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Abstract: For many years, seismological research mainly focuses on translational ground motions due
to the lack of appropriate sensors. However, because of the development of devices based on Sagnac
effect, measuring rotational waves directly comes available. In this work, a portable three-component
broadband rotational seismometer named RotSensor3C based on open loop interferometric fiber
optic gyroscope (IFOG) is designed and demonstrated. Laboratory tests and results are illustrated in
detail. The self-noise ranging from 0.005 Hz to 125 Hz is about 1.2 x 107 rads™1/ vHz, and with
the harmonics compensation the scale factor variation over £250° /s is lower than 10 ppm (parts per
million). The misalignment matrix method is adopted to revise the output rotation rate. In a special
near field experiment using the explosive source, the back-azimuths and phase velocity are estimated
by the recorded acceleration and rotation rate. All the results prove the practicability of this new
rotational sensor.

Keywords: rotational seismometer; three-component; sagnac effect; fiber optic gyroscope

1. Introduction

The rotational effects in the great earthquakes attract researchers to develop seis-
mological theory and find out the physical nature of seismic waves. In theory, to fully
characterize the motion of a deformable body at a given point in the context of infinites-
imal deformation, one needs three components of translation, six components of strain,
and three components of rotation [1]. However, the effects of rotational motions are still
ignored in modern observational seismology, as the results of the difficulties in measuring
rotational motions and the widespread belief that they are insignificant [2]. With the deeper
learning of rotational ground motions, more and more researches suggest that they are not
negligible and may contribute to co-seismic structural damages [3]. Recently, because of
the development of devices based on Sagnac effect, measuring rotational seismic waves
directly becomes available, and these sensors display a lower flat frequency range for
measurement [4]. Therefore, rotational seismology has been rapidly developed, attracting
much attention from many communities to explore additional valuable information in
rotational ground motions [5], which promotes the applications in seismology and civil en-
gineering structures [6,7]. Rotational ground motions on the far field have been successfully
measured at sites [8]. The rotational measurements on the near field indicate that rotational
ground motions are 10 to 100 times larger than that expected from the classical elasticity
theory [9,10], and these rotational motions induces the torsion response of buildings due to
the eccentricity [4]. Therefore, in certain cases rotational seismic waves may cause larger
damage to buildings.
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The common approaches to observe rotations include mechanical devices, seismic
arrays, IFOGs and ring laser gyroscopes (RLGs). According to their measurement char-
acteristics, they can be divided into two groups of sensors. One group of sensors, such
as mechanical devices and seismic arrays, are based on classical translation or acceler-
ation recording, which can only detect rotation indirectly. The other group of sensors,
including IFOGs and RLGs, are based on Sagnac effect and utilize an inertial mass as the
reference. Comparing with the first group of sensors, these two kinds of optical devices
are completely insensitive to translational motion and able to measure rotational motions
directly [11]. Moreover, they are also more accurate, making them the perfect candidates
for the measurement of strong motion. Although the IFOGs are less sensitive to record
rotational signals of distant earthquakes compared with large RLGs, as for the strong near
field seismic events, the IFOGs are the more available sensors and more portable in size,
since the RLGs are too sensitive and would go out of alignment immediately after the
first shock [12]. In addition, the frequency response of IFOGs is only limited by the travel
time of light through the optical fiber loop, which means that IFOGs inherently have a flat
broadband frequency response in theory and are easier to achieve a relatively flat frequency
range in practice [13]. Moreover, IFOGs are cheaper than the ring lasers to satisfy the
sensitivity requirement of near-field rotational sensors. Based on the above characteristics,
IFOGs are considered to be the preferred solution to realize the portable, reliable, and high
sensitivity broadband rotational seismometer [14].

This paper is organized as follows: In Section 2, a portable three-component (3C) broad-
band rotational seismometer named RotSensor3C IFOG-based is designed and demon-
strated. A tentative application of the RotSensor3C is presented and discussed in Section 3.
Section 4 presents the main conclusions and prospects.

