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A b s t r a c t

We outline the research leading to development of the Autonomous
Fibre-Optic Rotational Seismograph (AFORS) and describe the final ver-
sion of the instrument. The instrument with linear changes of sensitiv-
ity keeps accuracy from 5.1 × 10−9 to 5.5 × 10−8 rad/s in the detection
bandpass 1.66-212.30 Hz; it is designed for a direct measurement of rota-
tional components emitted during seismic events. The presented system is
based on the optical part of the fibre optic gyro construction where a special
autonomous signal processing unit (ASPU) optimizes its operation for the
measurement of rotation motions instead of the angular changes. The appli-
cation of a newly designed telemetric system based on the Internet allows for
a remote system control, as shown in an example of the system’s operation
in Książ (Poland) seismological observatory.
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1. INTRODUCTION
A possibility of the existence of rotational motions in the seismic field has been
discussed from the beginning of the earthquakes investigations. The interest
in this phenomenon has been stimulated by strange, rotary and even screw-like
deformations after earthquakes, often appearing on the parts of the tombs and
monuments (Kozák 2006, Ferrari 2006). The classical textbooks on seismol-
ogy deny the possibility that rotational motions, especially in form of seismic
rotational waves (SRW) could pass through a rock, so the rotational effects of
earthquakes were explained by an interaction of standard seismic waves with a
compound structure of the objects they penetrate, which, in fact, might be the
case (Teisseyre and Kozák 2003). Nevertheless, it was proved theoretically that
even the SRW could propagate through grained rocks; later on, this possibil-
ity was extended on rocks with microstructure or defects (Eringen 1999, Teis-
seyre and Boratyński 2002) or even without any internal structure (Teisseyre
2005, Teisseyre et al. 2005, Teisseyre and Górski 2009), due to the asymmetric
stresses in the medium. The SRW were for the first time effectively recorded
in Poland in 1976 (Droste and Teisseyre 1976). From this time, waves of this
type have been studied in a few centers over the world. Recently, the first mono-
graphs have been published (Teisseyre et al. 2006, Lee et al. 2009), covering
the theoretical aspects of the rotation motion generation and propagation, as
well as the examples of the field experiments.

A further experimental verification of the above research required a new
approach to the construction of the measuring devices (Teisseyre et al. 2008)
because the conventional seismographs are inertial sensors of only linear veloc-
ities. For the above reason, the new instrumentations are important, especially
those designed for an investigation of very small rotations with the amplitude
in the range of 10−9 rad/s. Since the Sagnac effect (Sagnac 1913) measures
rotation directly, an application of the sensor based on this effect seems to be
ideal for the construction of the rotational seismometer. We distinguish two
such systems: a ring laser (Schreiber et al. 2001), and a fiber-optic (Takeo et al.
2002, Jaroszewicz et al. 2003), both based on a technical implementation of the
Sagnac interferometer for an appropriate detection of very small phase changes
generated by this effect. The main advantage of such a system is a possibility
to detect the absolute rotation, impossible to be measured in any other way. It
seems that the data obtained in this way is easy for an identification.

Based on the experience gained during construction and application of
the Fibre-Optic Rotational Seismometer (FORS-II; Jaroszewicz and Krajewski
2008), in this paper we have described our advantageous research leading to a
new system named Autonomous Fibre-Optic Seismograph (AFORS). A higher
accuracy, compactness as well as a special signal processing unit ensure the
autonomous operation of this instrument, which can be monitored as well as
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remote-controlled via Internet. In the next section, we describe the optical and
electronic parts of the AFORS. In Section 3, the system calibration and the noise
investigation data are presented. Finally, in Section 4, the first results obtained
with the AFORS deployed in the Książ seismological observatory are reported.

2. AUTONOMOUS FIBRE-OPTIC SEISMOGRAPH
CONSTRUCTION

The optical head of the AFORS system uses a fibre interferometer in the so-
called minimum optical gyro configuration (Jaroszewicz et al. 2006), as shown
in Fig. 1. The optical light from the low-coherence superluminescence diode
(SLD) is inserted by the symmetric X-type coupler into two opposite directions
of the loop containing a single-mode fibre. The use of the same input and output
arm of the coupler assures the reciprocity conditions for two interfering beams
in the coupler output but needs an additional coupler to separate a returned beam
to a detector as well as a fibre optic isolator for the SLD protection against the
returned optical power. The system of two fibre depolarizers (except for SLD
and in sensor loop) eliminates an influence of polarization instability from the
AFORS operation. The set of cascade polarizers protects the selection of the
true single mode input/output operation of the whole system and guarantees
that only the nonreciprocal effect in the system provides the Sagnac effect. The
last one generates the phase shift equal to (Post 1967)

∆φ =
4πRL

λc
Ω ≡ 1

S0
Ω , (1)

where R is the radius of sensor loop, L is the length of the optical fibre used in
the sensor loop, λ is the wavelength of the light source, c is the light speed in
vacuum, Ω is the rotation speed measured in the direction perpendicular to the
sensor loop plane.

