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 Preliminary results of laboratory and field tests of fibre optic rotational seismographs 

designed for rotational seismology are presented. In order to meet new directions of the 

research in this field, there is clearly a great need for suitable and extremely sensitive 

wideband sensors. The presented rotational seismographs based on the fibre optic 

gyroscopes show significant advantages over other sensor technologies when used in the 

seismological applications. Although the presented results are prepared for systems designed 

to record strong events expected by the so-called “engineering seismology”, the described 

system modification shows that it is possible to construct a device suitable for weak events 

monitoring expected by basic seismological research. The presented sensors are 

characterized, first and foremost, by a wide measuring range. They detect signals with 

amplitudes ranging from several dozen nrad/s up to even few rad/s and frequencies from 

0.01 Hz to 100 Hz. The performed Allan variance analysis indicates the sensors main 

parameters: angle random walk in the range of 3 ∙ 10−8–2 ∙ 10−7 rad/s and bias instability in 

the range of 2 ∙ 10−9–2 ∙ 10−8 rad/s depending on the device. The results concerning the 

registration of rotational seismic events by the systems located in Książ Castle, Poland, as 

well as in the coalmine “Ignacy” in Rybnik, Poland were also presented and analysed.  
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1. Introduction  

Seismic methods are widely used in mining, geophysics, 

and civil engineering. Currently, seismic measurements are 

carried out mainly in the field of velocity and acceleration 

recording of three translational components of vibrations 

[1, 2]. However, knowing that the full description of the 

movement of a seismic wave, in addition to the 

aforementioned translation components, also includes three 

rotational components, it was necessary to take actions to 

measure and define the nature of the latter[3–5]. For this 

reason, a new strongly expanding field of science has 

emerged – rotational seismology. It deals with all aspects 

of rotational motions induced by explosions, earthquakes, 

and ambient vibrations [6]. The growing belief in the value 

of information that may be carried by additional 

components of the seismic wave motion causes that 

rotational motions measurements are carried out not only 

in the case of high-energy earthquakes [7], but also, among 

others, in civil engineering [8–10], mining geophysics 

[11, 12], and even in the investigation of gravitational 

waves [13]. It is assumed that ground torsional movements 

may have a negative effect mainly on large-scale surface 

infrastructure facilities. Nevertheless, geophysicists 

studying the phenomenon of rotational waves [14, 15] have 

repeatedly demonstrated their effect on structures with 

relatively small dimensions [16–18]. 

Practical study of rotational seismology requires 

rotational seismographs with suitable parameters as is *Corresponding author at: michal.dudek@wat.edu.pl 
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discussed in Ref. 19. The main technical parameters are 

sensitivity and frequency detection band, which are 

different for engineering and seismological investigations. 

For the first one, it is about 10−8 rad/s with detection in the 

range from 10 to 100 s, whereas the second one needs 

device operating in the frequency range of 0.01–10 Hz but 

with the ability to detect strong rotations as high as a few 

rad/s. Such a wide range of parameters can be provided by 

a system using the Sagnac effect [20, 21] based on a fibre 

optic gyroscope (FOG) with special attention to angular 

motion detection. Moreover, the practical testing of such 

device based on known disturbances is a critical issue  

for the future device implementation. In this paper, based  

on a general description of the constructed device named  

fibre-optic seismograph (FOS) type 5 are presented and 

discussed the results of its investigation in the laboratory, 

as well as in the field tests. The investigation was 

conducted for three similar devices (FOS5-01, FOS5-02, 

FOS5-03) designed for the engineering application and one 

(FOS5-04) designed for the seismological application. 