2. Three-Component Rotational Seismometer
2.1. Working Principal

As mentioned before, considering the portability, reliability and sensitivity, IFOG is
the preferred solution for seismological applications. The operation of the IFOG is based
on the Sagnac effect [15]. In an IFOG, the beam splitter separates the input beam into
two counter-propagating light beams inside the closed fiber coil, and a phase shift will be
caused by the rotational motions. The Sagnac phase shift ¢ is proportional to the rotation
rate () and can be expressed as [16]:

2ntLD
4)5 = Ac Q/ (1)

where L and D are the length and diameter of the closed fiber coil, respectively; A is the
central wavelength, and c is the speed of light in vacuum.

Due to the requirements of portability and sensitivity, three 4-km-long polarization-
maintain (PM) fiber coils (average diameter of 145 mm) are utilized and placed orthogonally
in RotSensor3C with open-loop configuration shown in Figure 1la. An amplified sponta-
neous emission (ASE) light source (average light intensity Iy = 15 dBm, central wavelength
A¢ = 1550 nm, spectral width AA = 40 nm, rectangular spectral) with degree of polarization
(DOP) below 1.0% is adopted. Then the input beam comes to the fiber circulator which is
used for a better power budget than the fiber coupler to guide the propagation direction.
Besides, a multifunctional integrated optical chip (MIOC) is adopted and the light beams
are polarized with a high polarization extinction ratio (¢? < 80 dB, typical) and split into
two beams (50:50). Then the two split beams will be modulated by sinusoidal signals
at third-order eigen frequency of 73.5 kHz to reduce the thermal phase noise [17] and
counter-propagate inside the closed fiber coil. The interfered light beams come back to
the photodetector (PD) converting the optical signals to electrical ones. The electrical
signal will be processed and demodulated in the electrical system and the output rotation
rates are digital format saved finally. In order to avoid the data timing issue between
three-component rotational sensors and other translational seismometer, our system is
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connected to the GPS module to receive the 1 PPS (pulse per second) signal which can
be used for precise time synchronization, so each output rotation rate has its own precise
time (error < 10 ps, typical) saved together. All above optical devices and supplementary
electrical control system are packed into the shell in Figure 1b of size 190 mm (L) x 190 mm
(W) x 165 mm (H) to guarantee the reliability and portability under complex situations.

(a) PD Sinusoiqlal
Modulation

Light

Source ’\/\/

[ —O—F=
Circulator MIOC

Figure 1. (a) Schematic diagram of the IFOGs adopted in the RotSensor3C; (b) picture of the RotSensor3C.

2.2. Laboratory Tests of 3C Rotation Sensors

Before deploying this 3C rotation sensors in practical applications, detail laboratory
tests, including stability over time, scale factor linearity and sensor-axis orthogonality, need
to be completed to get the preliminary technical specifications.

2.2.1. Stability over Time

The Allan variance is a general method for analyzing the performance of inertial
sensors [18]. For practical purposes, the Allan deviation (ADEV) (1) vs. averaging time T
is usually adopted [19], which is also widely used to estimate the IFOGs. For the evaluation
of the performance of IFOGs, angle random walk, bias instability and self-noise level are
the three most important parameters, which determine the short-term noise, the long-term
drift and the minimum detectable amplitude, respectively [20]. However, as a seismometer,
the angle random walk and self-noise are more significant for recording signals since the
near-field earthquake would not last for a long time.

In order to estimate the stability over time accurately, the RotSensor3C was placed
in a quiet and stable environment to avoid external shakes and rotational noise, and thus
the sensors only recorded pure earth rotation signals in this case. Then we calculated
the recorded data of three orthogonal directions with ADEV method and the results
are shown in Figure 2 in detail. According to the results, it is clear that performances
of three components are pretty similar, and the angle random walk is approximately
2.67 x 10%° /v/h, which corresponds to a slope of —0.5 and takes its value at T = 1 s in
Figure 2a. The self-noise root power spectral density (PSD) is shown in Figure 2b, which
indicates that the self noise is about 1.2 x 10~7 rads ! /+/Hz in the frequency ranging from
0.005 to 125 Hz. The root PSD curves are almost flat across the entire frequency band except
high frequencies disturbed by environmental variation.
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Figure 2. (a) Allan deviation curves and (b) root power spectral density of the rotation sensors.