Fig. 1. General schema of the optical head of the AFORS system constructed and the
sensor loop winding. Colour version of this figure is available in electronic edition only.
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Since we are interested in detectng the extremely small rotation, Ω, the
method of reducing the so-called optical constant, S0, should be used to obtain
a high sensitivity of the system. A theoretical system limitation can be deter-
mined by an investigation with a minimal rotation speed, Ωmin, in the quantum
noise limitation according to Ostrzyżek (1989) and is expressed as

Ωmin√
∆B

=
λc

4πRL

4
√

2× 10α/10·L/1000

S J1 (1.84) PL × 10−σ/10

×

√
V 2
A

R2
0

+
1

8
e S PL × 10−σ/10 × 10α/10·L/1000 (1 +X) +

4kT

R0
+ I2A ,

(2)

where ∆B is detection bandpass, α is the fibre attenuation in dB/km, σ the to-
tal loss in optical part (without loss of the fibre used in sensor loop), PL the
optical power of the source, S the sensitivity of the photodiode, VA and IA are
the dark voltage and current of photodiode, respectively; R0 is the photodiode
impedance, e is the electron charge, k is the Boltzmann constant, and T is tem-
perature.

As one can see, some of the above mentioned parameters are difficult to
be optimized because they are connected to the optoelectronic element used.
However, the system sensitivity can be generally enlarged by increasing the
total optical power, PL, and the loop radius, R, whereas the wavelength, λ, the
fibre attenuation, α, as well as the total optical loss of the system, σ, should
be minimized. The above comments are also related to the optimal length, L,
of the fibre; its increase generally improves the sensitivity. However, because
in a such situation the total length is related to the signal attenuation via fibre
attenuation, α, the optimal length is the same as that shown on the simulation
presented in Fig. 2.

Taking into consideration the above-mentioned conditions, the developed
optical head uses about 15 000 m of a standard SMF-28 fibre (Corning), double-
quadrupole wound (Dai et al. 2002) on a specially constructed composite sur-
face which contains a perlmaloy particles admixture for a sensor loop shelling
from the magnetic pool. In general, the temperature influences the constructed
sensor performance, and this can create a problem (Jaroszewicz 2001), because
the sensor loop has an extreme size of 0.68 m in the diameter and 12.5 cm
in height, and contains 15 layers of fibre. For the above reason, a method
of the thermally-induced nonreciprocity (Shupe 1980) reduction by the above-
mentioned special fibre winding with an additional 0.2 mm Teflon for each layer
separation has been applied. Since the temperature conditions in a seismologi-
cal observatory are generally stable, with the maximum fluctuation around 2-4°
per day, the temperature-generated drift of an output signal from the AFORS is
compensated enough.
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Fig. 2. Simulation of an influence of the fibre length on the AFORS sensitivity. The
parameters of Corning SMF-28 fibre as well as Exalos SLD have been used. Colour
version of this figure is available in electronic edition only.

However, such a construction of the loop generates an increase in the fibre
attenuation from 0.330 dB/km for Corning data to 0.436 dB/km measured after
the loop preparation. Moreover, to provide a slow drift in a long period of time,
the AFORS uses a cascade of two fibre-optic polarizers (Phoenix Photonics)
with a high extinction ratio (46 and 55 dB) and generally operates by applying
the depolarized light. For that reason, a set of two fibre depolarizers has been
used. One of these (Phoenix Photonics) is placed behind the source and has
the extinction ratio equal to 0.02 dB optimized with respect to the source used.
As the optical source, the 20.8 mW optical power SLD type 561-HP2-DIL-SM
(Exalos) with 31.2 nm bandwidth operating at the central wavelength equal to
1326.9 nm has been used. The second depolarizer is the sensor loop whose
performance is equivalent to the depolarizer for the wide-band source used and
long SMF-28 fibre, as shown by Krajewski et al. (2005) for the simulation of
an output degree of polarization from the loop. The additional fibre elements:
two couplers (Phoenix Photonics), the isolator (ADC) together with precision
splices of all optical elements keep the total optical loss of the AFORS at the
level of σ equal to 13.33 dB. Since the InGaAs photodiode (Laser Instruments)
with Id = 0.06 nA, S = 0.99 A/W, and R0 = 163 kΩ has been applied, the
theoretical sensitivity of the constructed system calculated according to eq. (2)
is 1.97 × 10−9 rad/s1/2.
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Since the Sagnac phase shift (eq. (1)) obtained directly in an interfeormet-
ric system contains an unseparated noise component, the special signal process-
ing is used. We have used the system based on the synchronic detection unit
(Ostrzyżek 1989). To this end, the phase fibre optic modulator is inserted into
the sensor loop near one of the floop ends (Fig. 1). This element of a harmonic
power supply generates the additional phase shift described as

φm(t) = φ0 sin(ωmt) , (3)

where φ0 and ωm are the amplitude and angular frequency of the phase modu-
lation, respectively.

