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This paper aims to present data recorded by a three-axial Fiber-Optic Rotational Seismograph (FORS). The laboratory and field tests showed a high correlation coefficient above 99% between two seismographs signals during the external disturbance, with an amplitude ranging from 0.5 mrad/s to 1.2 rad/s. This is achieved by ensuring a 100 ns time synchronization in the systems. At the same time, the Allan Variance analysis was applied to determine the basic parameters of random errors of the presented seismographs. The performed analysis indicates the angular random walk of 35–45 nrad/s/√Hz and a bias instability below 50 nrad/s. FORS offers the widest dynamic range available, at 170 dB, which is crucial during rotational seismology exploration due to its wide range of interest from seismology to engineering applications. Finally, a field research is also presented during an explosion in a closed limestone quarry in the border area.
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1 INTRODUCTION
Seismic measurements are widely used in mining, geophysics and civil engineering. Mainly, recordings of velocities and accelerations of three translational components (ux, uy, uz) of vibrations along axes shown in Figure 1 are carried out. However, knowing that a complete description of seismic wave motion also contains three rotational components (Ωx, Ωy, Ωz), it is necessary to conduct deep research aimed at measuring and determining the nature of rotational motions. Over the last decade, the subject of rotational ground vibrations has become an essential topic in seismological research (Zembaty et al., 2021; Lee et al., 2009; Yuan et al., 2020).
[image: Figure 1]FIGURE 1 | Six degrees of freedom of ground motion: three translational [ux(t), uy(t), uz(t)] and three rotational [Ωx(t), Ωy(t), Ωz(t)] components of motion (Zembaty et al., 2021).
The emergence of sensors enabling direct measurement of rotational components of seismic vibrations on the market allowed the expansion of rotational motion analysis from the theoretical to the experimental sphere. Rotational measurements are carried out not only in the case of high-energy earthquakes (Lin et al., 2009) but also in civil engineering (Trifunac, 2009; Zembaty et al., 2016) including structural health monitoring (Murray-Bergquist et al., 2021), mining geophysics (Kalab et al., 2013; Zembaty et al., 2017), and even in measurements of gravitational waves (Ju et al., 2000).
The path of obtaining high-resolution rotation sensing was relatively long and a large part of it was driven by navigation and altitude control for aircraft. Considering the technology used, four main groups can be distinguished among sensors that work as rotational seismometers (Jaroszewicz et al., 2016): mechanical (Kraft, 2000; Teisseyre and Nagahama, 1999; Brokešová and Malek, 2013), electrochemical (Lin et al., 2009), magnetohydrodynamic (Ringler et al., 2018), and optical (Schreiber and Wells, 2023), including fiber-optic (Murray-Bergquist et al., 2021; Kurzych et al., 2019a). The last one is based on active optical Sagnac interferometers which became available in the 1970s after the era of mechanical gyroscopes. The reduction in size caused the emergence of the fiber optic gyroscopes (FOGs). Modern mechanical rotational sensors are based on highly miniaturized microelectromechanical devices (MEMS) (Zembaty et al., 2013). In terms of size and manufacturing, these systems resemble microelectronic systems. Initially, this technology was developed to produce integrated accelerometers used in industry and aerospace.
Although there is an abundance of new rotational sensors, the rotational movements of the ground associated with natural earthquakes and phenomena of anthropogenic origin are still poorly understood. The theoretical basis for hypothetical seismic rotational waves and rotational surface motions can be found in the literature (Teisseyre et al., 2003; Majewski et al., 2006). To extend this knowledge experimentally, there is a great need for portable rotational sensors with a sensitivity of a few dozen nrad/s. In addition, particular care must be taken to obtain reliable data from different types of rotating seismometers. There is a very limited knowledge in this area, de facto coming down to a single joint experiment conducted at the end of 2019 in Fürsenfeldbruck, Germany. The results obtained there with more than 24 rotating sensors show this area limitations (Bernauer et al., 2021).
