG sen-
sors can be an excellent seismometers complementary to 
widely-used translational seismographs as they can not 
only provide the missing rotation information but also 
respond more sensitively to high-frequency (rotational) 
motions in the seismic sensing technology.

4  Discussion and conclusion
In terms of the energy conservation, the sum of the 
strength of the signals detected by the FOG should be 
proportional to that detected by the seismograph, given 
by

where Sx , Sy , Sz , and AFOG are the normalized ampli-
tudes of the signals measured by the seismograph with 
respect to the x-axis, y-axis, and z-axis and by the FOG 
sensor, respectively, η and ξ are the proportional/scale 
factors. To investigate the temporal correlation of the 
shock waveforms of the translational and rotational 
components, we evaluate the correlation coefficients 
of the recorded seismograph and FOG data using five 
processing steps starting from the raw data (as shown 
in Fig.  6a and b), including Step 1: filtering out back-
ground noise and performing signal reconstruction, 
this is to apply FFT, digital (2–25  Hz) band-pass (BP) 
filtering, and then inversed-FFT signal processing to 

(1)

η

n

t=0

S2x (t)+ S2y (t)+ S2z (t) = ξ
n

t=0
A2
FOG(t) ,

Fig. 3 Fast Fourier transform of the recorded main shock data from a NCU‑FOG and b–d seismograph (SMART 24A) in X‑axis, Y‑axis, and Z‑axis, 
respectively. The insets of b–d are the corresponding raw data recorded by the seismograph

https://www.passcal.nmt.edu/content/instrumentation/sensors/broadband-sensors/t240-bb-sensor
https://www.passcal.nmt.edu/content/instrumentation/sensors/broadband-sensors/t240-bb-sensor
https://www.passcal.nmt.edu/content/instrumentation/sensors/broadband-sensors/t240-bb-sensor
https://www.nanometrics.ca/products/seismometers/trillium-120-posthole
https://www.nanometrics.ca/products/seismometers/trillium-120-posthole
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Fig. 4 Fast Fourier transform of the recorded aftershock data from a NCU‑FOG and b–d seismograph (SMART 24A) in X‑axis, Y‑axis, and Z‑axis, 
respectively. The insets of b–d are the corresponding raw data recorded by the seismograph

Fig. 5 FFT response spectra of the data recorded by the broadband seismographs a Trillium240/Q330HR and b Trillium 120 PH during the main 
shock of the M6.6 Yilan earthquake

Fig. 6 Raw data recorded by the FOG and seismograph sensors during the a main shock and b aftershock events. Resultant spectra and 
reconstructed signal waveforms generated in the signal processing Step 1 for the c main shock and d aftershock events. Normalized intensity of the 
seismic waves recorded by the seismograph and FOG sensors during the e main shock and f aftershock events under the energy conversion law 
(Eq. (1)). g Median‑filtered main‑shock and h aftershock signals recorded by the seismograph and FOG sensors

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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the raw data, the resultant spectra and reconstructed 
signal waveforms are shown in Fig. 6c and d. A 2–25 Hz 
BP filter is used to filter out the strong DC response 
(0–2 Hz) and those noises contributed from the charac-
teristic eigenfrequencies (such as those around 31 and 
38  Hz) of the FOG sensor, which helps to reconstruct 
a more authentic time-domain signals, Step 2: normali-
zation of the translational and rotational signals based 
on the energy equality relationship given in Eq.  (1), 
Step 3: synchronization of the seismograph and FOG 
signals for the temporal correlation evaluation, Step 4: 
applying the median filter to both the seismograph and 
FOG data with a proper filter time window between 
1 and 5  s to best correlate the data of the two events, 
and Step 5: performing the main period sampling to 
mitigate the random noise, this is to choose a proper 
time window to help the processing of raw noisy signals 
into smoother waveforms without losing the informa-
tion fidelity to facilitate the correlation calculation. Fig-
ure 6e and f show the resultant seismic waveforms after 
the Step 2 process for the seismograph and FOG data 
during the main shock and aftershock, respectively. 
Figure  6g and h show the main-shock and aftershock 
signals processed with the five processing steps for 
both the seismograph and FOG sensors, respectively, 
illustrating the wave forms detected by the two differ-
ent sensors are significantly correlated. We found the 
application of a filter time window between 1 and 5  s 
can yield similar but around the optimum smooth fil-
tering results as presented in Fig. 6g and h.

From Fig. 6g and h, it shows the main peaks of the sig-
nals recorded by the two different sensors are in great 
coincidence for both events. Some discrepancy in the 
sidelobes between the two signals could arise from the 
different sensitivity/responsivity of the two sensors to a 
relatively weak (sidelobe) signals. It can also be attribut-
able to the different wave behavior exhibited between 
the rotational and translational components of a seis-
mic wave. We found the correlation coefficients (Akoglu 
2018) are > 0.85 and > 0.86 for the main-shock and after-
shock wave signals detected by the two sensors, respec-
tively, in a 60-s monitoring window, while the correlation 
coefficients are as high as 0.9064 and 0.8953 within the 
10-s window of the main-shock and aftershock peak 
periods. The numerical evaluation of the correlation 
coefficients has been conducted based on the Pearson 
correlation coefficient formula (Press et al. 1992).