2. FOSs construction and noise investigation in 

laboratory conditions 

All FOS5s [see Fig. 1(a)] are constructed on the basis 

of a minimum optical configuration designed for FOG 

[Fig. 1(b)]. The main difference between FOS5-01, -02,  

-03 and FOS5-04 are the parameters of the sensor loop 

(SL). The first three use a 5-km long SL of 0.25 m diameter 

whereas the latter (FOS5-04) has a 14.44- km long SL with 

0.61 m diameter. The SL parameters, as well as total optical 

losses for all FOS5 devices having the same optical power 

(10 mW at a wavelength of 1310 nm) are the main source 

for their different theoretical sensitivity. For FOS5-01,  

-02, -03 total transmission losses are in the range of  

19.20–21.60 dB giving a theoretical sensitivity of about 

6.82 ∙ 10−8 rad/(s√Hz), whereas FOS5-4 with optical losses 

of 17.41 dB has a theoretical sensitivity of about 

1.14 ∙ 10−8 rad/(s√Hz), which is approx. 6-times better. 
To provide extreme sensitivity, linearity, as well as 

operation in the required frequency range from 0.01 Hz to 

100 Hz with the possibility to detect rotation rate in the 

range of up to a few rad/s, the FOS use the same electronic 

part operating in a closed-loop mode [22] based on FPGA 

architecture, as it is presented in Fig. 1(b). The first results 

of the systems investigation have been previously 

presented [24–26], but they are not fully satisfying. Despite 

the possibility of precise adjustment of the applied 

electronic processing to the given length of sensor loop, 

individual MIOC characteristics, optical power detected by 

APD, different frequency characteristics for FOSs are still 

observed. 

The best results for a self-noise analysis obtained during 

systems investigations performed at the Military University 

of Technology in Warsaw, Poland, in laboratory conditions 

in a form of the amplitude spectral density (ASD) curves 

are shown in Fig. 2. All presented ASD results were filtered 

using a Konno-Ohmachi filter [27] with a smoothing 

coefficient equal to 40. The presented characteristics are 

the systems output of the FOSs operating at rest, when no 

input motion is applied and only the ambient noise  

is present. As it can be seen, in the required frequency  

range (0.01–100 Hz) FOS5-01, -02, -03 have almost flat 

characteristics, but the noise level for FOS5-03 is approx. 

three times higher than the other two. Because of this, the 

FOS5-03 has not been used in future field tests. Moreover, 

in the characteristics of FOS5-01, the same additional noise 

with the central frequency of about 0.2 Hz is evident. Also, 

for this device, a continuous increase of the self-noise 

below the frequency of 0.02 Hz can be noticed. In authors’ 

opinion, the two aforementioned disturbances are 

connected with the precision of electronic parts manu-

facturing process, where the elements were soldered “by 

hand” and not in an automated manner. The noise peak with 

the central frequency of about 10.2 Hz, observed for all 

 
 

 
 

Fig. 1. Investigated FOSs: general FOSs view (a), general 

scheme of FOS construction (b): top optical part, bottom 

electronic part. Symbols: SLED – light source, I – fibre 
optic isolator, D – fibre-optic depolarizer, C – fibre-optic 

coupler, P – fibre-optic polarizer, MIOC – multi-

integrated optical circuit, SL – sensor loop, X – fused 
splice, APD – avalanche photodetector, D-SLED – SLED 

driver, A-APD – APD amplifier, 4sM-MIOC – four-step 

MIOC modulator, FPGA – general FPGA unit, PU – 

power unit, PCU – power and communication unit [23]. 

 

Fig. 2. FOSs performance across their nominal operating band 

as ASD noise characteristics. 

 

(a)

(b)
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FOSs, is connected with the ambient laboratory conditions, 

most probably coming from the actively stabilized optical 

table [see Fig. 1(a)].  