As presented in this paper, a three-axial Fibre-Optic Rotational Seismograph (FORS) offers a measuring range from dozens of nrad/s up to a few rad/s in frequencies ranging from DC up to 100 Hz. FORS senses the component of a rotational motion perpendicular to a particular sensor loop by the Sagnac effect based on a minimum optical configuration designed for the FOG with special attention to angular motion detection (Lefevre, 1996). Despite FOG technology being mature and well known, the electronic part involved in detecting rotational speed is more innovative and uses complex control algorithms. The readout of the detected rotation is performed by a closed-loop configuration based on the compensatory phase measurement method, which guarantees a high resolution and an extensive dynamic range. The laboratory and field tests presented showed that the instruments were valid, accurate, and reliable tools for rotational seismology issues. Due to the external housing and water resistance, they can be deployed in harsh environments.
2 MATERIALS AND METHODS
2.1 Three-axial fiber-optic rotational seismograph
The three optical heads of FORS use the Sagnac fiber-optic interferometer, which detects differences in travel time between the counter-propagating beams on the closed optical path. The sensors sensitivity depends, among others, on the fiber length, diameter of the fiber coil, optical losses, and wavelength of the light source (Perez et al., 2016). To obtain the sensitivity required by rotational seismology (Jaroszewicz et al., 2016), three 6-km-long low-cost SMF coils (Figure 2) are used and installed orthogonally in FORS. FORS consists of two parts: optical and electronic. The first part is constructed according to a minimum gyro configuration, while the second part implements a digital closed-loop signal processing approach (Lefevre et al., 1991), optimized to detect rotation rate instead of angular motion performed in FOG according to the deep description previously described (Kamiński et al., 2024).
[image: Figure 2]FIGURE 2 | The optical part of FORS: (A) basic schema, (B) view of three optical heads.
An ASE light source has been applied to obtain broadband and unpolarized light, which reduces polarization nonreciprocity, overcomes thermal instability, and, as a result, obtains a high-performance system (Perez et al., 2016). The input optical power of 14 dBm is split into individual axes by a 1x3 optical fiber coupler and then guided to the fiber circulator (Figure 2A).
A multifunction integrated optic chip (MIOC) ensures light modulation using the closed-loop approach. It also divides the beam into two counterpropagating waves in the sensor loop. The interfering light travels to an avalanche photodiode detector (APD), where the conversion of the optical power to the electrical signal takes place. Great attention has been paid to obtaining low-loss and cost optical heads (Figure 2B) with high optical Sagnac sensitivity by applying a bifilar quadrature SMF winding in a 0.25 m loop diameter with total optical head losses in the range of 16.25 dB where half of them relate to the MIOC used. The electronic part modulates the signal according to the digital phase ramp and synchronizes it with the square-wave biasing modulation (Lefevre et al., 1991; Kamiński et al., 2024). An FPGA-based module coordinates the operation of the electronic part modules, controls algorithms, and communicates with external devices. The optical signal that contains the angular rate data after conversion to the electrical signal is amplified by a trans-impedance amplifier and an additional amplifier adapted to a buffer of the ADC input. As an additional element, it includes a GPS-based time stamp to ensure the temporal correlation of data from different devices. Two parts of FORS are installed in a special housing, which is hermetically sealed (IP67) with a four-plane cover of stainless steel (Figure 3). It enables the installation of the system in any environmental conditions.
[image: Figure 3]FIGURE 3 | The general view of the last FORS model named FOS6-01 and FOS6-02.