2.2.2. Scale Factor Linearity

An electrical system is designed and packed together with optical system to realize the
periodic phase modulation and demodulation. The eigen frequency f, is related with the
fiber coil length L and the refractive index n which can be expressed as f. = c/2nL. In this
4km-long PM fiber coil, the modulation frequency f, = 3f. is about 73.5 kHz. Coherence
demodulation method is adopted to obtain the first four harmonics amplitude 51, Sy, S3,
S4 at corresponding frequency points, which can be used to calculate the output rotation
rate [21,22]. Typically, the scale factor is assumed to be frequency-independent, as the main
noise in IFOGs is white noise. However, the frequency response of our electrical system
is slightly different which will harms the scale factor linearity up to 50 ppm shown in
Figure 3a, and thus the linearity compensation needs to be adopted.
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Figure 3. (a) Scale factor variation with input rotation rate before linearity compensation and (b)
after linearity compensation.
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We introduce four significant factors «;, (i = 1,2,3,4) to compensate the frequency
response, so the revised harmonics become «;S; and can be written as:

a1S1 = [2Io]1(¢p)
w257 = [2Io]2(¢p)
#3S3 = |2IpJ3(¢p) sin
asSy = |2IoJa(¢p) cos(¢s)|,

S
COSs

@

where the Ij is the average light power; J; is the ith order Bessel functions of the first kind;
¢p and ¢s are the modulation depth and Sagnac phase shift, respectively. The ¢, can be
obtained by

0151 _ Ji(¢w)

_— = . 3
a3S3  Ja(p) ©
Then the rotation rate is given as:
c 4151 Ja(p)
= ~——— arctan| —— - . 4
27D 252 J1(¢p) @

In order to find the best factors to compensate the harmonics, the RotSensor3C was in-
stalled on a single-axis rotation table, and the table rotated clockwise and counter-clockwise
at several certain rotation rates, respectively. For each rotation rate, the measurement con-
tinued 120 s to obtain an average output and the whole step would be repeated for these
three orthogonal component. After collecting the harmonics, we used these data to calcu-
late the factors: firstly set a1 = 1 to simplify the processing, and then the &, and a3 would
traverse from 0.9 to 1.1 to get temporary ¢, which can minimize the scale factor variation.
The detail method of calculating the scale factor variation is in Appendix A. After getting
the ¢, ap and a3 and based on the presuppose that a; = 1, the a4 could be obtained by

252 _ Ja(¢p)
— = : ®)
23Sy Ja(¢w)

Then the factors would be written into the demodulation system to compensate the
harmonics, and the RotSensor3C would rotate on the table again to determine whether the
compensation took effect. The revised scale factor linearity is shown in Figure 3b. After the
compensation, the scale factor variation with rotation rate ranging from —250°/s to 250° /s
is lower than 10 ppm.

2.2.3. Sensor-Axis Orthogonality

In theory, the three sensitive axis of IFOGs should be ideally orthogonal to each other.
However, due to the manufacturing limitations, the installation error is always existing,
leading to cross coupling between the components of the sensor [13]. Therefore, we use
a calibration method based on single-axis rate turntable to minimize the misalignment
errors. The three scale factor of IFOGs are ky, ky, k>, and the bias are By, By, B, respectively.
The misalignment angle is expressed as e;j, (i, j = x, y, z), which represents the angle error
between sensors axis i and the body frame axis j. During the calibration process, the input
standard rotation rates are wy, wy, w;, and the output of IFOGs are Oy, )y, Q);. The error
model of misalignment angles can be described as:

Oy ks kxexy kyxex: Wy By
Qy | = | kyeyx ky kyey: | - { wy | +( By |, (6)
Q, kzezx kzezy k- Wz B,
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by utilizing the method in Reference [23], the 3 x 3 misalignment matrix M is derived as:

0991775185  0.000297482  —0.000462613
M = | 0.001192965 0.99400358 —0.00073276 |. (7)
—0.000246073 —0.000558209  0.992409135

The results with misalignment matrix to compensate the cross-coupling errors are
shown in Figure 4. The latitude of our laboratory is 39.991844 so the local corresponding
vertical rotation rate of earth is 9.667° /h. As the RotSensor3C is placed with z axis vertically
and the table rotation rate is 10° /s, the output of z axis should be 36,009.6° /h (added the
local earth rotation rate). The outputs (), (i = x, ) are related to the respective angles 6;
between the sensor axis and north—south (NS) direction, which can be expressed as:

Qi = Qh X sinf)l- (8)

where (), is the local horizontal rotation rate. Therefore, under the situation of 10°/s
vertical rotation, the outputs of x and y axis should be trigonometric curves with a peak
value of our local horizontal rotation rate 11.52° /h and an average value of zero with
a cycle 36 s in theory. The revised output in Figure 4 correspond to the theory, which
indicates the records of RotSensor3C are quantified.

=== Original output === revised output ave. original output === ave. revised output
(a) (b)
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Figure 4. The output of three components with and without misalignment matrix: (a) x axis; (b) y

axis and (c) z axis; (d) single-axis rotation table inside the temperature chamber.

As anew designed 3C rotational seismometer, here we select another two kinds of well-
known three components rotation sensors (R-2, BlueSeis3A) [24] and draw a comparison
shown as the Table 1. Notice that the Rotsensor3C and R-2 have no battery inside, so the
comparison of dimensions and weight just for reference only.
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Table 1. Comparison of main characteristics of three fiber optic rotational seismometer.

Performance RotSensor3C R-2 BlueSeis3A

Sensor self-noise (rads~!/+/Hz) 1.2 x 1077 6.0 x 1078 20%x10°8

Frequency range 0.005-125 Hz 0.03-50 Hz 0.001-100 Hz

Dynamic range 152 dB 117 dB 135 dB

Scale factor linearity <10 ppm No data <20 ppm

Dimensions (L x W x H) 190 x 190 x 165mm 120 x 120 x 102mm 300 x 300 x 280 mm
(No battery) (No battery)

Weight 4.5 kg (No bat.) 9.53 kg (No bat.) 20 kg

3. Near Field Explosion Seismic Test

With the above detail laboratory tests, the characteristics of RotSensor3C are fully
demonstrated and some practical applications have been carried out. Explosion seismic
is a common method to generate seismic waves and determine the sensors performance.
Therefore we organized a near field explosive experiment together with translational
sensors to test our RotSensor3C and verify the related theory meanwhile.

The experimental setup is shown in Figure 5a, all the sensors were co-located on a
single rigid base. The distance between the two instruments is about 3 cm, and therefore
the comprehensive system can be considered as a single-station measurement to record
signals that originate from same ground motions. As this test is aimed at analyzing near
field waves, the distance between the explosion point and measure station is set to ~150 m.
The model of the three-component translational seismometer shown in Figure 5b is G1B
developed by China Earthquake Administration. Figure 6 shows the amplitudes and
spectra of rotational velocity recorded by the RotSensor3C, the peak rotation velocity is
0.016 rad /s for the NS component (Rn), and the amplitudes of the other two components
(Rv/Re) are slightly lower. The spectra of them are in great consistency which shows
that the dominant frequency band of rotational seismic waves is from about 2 to 40 Hz.
The amplitudes and spectra of translational acceleration recorded by the G1B are shown in
Figure 7, the peak ground acceleration is 0.056 m/ s? for the EW component (Ae) and the
spectra are also pretty similar to each other indicating that the dominant frequency band of
ground acceleration is from about 2 to 20 Hz, which differ from the rotational components
at high frequency.

Figure 5. Experimental setup for a temporary single station six-component measurements: (a) two
instruments installation scheme; (b) translational seismometer G1B.
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Figure 6. Amplitudes and spectra of rotation rate recorded by the RotSensor3C.