Additionally, low-amplitude regular sharp peaks can be 

observed above the frequency of about 7 Hz with their 

amplitudes decreasing towards higher frequencies. As 

described by Murray-Berquist  et al. [28], they are 

characteristic to all navigation-grade FOGs, and they are 

caused by “ramp peaks” in the raw data. These peaks can 

be removed by a suitable raw data processing using 

information of the ramp signals for a given MIOC element, 

although it was not possible for the presented FOS5 

devices. For the FOS5-4, the observed self-noise level was 

of one order of magnitude lower than for other three 

devices, however for low frequencies, below 0.05 Hz, it 

increased continuously up to about 8 ∙ 10−7 rad/(s√Hz) at 

0.005 Hz. This increase is linked with a thermal sensitivity 

of this device large SL. In comparison to other FOSs, the 

additional high-amplitude peak with the central frequency 

of about 48 Hz was observed. The source of this noise was 

not completely identified, although it might be linked with 

FOS5-04 sensitivity to acoustic sources working in the 

laboratory. It should be noted that the laboratory itself is 

located at the ground level of the main building of the 

Military University of Technology and, although it is far 

from the city centre, some of the infrastructure-based 

noises may be present. 

3. Field tests regarding seismology and engineering 

applications 

According to task 2 of the POIR 04.02.00-A003/16 

project, the FO5-04 with a theoretical sensitivity at the 

level of 10−8 rad/s√Hz) was installed in the seismological 

observatory located in the basement of the Książ Castle 

near Wałbrzych, Poland [see Fig. 3(a)]. The main reason 

for such a localization was the exploitation of the copper 

ore deposit in this area, which is usually accompanied by a 

high level of seismic activity. Unfortunately, the recent 

opening of this basement to touristic activities greatly 

limited the possibility for seismic surveys, as only during 

night hours any meaningful observations are now possible. 

Although the new location of FOS5-04 was in a separate 

chamber near one of the main corridors, it was not the only 

device in this chamber – some other seismometers and two 

large containers with electronic equipment were also 

present. This fact greatly influenced the signals registered 

by FOS5-04 which may be seen in a form of the self-noise 

ASD analysis presented in Fig. 3(b) and, also, in the further 

analysis of the recorded events. Both the ASD and Allan 

variance (AV) analyses [29, 30] were performed on data 

registered in the middle of the night to remove the tourists 

influence. 

The noise characteristics of FOS5-04 at this location is 

similar to the one registered in laboratory conditions, 

although no peaks of about 10.2 Hz and 48 Hz are visible, 

and additional series of disturbances in the range of  

0.2–0.8 Hz are present. The ASD curve based on the field 

data seems to be shifted towards higher frequencies in 

comparison with the one for laboratory data. The AV 

analysis for the data collected at night shows [Fig. 3(c)] an 

angular random walk (ARW) equal to 8 ∙ 10−7 rad/s and a 

bias instability (BI) equal to 4 ∙ 10−8 rad/s. The first 

parameter represents device sensitivity (data obtained for 

1 s averaging time), whereas the second one (the graph 

minimum in a device frequency range) represents its drift. 

These values for the data obtained in the Książ Castle 

basement are higher than for the ones registered in Warsaw, 

Poland where ARW was equal to 3  ∙ 10−8 rad/s and BI was 

equal to 2  ∙ 10−8 rad/s. 

Nevertheless, the location of FOS5-04 makes it possible 

to record seismic events from surrounding area. One of 

such events, connected with seismic activity in a mine 

nearby, is shown in Fig. 4. The registered event is 

characterized by a strong initial amplitude of about 

0.44 ∙ 10−3 rad/s and a signal duration of about 6 s [see 

Fig. 4(a)]. As the FOS5 series had the low-pass filter 

implemented with a stopband frequency at about 170 Hz, 

the power spectrum and spectrogram presented in Fig. 4(b) 

were limited to 200 Hz even though the sampling rate of 

these devices was equal to 1 kHz. What is especially 

evident from the spectrogram [see Fig. 4(b)] and the signal 

[see Fig. 4(a)] analysis, some low-amplitude perturbations 

repeating with a period of about 0.6 s are present in the 

 

 

 

Fig. 3. FOS5-04 during field test in the seismological laboratory 

in Książ: general view of system localization (a), ASD 

characteristics (b), graph presenting the AV analysis (c). 