The information of the time-varying seismic-wave 
spectra of the main shock and aftershock events detected 
by the NCU-FOG can be analyzed by the short-time Fou-
rier transform (STFT) method (Jarmolowski et al. 2021). 
Figure  7a–d show the time-dependent frequency distri-
butions obtained from the STFT analysis made in the 

time periods of the main shock, aftershock, duration A, 
and duration C (see Fig. 2a), respectively. We don’t redun-
dantly show the result for duration B as it has exhibited 
the same information as that presented from the results 
with durations A and C. The results shown in Fig. 7 basi-
cally agree with those we have observed and analyzed 
from the recorded data presented in previous sections, 
revealing the major frequency components of the main 
shock and aftershock waves are distributed in 11–13 Hz 
and 21–23  Hz, while relatively weak responses around 
31 Hz and 38 Hz are found to be the system characteristic 
frequency components. To further investigate the noise 
spectrum detected by the FOG sensor during a relatively 
stable background condition (such as duration A, B, or 
C), a FFT of the signals recorded by our FOG operating 
at a 100-Hz data rate over a period of time (1.5 h) under 
a normal but calm/stable environment has been con-
ducted, as shown in Fig. 7e. The result clearly shows the 
FOG can provide a detection limit (or responsivity) for a 
(rotational) motion signal with an amplitude well below 
− 20 dB (with respect to the DC level) from a lower fre-
quency range to < −  30  dB at a higher frequency. Two 
prominent signals at 31 and 38 Hz emerging from the fre-
quency response curve originate from the system eigen-
frequencies as discussed above. According to the above 
analysis, we can present more authentic information 
of the FOG recorded seismic-wave signals by excluding 
those system characteristic frequencies from the raw data 
shown in Fig.  2. Figure  8 shows the rotation rate infor-
mation of the seismic waves after applying a filter with a 
band-pass window between 2 and 25 Hz during the 14-h 
observation of the main shock and aftershock events by 
the NCU-FOG sensor. By comparing the results between 
the unfiltered data shown in Fig. 2 and the filtered data 
shown in Fig.  8, we found the angular noise level has 
been remarkably reduced from ~  ± 20  deg/h with the 
unfiltered raw data to ~  ± 10 deg/h with the 2–25 Hz BP 
filtered data, leading to an improved signal-to-noise ratio 
by a ~ 3-dB enhancement.

FOG is a highly sensitive optical sensor based on the 
light interference effect associated with the wave phase 
shift even it is subtle. In particular, FOGs can precisely 
detect the rotational rate information of a moving 
object and respond more sensitively to high-frequency 
vibrations/shocks, in which FOGs could have a great 
potential of ability to detect the information of the rota-
tional component of micro-shock waves prior to the 
main shock in an earthquake event. FOGs can thus be 
promisingly utilized to deploy a sensing network in the 
earthquake frequent areas to increase the possibility 
of earthquake early warning (Peng et  al. 2019). Before 
this, it is practically important to develop a calibration 
system to accurately test the frequency response of the 
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FOG, and obtain sensitivity and linearity, in order to 
meet the specifications of seismology. Besides, more 
examinations for FOG in the future are also required 
for the further investigation of key issues such as the 
understanding of the dynamic response of a site under 

the action of far-field and near-field shockwaves or 
even other disturbance like typhoon.

Besides seismic wave detections, FOG sensors are also 
of great advantage to many other applications such as the 
vibration monitoring of volcanos, wind turbines, wafer 
isolation platform, high tension towers, buildings, and 

Fig. 7 Time‑dependent frequency distributions obtained from the STFT analysis made in the time periods of the a main shock, b aftershock, c 
duration A, and d duration C. e FFT spectrum obtained from signals recorded by our FOG operating at a 100‑Hz data rate over a period of time 
under a normal but calm/stable environment
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Fig. 8 5–30 Hz band‑pass filtered rotation rate information of the seismic waves recorded during the a 14‑h, b main‑shock, and c aftershock time 
periods
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vehicle bodies. We believe such a high precision, com-
pact and robust all-solid FOG seismometer provides an 
exceptional solution for dynamic rotational sensing appli-
cations. Based on this technology, we expect to build a 
powerful seismometer featuring a six degree-of-freedom 
observation array (Specifically in each constituent sensor 
unit, we will need 3 gyroscopes (FOGs) and 3 acceler-
ometers installed in the three orthogonal axes (each with 
one gyroscope and accelerometer) of a user defined Car-
tesian coordinate system to obtain all the independent, 
six-degree-of-freedom (Rx, Ry, Rz, Ax, Ay, Az) motion 
components simultaneously). Further information of 
modeling and measuring rotational motion components 
induced by earthquake can be found in (Zhou et al. 2019; 
Jaroszewicz et  al. 2016) to expedite the advances of the 
earthquake science and technology.

In the future, applications such as the comparison of 
array rotation with single-point rotation, the tilt correc-
tion of the horizontal component of the seismometer, 
the understanding of the focal mechanism, and the phase 
identification of seismic waves will all be the interesting 
and critical topics to study.
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