Allan Variance analysis (AV) was applied to determine the basic parameters of random errors of the FORS because it is commonly used for sensors with digital data recording (Freescale Semiconducto, 2015). It is a time-domain data sequence analysis method originally developed to determine the frequency stability of oscillators. Firstly, an angle random walk (ARW) was theoretically calculated by the following formula, which takes into consideration the main noise factors under the auxiliary modulation depth π/2 (Perez et al., 2016):
[image: image]
where: λ–the central light wavelength (1550 nm), c–the speed of light, D–the loop diameter (0.25 m), L–the loop length (about 6,000 m), k–the Boltzmann’s constant, T–the temperature (293 K), R–the resistance of a trans-impedance transducer of the photodetector device (20 kΩ), η–the efficiency ratio of the photodiode (0.85 A/W), P–the incident optical power on the APD, e–the elementary charge, id–the photodiode dark current (80 nA), Δλ–the spectral width of the light source (40 nm).
As one can see, the minimum sensitivity is influenced by four components: APD preamplifier thermal noise, detector dark current, quantum noise, and excess noise of the light source (RIN–the random intensity noise for ASE). The latter is ultimately limited by FORS operation with a bias equal to 3/4 π instead of π/2, which better secures SNR (Lefevre, 1996). The calculated theoretical values of ARW for each optical head for four FORS type FOS6 were in the range of 4.49–4.85 nrad/√s, depending on total optical losses and fiber length in the given optical head.
3 LABORATORY ANALYSIS OF FORS PARAMETERS
FORS has been installed in the Military University of Technology (MUT), Warsaw, Poland’s laboratory to test performance under laboratory conditions. At first, the signals from FORS were gathered at night to experimentally validate the noise parameters, and, then, AV was determined (Freescale Semiconducto, 2015; IEEE, 1997). In this method, noise components are sought as points on the measurement curve for which the tangent has a characteristic slope at this point. For ARW, the slope should be equal to “−1/2”. This point corresponds to the phenomenon of random fluctuations of the measured angle or angular velocity signal. It determines the measuring sensitivity of an instrument. Whereas bias instability (BI) refers to the device tendency to have a constant shift of the operating point (bias) or change (drift) during its operation. BI corresponds to the value on the Allan curve for which the slope of the tangent is zero. Because such a “graphical” approach can be a subjective interpretation of the relevant points on the curve, an automatic method of determining all noise parameters according to AV called autonomous regression method for AV (ARMAV) has been used (Jurado et al., 2019). The results of tests of the Z (Up) axes using the ARMAV method are shown in Figure 4, where the following parameters have been obtained–ARW: 35 nrad/√s and 45 nrad/√s, BI: 10.0 nrad/s and 51.0 nrad/s for FOS6-01 and FOS6-02, respectively. The obtained values are one order of magnitude higher than the theoretical ones. Nevertheless, it should be emphasized that the data were gathered in the laboratory in the Polish capital -Warsaw, Poland where urban noises were undoubtedly present. Data gathered for the AV analysis should be recorded in a completely noise-isolated environment, which is, unfortunately, not available for the authors during their tests at the MUT laboratory (Kurzych et al., 2019b). Therefore, the authors believe that the obtained parameters in an isolated environment would be even better, confirming the theoretical calculations.
[image: Figure 4]FIGURE 4 | Determined AV using the ARMAV method for the data recorded by axis Z (Up from Figure 1) of FOS6-01 (A) and FOS6-02 (B).
FORS parameters can be compared to the first commercially available FOG-based rotational sensor–BlueSeis-3A (IXblue, France). BlueSeis-3A uses a 5-km-long fiber-optic coil, assembled in mutually orthogonal orientations, forming a three-component sensor. BlueSeis-3A is characterized by an ARW equal to 15 nrad/s/√Hz (ixblue, 2024a), while the FORS achieved an ARW of 35 nrad/s/√Hz in a noised environment. However, the FORS offers a dynamic range of around 170 dB, compared to BlueSeis-3A, which is characterized by a dynamic range of 135 dB. The wide dynamic range is especially important due to the wide range of rotational seismology areas of interest, from seismological application to engineering aspects.