 

(a)

(b)

(c)
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signal. As these disturbances were not visible in any of the 

data registered in laboratory conditions, we assume that 

they are intrinsic to the basement chamber, but their source 

was not identified yet. They may be also the reason for 

slightly worse ASD and AV results.  

From the set of three devices designed for engineering 

applications, the two of them FOS5-01 and FOS5-02 have 

been installed on a concrete pedestal seismically isolated 

from the surrounding building in the historic coalmine 

“Ignacy” in Rybnik, Poland (see Fig. 5) in order to monitor 

seismic activity caused by coalmines in the Upper Silesian 

Coal Basin.  

With regard to the spectral self-noise analysis (see data 

presented in Fig. 6), it can be concluded that the FOS5-02 

(ARW = 9 ∙ 10−8 rad/s, BI = 2 ∙ 10−9 rad/s) is more precise 

than the FOS5-01 (ARW = 2 ∙ 10−7 rad/s, BI = 2 ∙ 10−8 rad/s), 

although both of them retained their ASD and AV 

characteristics similar to the ones recorded in laboratory 

 

 

 

 

Fig. 6. Graphs presenting spectral analyses at Rybnik (field) and 

at Warsaw (lab.) localization: ASD for FOS5-01 (a), AV 

for FOS5-01 (b), ASD for FOS5-02 (c), AV for FOS5-02 (d). 

 

Fig. 5. General view of FOS5-01 and FOS5-02 installed at 
seismological platform together with another seismo-

logical device for measurements in the “Ignacy” 

coalmine in Rybnik. 

 

 

 

 

 

 

 

Fig. 4. Example of rotational events recorded at 5:20 on Aug. 

29th, 2021: raw data (a), spectral characteristics (power 

spectra and spectrogram) of recorded signal (b). E energy 
coefficient calculated numerically using a method of 

rectangles of Riemann integral, red line at power spectra 

represents the noise level. 

 

(a)

(b)

(c)

(a)

(b)

(d)
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conditions. A significant difference in the ASD curves is 

the lack of a peak at about 10.2 Hz for both devices. Also, 

low-frequency components are more stable in case of data 

from the field location. A slight increase in the overall ASD 

level of FOS5-01 may be attributed to a low long-term 

stability of this device, as explained further. 

In case of the mining area in Rybnik, Poland, the 

seismic activity is not uniform. The variability of the 

geological structure of the area, including a lithological 

formation of the rocks in the vertical and horizontal profile, 

results in a varied number and intensity of rock bursts. For 

the above reason, investigations on the rotational activity in 

this region were the subject of task 9 of POIR 04.02.00-

A003/16 project, where data collected by rotational 

seismographs located in the Lower Silesia were the subject 

of our investigations. As an example of such analysis, the 

rotational event recorded at 4:24 on Oct. 30th, 2021 by 

FOS5-01 and FOS5-02 is presented in Fig. 7.  

The maximum amplitude of the signal of the recorded 

event was of about 0.06 mrad/s [see Fig. 7(a)] and most of 

the signal spectral components were below 20 Hz [see 

Fig. 7(b)]. It should be noted that the presented signal from 

these two devices have a Pearson’s correlation coefficient 

equal to 0.80 which proves that the data recorded by both 

instruments are in good agreement. 

Finally, the results related to the long-term analysis of 

rotation changes observed by the aforementioned devices 

in their final destinations are summarized in Fig. 8. All 

presented data have been collected between September and 

October of 2021. In Fig. 8(a), the averaged rotation signals 

are shown, with a 50-s time window and after the 

subtraction of a trend line, whereas the ASD characteristics 

calculated for these signals are presented in Fig. 8(b). 