The six-component measurement provides a new method to estimate the additional
information of seismic waves, such as back-azimuths (BAz) and phase velocity. Here we use
the rotational seismology tools of a community platform (www.seismo-live.org, accessed
on 1 March 2021) to process the vertical rotation (Rv) and two acceleration components EW
(Ae) and NS (An). Firstly, all the components are band-pass filtered between 0.1 and 10 Hz,
as this frequency band of the near-field earthquake is what we concerned. Then the two
translation components Ae and An are rotated into the transverse component (At) based
on a trial BAz and calculate the cross-correlation of At and Rv. Since At and Rv are both
result from the same ground motion, they will reach a maximum cross-correlation when
the trial BAz coincides with the true one [25]. The normalized amplitude and spectra of
transverse acceleration rotated by an appropriate BAz and vertical rotation are shown in
Figure 8, in which the normalized amplitude over time show a strong correlation of them.
Moreover, according to the PSD analysis in Figure 8, both background noise and the signal
spectrum appear to be highly correlated with each other. A time step of 1s is applied to
continuously estimate BAzs and CC along the whole 10s seismogram. Figure 9 shows the
whole BAzs indicated by the black dots of each time window, which is consistent with
the theoretical BAz (~157°) shown with the gray line. Figure 10 shows the correlation
coefficients of each sliding time window, as the seismic signals mainly distribute in 2~7 s,
the correlation coefficients > 0.75 focus on the same time parts.
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Figure 10. Cross-correlation coefficients between the transverse acceleration and rotation rate com-
puted for a sliding time window.

Besides the BAzs, according to the relationships between transverse acceleration and
vertical rotation [26,27], phase-velocity can also be estimated by the following equation:

At
SH = ‘2 x Rv ©)
Av
Voy = | — 1
sV =Ry (10)

in which the Vs is the apparent phase velocity of horizontal polarized SH-type, the Vsy
is the apparent phase velocity of vertical polarized SV-type. The detail explanation of the
above relationship is in Appendix B. Figure 11 shows the phase velocity of SH-type waves
derived from amplitude ratios of acceleration and rotation rate with correlation coefficients
> 0.75. These results are in great agreement with the related theory, and proves the quality
of the RotSensor3C which can offer a unique method to obtain significant information.

8.0 -1.00
% 60 095 %
>~ o
0@ 1090 O
o€ 4.0 = o
cX 1085 5
s 20 o.so;'<>

0.0 -0.75

0 2 4 . 6 8 10
time (s)

Figure 11. Phase velocity of SH-type waves for 1s time step with correlation coefficients > 0.75.

4. Conclusions and Prospects

In this paper, a three components rotational seismometer RotSensor3C based on
open loop IFOGs is designed and demonstrated. According to the laboratory results,
the RotSensor3C has a broadband frequency response from 0.005 Hz to 125 Hz, and its self-
noise is about 1.2 x 10~7 rads ™ * /v/Hz. Moreover, because of the linearity compensation,
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the scale factor linearity is improved from 50 ppm to lower than 10 ppm at certain rotation
rate, and the misalignment matrix makes the output rotation rate more accurate. Explosion
seismic test confirmed the practicability of this new rotation sensors. Our test results prove
that the RotSensor3C is quite capable of recording rotational seismic data. Meanwhile,
more improvements have been planned to the next generation.

As our first 3C rotational seismometer, we choice the single polarized configuration.
The sensitivity of RotSensor3C will be improved next by utilize the sensitivity-enhanced
dual-polarized configuration, and in theory the self-noise would be reduced by 8 times at
the same size [28]. Moreover, as the dual-polarized configuration is insensitive to tempera-
ture variations and magnetic field due to the two orthogonal polarizations compensation
effect [29,30], the stability and accuracy will be improved meanwhile. The translation
components are significant for completely recording seismic waves as well, so the relevant
research is moving on and the next six-component seismometer is on our plan.
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Appendix A

The fj is the average gyroscope output caused by the input rotate rate (; of single-axis
table and the earth rotation F,. The linear relationship between them can be expressed as