FORS solution is also involved, as is the latest model of a IXblue rotational seismometer BlueSeis-1C, which is an improved version of BlueSeis-3A. BlueSeis-1C is characterized by even higher sensitivity and stability in measuring ground rotational movements (ARW equal to 5 nrad/s/√Hz, dynamic range of 152 dB (ixblue, 2024b)). The BlueSeis-1C seismometer has been optimized to reduce self-noise, allowing it to detect even minimal angular velocities but only on one axis.
The often solution for rotational seismology is the rotational sensor R-1 by Eentec (Vilnius, Lithuania), e.g., for collecting data of mining activity (Fuławka et al., 2020) or local earthquakes (Yin et al., 2016). Nevertheless, the comparison of the all group of rotational sensors (Jaroszewicz et al., 2016) indicates that it is proper solution but only in case of stronger signals due to limited sensitivity, frequency range and thermal instability.
4 FORS CORRELATION VERIFICATION
The authors believe that the ability to achieve high data correlation from at least two FORSs is an important outcome of their design. To confirm this, series of laboratory and field tests were conducted. Both FOS6 devices were put next to each other on a leveled board (Figure 5) which could rotate along its center in the laboratory. This way, the authors collected data from both systems, simultaneously measuring the same rotations along the chosen axis.
[image: Figure 5]FIGURE 5 | Two FORSs type FOS6 situated on a leveled board: (A) FOS6-01 and FOS6-02 in the MUT laboratory on the rotary table. (B) FOS6-01 and FOS6-04 in a basement about 1.5 m below ground level in the Kampinos Nature Park, Poland.
A Pearson correlation coefficient (P) was calculated to estimate the level of correlation. This coefficient is a statistical metric that measures the strength and direction of a linear relationship between two continuous variables (x, y), in the authors’ case, two signals from different devices. It is defined as the ratio of the covariance of two variables cov (x,y) to the product of their respective standard deviations, σx and σy (Benesty et al., 2008):
[image: image]
P-value ranges from 0% to 100%, expected to be close to the higher value. The value of P equal to 0 indicates the absence of the monotonic correlation or any correlation in the case of bivariate normal data.
Firstly, the test of correlation consisted of medium high-amplitude (at a level of 0.25 rad/s) and fast-changing (at a level of 100 Hz) excitations, which results recorded by FOS6-01 and FOS6-02 are shown in Figure 6A). It is evident that both devices registered almost identical values of the rotation rate, with the Pearson correlation coefficient equal to 99.42%.
[image: Figure 6]FIGURE 6 | The correlation verification between two FORSs: (A) signals recorded by FORSs Z–axes during the medium high-amplitude and fast-changing excitations, (B) power spectrum analysis.
Additional analysis of the spectral response in the form of a power spectrum and spectrogram showed that a large part of the registered signal was below 30 Hz. However, the devices were also able to register high-frequency components up to 200 Hz (the actual highest recorded frequency due to the sampling rate was 500 Hz, but the authors decided to truncate the signal at 200 Hz), as shown in Figure 6B). Based on the power spectrum plots, it is visible that the high-frequency noise level for FOS6-02 is lower than for FOS6-01. This test confirmed the usefulness of the authors’ systems for high-frequency and medium/high amplitude rotations observed, e.g., during storms or heavy gusts of wind.
Secondly, tests were conducted to determine FORSs performance during high-amplitude (at a level of 1 rad/s) rotations. Again, data registered by both FOS6-01 and FOS6-02 devices are almost identical, as shown in Figure 7, with the Pearson correlation coefficient of 99.99%. Due to the construction of the rotation table, it was impossible to exceed the rotation rate of 1.2 rad/s. The power spectrum in Figure 7B) shows that the high-frequency noise level is significantly lower for FOS6-02 than for FOS6-01. From the spectrogram in Figure 7B), it is also clearly visible that, as in the previous case, most of the signal was below 30 Hz, with only a few parts extended above this value–during rapid changes in the rotation of the board. Therefore, the authors confirmed the applicability of FORSs to high-amplitude rotations which could occur, e.g., during dangerous resonant motions of technological structures.