For such an approach, the output intensity from the optical head (before
the detector) can be described (Ostrzyżek 1989) as

I(t) = P0 {1 + cos [∆φ+ φm(t)− φm(t+ τ)]}

= P0


1 + cos(∆φ)

[
J0(φe) + 2

∞∑
n=1

J2n(φe) cos(2nωmt
′)

]
+ sin(∆φ)

[
2
∞∑
n=1

J2n−1(φe) sin[(2n− 1)ωmt
′]

]
 ,

(4)

where t′ = t+ τ/2, φe = 2φ0 sin(ωmτ/2), 2P0 is the optical power output, τ is
the time for light passing throughout a sensor loop.

For a properly chosen angular frequency of the phase modulator which
should be correlated with a time delay for the light passing through the sensor
loop (for AFORS equal to 6.8 kHz), only first two harmonics of the output signal
are important. In such an approach, the Sagnac phase shift can be obtained from
the first (A1ω) and the second (A2ω) amplitude of the harmonic output signal as
(Krajewski 2005)

∆φ = arctan

[
J2 (φe)

J1 (φe)

A1ω

A2ω

]
= arctan [Se u(t)] , u(t) =

A1ω

A2ω
, (5)

where Se is the electronic constant related to the parameters of the electronics
commponents used.

According to the above, the final relation for the AFORS detected rotation
component, Ω, can be easily described by two constants, the optical S0 and
electronic Se, as

Ω = S0 arctan [Se u(t)] . (6)

It should be underlined that the above approach gives the methodology for
constructing all electronic units for AFORS; its difficulties are related to the
protection of a highly dynamic range during the detection of the first two signal
harmonics with the expected high differences of their values. For the above rea-
son, the constructed (see Fig. 3) Autonomous Signal Processing Unit (ASPU;
Elproma) contains in the first the special lowpass filters for a proper separa-
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Fig. 3. General scheme and view of the Autonomous Signal Processing Unit of the
AFORS. Colour version of this figure is available in electronic edition only.

tion and the gain of the first and second harmonics from a signal detected by
the photodiode. The next such separated components are converted into digi-
tal signals by the ADS8361 containing two 16 bit ADC modules from which
amplitudes A1ω and A2ω in digital forms are processed by the Digital Signal
Processing (DSP) module according to the authors’ procedure based on eqs. (3)
and (4) for determining the value of rotation rate, Ω. The 32-bit signal processor
TMS320F283535 (Texas Instruments) working with a frequency of 150 MHz
has been used as an optimal DSP unit, because it enables calculation on the ba-
sis of signal frames having 1024 length of 16-bit samples. Finally, the obtained
results are stored on a CD card and transmitted by a GSM/GPS module to a spe-
cial WEB FORS – Telemetric Server. The FORS – Telemetric Server is used
for the data storage, the monitoring the AFORS work, as well as for the remote
control of their parameters. Since the ASPU contains an additional indepen-
dent power supply for all electronic components of the system, the AFORS is
a fully autonomous and mobile system for investigating the rotational compo-
nents existing during seismic events.
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3. AFORS CALIBRATION
AND THE ESTIMATION OF ACCURACY

Since the AFORS operation is based on properly defined values of the two con-
stants, optical S0 and electronic Se (see eq. (6)), which are impossible to be
determined in an analytical way with a required precision, a special calibration
process has been used for their determination. The method used was based on
the measurement of a well defined slow rotation connected to the vector compo-
nent of the Earth rotation in Warsaw (i.e., ΩE = 9.18 deg/h ≡ 4.45 × 10−5 rad/s
for φ = 52°20′′) on a special system positioning as shown in Fig. 4 (Jaroszewicz
et al. 2001). The AFORS is mounted vertically on a rotation table, and rotates
in such way that the sensor loop is directed to the N, E, S, and W. For the direc-
tions E-W, the measured rotation is zero because in these directions the plane of
the sensor loop is collinear with the Earth rotation axis, whereas for the direc-
tions N-S the maximum values of the measured signal are positive or negative,
because the sensor loop plane is perpendicular to the vector component of the
Earth rotation, ΩE .