Especially for FOS5-01, we can observe a low long-term 

stability, caused most probably by the aforementioned 

production method. Due to this fact, the characteristic as 

smooth as for other devices and the maximum amplitude 

difference is about 3-times higher than for FOS5-02 and 

FOS5-04. An obvious feature of the data recorded by 

FOS5-04 is the repeating pattern of high and low averaged 

amplitudes, which comes from touristic activities during 

the day and calm nights, respectively. As it can be seen in 

Fig. 8(b), the presented ASD curves for all three presented 

in the first chart of Fig. 8(a) for FOS5-01 is not instruments 

are different, although they have some similarities. The 

main difference is in the ASD level, where the best results 

were obtained for FOS5-02 and it is directly connected with 

the best stability of the device (BI = 2 ∙ 10−9 rad/s). The 

limited source of ASD differences can be also connected 

with different periods of the analysed data [see Fig. 8(a)]. 

The source of additional peaks for FOS5-01 and FOS5-02 

localized at 8 o’clock, as well as for FOS5-04 at 6 o’clock 

will be subject to future analysis. For FOS5-04, we 

observed additional peaks for 60 min, 30 min, 20 min, 

15 min, and 10 min, which are directly related to the 

touristic activity in the Książ Castle basement between 

10:00 AM and 6:00 PM. However, some insights into 

physical phenomena can be given based on the ASD 

 

 

Fig. 7. Example of rotational events recorded at 4:24 on Oct. 30th, 

2021: raw data with FOS5-02 moved to FOS5-1 according 
to correlation coefficient (a), spectral characteristics (power 

spectra and spectrograms) of recorded signals (b). 

 

 

Fig. 8. Comparison of long-term signals recorded by FOSs: average 

signal (a), ASD characteristics (b). 

(a)

(b)
(a)

(b)
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features repeating in all three instruments. The highest 

similarity is seen over a period of about a day and a half, 

where peaks are evident in all three ASD characteristics. 

Most likely, it is associated with small disturbances of the 

Earth’s rotation rate caused by natural factors – diurnal 

polar motion, as well as diurnal and semidiurnal tides [31].  

4. Conclusions 

The preliminary results in the designated locations 

proved that the FOS5 devices are fully capable of 

registering ground rotations in a whole frequency range 

designed for engineering seismology (strong signals with 

frequencies up to 100 Hz). However, because FOS5-04 

uses the same electronic part and differs mainly in SL, we 

believe that this device is capable of detection of rotation 

motions with amplitude at the magnitude of 10−8 rad/s and 

may be used as a universal sensor with high sensitivity in 

different rotational seismology applications.  

In order to achieve the assumption above, an increase 

in attention to the electronic part preparation should be 

performed. Since the FOSs are made by connecting 

different modules, their operation is affected by different 

sources of interferences. The attention of module 

repeatability is critical which can be achieved, e.g., by 

automatic elements soldering.  

Even though the FOS5-01 and -02 devices have some 

differences in analysed parameters (ASD and AV) and 

long-term stability, they can be used as a pair for rotation 

motion registration in field conditions. Despite the noise 

present in both systems, the signal recordings obtained 

from both of them are in good agreement with each other – 

what was shown in presented example. The correlation 

coefficient of analysed signal recorded by FOS5-01 and -

02 is equal to 0.80, which suggests strong correlation, and 

can be further improved by signal post processing, e.g. by 

applying mean filters or low-pass filters. The main 

advantage of having two devices registering the same 

physical phenomena and located next to each other is the 

ability to confirm if the recorded signals are correct and not 

caused by malfunctioning device or selective external 

conditions (e.g. water droplets dripping on one of the 

devices). Also the probability of two FOSs malfunctioning 

at the same time is significantly lower than for a single 

system, so the recordings may be conducted continuously. 

It have been also demonstrated that described 

instruments are capable of long-term measurements, 

showing results confirming positive detection of small 

differences in Earth’s rotation rate – mainly diurnal and 

semi-diurnal. Authors believe that the described systems 

can be used not only for the seismological events 

monitoring, either natural or artificial, but also for long-

term observations of changes in Earth’s angular velocity.  
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