[image: Figure 7]FIGURE 7 | The correlation verification between two FORSs: (A) signals recorded by FORSs during the high-amplitude amplitude excitations, (B) power spectrum analysis.
The authors also performed an additional analysis of signals from both tests using the correlation of moving means. To determine the changes in the correlation between signals from both devices, they calculated the moving mean of all signals with a time window of 0.5 s (500 samples). Then, they performed calculations of the Pearson correlation coefficient in the same time windows, as shown in Figure 8A, B). As a result, a plot of correlation coefficient varying in time was obtained. The correlation in most of the analyzed signals was near 100%, with only occasional drops to lower values due to some noise fluctuations. Therefore, it can be confirmed that both developed systems are reliable, provide consistent results, and are suitable even for high-amplitude and high-frequency measurements of technological structures.
[image: Figure 8]FIGURE 8 | Analysis of signals using correlation of moving means from the correlation test: (A) during the medium high-amplitude and fast-changing excitations, (B) during the high-amplitude excitations; red line–moving mean of FOS6-01 with a time window of 0.5 s, yellow line–moving mean of FOS6-02 with a time window of 0.5 s, blue line–Pearson correlation coefficient for a time window of 0.5 s and normalized values of moving means of FOS6-01 and FOS6-02 (inverted for clarity) with a time window of 0.5 s.
Finally, Figure 9 shows the above correlation analysis on the data recorded during the field test in the Kampinos Nature Park by a second pair of FORSs (FOS6-01 and FOS6-04). It was a weak rotational disturbance (with an amplitude of about 0.5 mrad/s) generated by the wild animal (elk) moving in the field close to the FORSs location. As one can see, for all three axes, recorded data had an amplitude three orders of magnitude lower than during laboratory tests with a correlation of about 95% for the X-axis, about 99% for Y-axis (two horizontal axes), and about 99% for the Z-axis (vertical axis). Slightly lower correlation value for X-axis was due to additional ripples present in the analyzed signal from FOS6-04 – before and after the main disturbance.
[image: Figure 9]FIGURE 9 | The correlation verification between FOS6-01 and FOS6-04 during the field operation. Recorded seismogram and their spectral analysis for (A) X-axes, (B) Y-axes, and (C) Z-axes given Pearson coefficient equal to 94.80, 99.00, and 99.06%, respectively. Presented in the upper left windows, two seismograms are shifted vertically by 10–4 rad/s for picture clarity.
The data analyzed and presented in Figure 9 were filtered through a low-pass 12-th order Butterworth filter with a cutoff frequency at 50 Hz to eliminate unwanted high-frequency noise. In the range from 0 Hz up to 20 Hz, the spectral responses of both systems were almost identical for all three axes. Above 20 Hz, a slight increase in the power signal level can be observed for FOS6-04 in both horizontal (X and Y) axes, which is also noticeable in the rotation rate plots as regions with higher frequency perturbations–especially at the beginning of the registered main disturbance. Spectrograms presented in Figure 9 also indicate the existence of two regions–below about 15 Hz with most of the energy originating from the registered disturbance and above about 15 Hz with repeating frequency patterns, which is mostly evident in the X and Y (two horizontal) axes of FOS6-04. Based on the presented results, it can be deduced that developed systems are suitable for detecting faint rotations observed during seismic events.
5 ROTATION DETECTION DURING DETONATION OF AN EXPLOSIVE CHARGE
The practical examination of FORS usefulness was a field test conducted in Szopowe, Poland, near the Ukrainian border. This is the area of a closed limestone quarry far from residential buildings. On the 7th of October 2023, there were three explosions performed (Figure 10):
1. 12:33 UTC, 5 kg of explosive, 3 m below the ground surface with surface discharge.