F]’:F]'—FTZK-Q]‘-FFQ, (A1)

where F; presents the output without earth rotation which totally originates from input
table rotation, and K is the scale factor, Fj is the inherent offset of gyroscope which is
typically smaller than 10-%° /h. They can be obtained by

M 1 M M
PR i Ry SRS S

oL 02 - 4 (5 0)

, (A2)

1 M4 KM
FO:MZ%F]-—HZ;QJ-, (A3)
= =

where M is the number of rotation rate. Then a fitting output 15] of the corresponding
gyroscope is calculated and written as:

F=K-Qj+F. (A4)

Therefore the output errors of each rotation rate point between the original output
and fitting output can be obtained by
F—F

) F— — A5
TN (A5)
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where F;, is the range of test rotation rate, and according to the errors of every rotation rate,
the scale factor linearity K is defined as:

Ky = max|d;|. (A6)

Appendix B

In the framework of classical elasticity, with the assumption of infinitesimal deforma-
tions, a function of space u = u(x, t) is used to denote the vector distance of a particle at
the position x. For a point x and the point x + dx in its vicinity, after a distortion dx, the new
locations of two points are (x + u(x)) and x + dx + u(x + 6x), respectively. Therefore,
the relative location of two points can be written as [31]:

0x 4+ 0u = x4+ 0x + u(x + 6x) — (x + u(x)). (A7)

Since |0x| is arbitrarily small, we can expand u(x + 6x) as u + (6x - V)u by neglecting
high order terms. It follows that du is related to both the gradients of u and the original
line element dx via [31]

du=(éx-V)u, (A8)

and we can use the gradient tensor to describe the displacement éu as:

ouy  Ouy Oy

Suy aaT 687 aTz ox
- Uy Uy Uy
ouy | =\ w3 &= ||%] (A9)
Olly duz  Ouz  Jug 0z
ox ay 0z

The Equation (A9) can be rewritten as:

Olly Ox aO 0 ox
— Uy
Oty 0 0 2u)\oz
1(Ju a“y 1 ( duy Ju
0 2(37"+7> 22 T3 ) /ox
1 duy Ju 1 ( duy Ju
tlala % 0 il %) || %Y. A10
Y , y 5
1(du ou 1(u U, z
B +%) 3(%+%) 0
0 Tfouy _ 9y 1(Quy _ Jus
2\ ay X 2\ oz ox ox
1(%y _ du 1(9%y _ Ju,
2l — % 0 2\ oy oy
L(ouz _ duy) 1(duz _ Oy 0 0z
2\ ox 0z 2\ oy oz

The first two parts of Equation (A10) are related with the infinitesimal strain tensor
e. The third term corresponding to the infinitesimal rotation tensor which can also be
expressed as rotation vector w [7], and thus we can simplify the Equation (A10) to

du = ebx + w X 6x, (A11)

where the rotation vector w is 1
w = EV x u(x). (A12)

Now we consider a transversely polarized SH-type (e.g., SH and Love), with dis-
placement u(x,y,z,t) = (0, uy(t —x/Vsn), O), where Vg is the apparent horizontal phase
velocity. The rotational vector w can be obtained according the Equation (A12) and written
as [32]:
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w = %V x u(x)
= (0,0, 1ty (t — x/Vsp) /2Vsg)

in which the corresponding z-component of rotation rate is w, = i, (t — x/Vsy)/2Vsy.
This implies that under the assumptions that at any time rotation rate and transverse
acceleration are in phase, the phase velocity can be calculated by [32]

, (A13)

ﬁy(t —x/Vsy)
2 X wy

' = Vsh. (Al4)

Besides the SH-type waves, the phase velocity of SV-type (e.g., SV and Rayleigh) can
also be estimated with the similar method [27] :

iz

- Al
wy VSV/ ( 5)

where ii; is the acceleration of the particle motions along the Z-axis, wy, is the rotation rate
of Y-axis, and Vg is the apparent phase velocity of Rayleigh wave.
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