2. 13:41 UTC, 5 kg of explosive, 4.5 m below the ground surface without surface discharge.
3. 15:11 UTC, two 5 kg explosive charges installed 5 m apart were detonated one after the other, 4.5 m below the ground surface, with a distance of 5 m between loads.
[image: Figure 10]FIGURE 10 | Field research during explosive charge detonation: the first explosive charge explosion with schematic identification of the FORSs localization.
It should be noted that automatic, continuous monitoring of artificial explosions in near-border areas is an important task, considering the global situation (for instance, the armed conflict between Ukraine and Russia). The explosives used for blasts were placed about 200 m from the seismometers installed about 0.6 m below the ground level (see the inset in Figure 10).
Figure 11 presents the rotational seismograms recorded by FOS6-02 originating from a blast during field tests on the 7th of October, 2023. The characteristics of rotations along all three axes (directed as Z–vertical, X–East/West, Y–North/South) can be described similarly due to the proximity of the blast source. All three components are characterized by rotation rate at a level of 10–3 rad/s with a frequency of the registered signal starting at about 50 Hz for the first and second explosion and 100 Hz for the third explosion, and gradually falling together with the amplitude, as shown in the power spectrum analysis in Figure 11B, D, F.
[image: Figure 11]FIGURE 11 | The data recorded during three explosive detonations: (A), (C), (E) signals of rotations along all three axes recorded by FORS; (B), (D), (F) power spectrum analysis.
Table 1 presents the recorded maximum signal amplitude (Amax) and energy coefficient (EF). EF is calculated numerically using rectangles of the Riemann integral as a field of the area under the curve (absolute value of rotation amplitude multiplied by time), which is used to investigate disturbance power.
TABLE 1 | Parameters of recorded signal during field research.
[image: Table 1]As one can see, the signals recorded during the second explosion are characterized by the lowest values of signal amplitude and signal energy. The signal was disturbed by the operation of a construction machine. The X–East/West component of the rotation is characterized by the lowest values of the maximum signal amplitude and signal energy.
6 CONCLUSION
The paper presents data confirming the high reliability of recordings gathered by a three-axial FORS. The correlation analysis was performed during diversified external disturbances both in laboratory and field conditions. In the correlation analysis, three types of signals have been measured by FORSs: medium/high-amplitude (at a level of 0.1 rad/s) and fast-changing (at a level of 100 Hz) excitations, high-amplitude (at a level of 1.25 rad/s), as well as a weak rotational disturbance (with an amplitude of about 0.5 mrad/s). In all cases, the obtained correlation coefficient between signals recorded by two FORSs was near the value of 100%. This confirmed the systems reliability and wide range of possible applications from faint rotations observed during seismic events to strong rotation. FORS also recorded successful artificial explosions in field tests carried out in Szopowe, Poland, which confirmed its usefulness in monitoring detonation tests, especially in border areas. Considering the global situation, these kinds of measurements in near-border areas are currently crucial.
In laboratory conditions, measurements were conducted to determine FORS basic parameters. The AV analysis showed a theoretical sensitivity at 4.5 nrad/√s. The experimentally obtained value is one order of magnitude higher, equal to about 35–45 nrad/√s. Nevertheless, the authors found the value satisfactory, considering the environment in which the data were collected. The authors are confident that the noise parameters in an isolated environment would be at least one order better, confirming the theoretical calculations. The wide measuring range of FORS needs to be emphasized, which is the widest available and is equal to 170 dB. The application of depolarized light and the 6-km length of a telecommunication single-mode fiber makes the solution low-cost and easy to assemble.
A deep study of the rotational components needs to be further carried out, especially considering the structural health monitoring point of view, where rotational events can force an entirely new approach to earthquake protection issues. The authors hope that the newly presented three-axial rotational system will cover the lack of reliable data for all aspects of rotational seismology.
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