Initially, the output parameters of ASPU are undefined, so we used 7280
DSP lock-in amplifier (Perkin Elmer) in the calibration process. From eq. (5),
the in system-detected signal u(t) can be expressed as

u(t) =
A1ω

A2ω
=
J1(φe)

J2(φe)
tan ∆φ (7)

hence
Se =

A2ω

A1ω
tan ∆φ .

Therefore, as the first step for the AFORS positioned in N-S directions we
read amplitudes A1ω and A2ω from the lock-in (further on denoted LA1ω, LA2ω)

Fig. 4. The scheme showing an idea and general view of AFORS during the calibration
process. Colour version of this figure is available in electronic edition only.
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and from the ASPU (denotedEA1ω, EA2ω), a comparison of which gives us the
information about the electronic constant, Se:

Se =

(
LA1ω

LA2ω

EA2ω

EA1ω

)
Zw , Zw =

J2(φe)

J1(φe)
, (8)

where values in parentheses give the electronic recalibrate of the ASPU indica-
tions on the basis of the lock-in indications.

As one can see, what really matters in the calibration procedure is the de-
termination of the real value of φe. Since from eq. (4) we have

A2ω = 2P0J2(φe) cos(∆φ) , (9)

thus, as the second step we measure the value of A2ω for a zero value of the
Sagnac phase shift ∆φ (AFORS directed W-E) and measure the value of 2P0

(the constant value on oscilloscope equals 3353 mV for AFORS, see Fig. 4) for
the system with a switched off modulation from the generator and determine
the value of J2(φe) as

J2(φe) =

√
2A2ω

2P0
. (10)

The constant
√

2 results from the measurement by the lock-in RMS value.
Since in the described measurement we have J2(φe) = 0.264917, thus φe has
been calculated as 1.63199. On this basis, for recalibrating ASPU indications
(LA1ω = 8.2 mV, EA1ω = 4066, LA2ω = 606.6 mV, EA2ω = 9390), eq. (8)
gives value for electronic constant, Se, equal to 0.0144.

Finally for the determined value of Se and the recalibrated values of har-
monic components of the signal from ASPU (EA1ω and EA2ω, as A1ω and A2ω,
respectively), the Earth rotation component measurement for AFORS directed
in N and S (see Fig. 5) based on eq. (6) gives us the S0 value equal to 0.00433.

After the proper calibration of the system, the estimation of the AFORS ac-
curacy is the final work. However, this work performed in the MUT laboratory
located in Warsaw, Poland, can give only limited information about the system
accuracy, which is related to the existence of town noises. This calculation is
made for zero value of the Sagnac phase shift ∆φ (AFORS directed in W-E)
and the measurement of the level of noises for amplitudes A1ω and A2ω (their
mean values for the switched off modulation from the generator – see Fig. 6).
Because eq. (6) can be expressed as

Ω(A1ω, A2ω) = S0 arctan

(
Se
A1ω

A2ω

)
, (11)
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Fig. 5. The amplitudes A1ω and A2ω of signals from AFORS positioned in N and S
directions. The resolution in the S-N and N-S directions is obtained on the basis of the
signal phase analysis.

the accuracy ∆Ω of the rotation measured by AFORS for a given measurement
bandpass ∆B can be found as

∆Ω ≡

√(
∂Ω

∂A1ω
σ̄1ω

)2

+

(
∂Ω

∂A2ω
σ̄2ω

)2

, (12)

where σ̄1ω and σ̄2ω are mean values of noises recorded for the amplitudes A1ω

and A2ω, as shown in Fig. 6.
Because the construction of the ASPU enables step changes of ∆B in the

range from 1.66 to 212.30 Hz, the above procedure gives the accuracy from
5.1 × 10−9 to 5.5 × 10−8 rad/s, which is well correlated with the minimal ro-
tation speed, Ωmin, in quantum noise limitation, as shown in Fig. 7.
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Fig. 6. The noise of signal components A1ω and A2ω in the 20 Hz detection bandpass.

Fig. 7. The AFORS accuracy measured for the choosen detection bandpass.
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It should be noted that the linear dependence of the AFORS sensitivity and
accuracy with respect to the detection bandpass is the challenge of this system
according to the expected frequency characteristics of rotational seismic waves
(Teisseyre et al. 2006).

4. RESULTS OF SEISMIC ROTATION COMPONENTS
RECORDING IN THE KSIĄŻ SEISMOLOGICAL
OBSERVATORY

The system AFORS-1 has been installed in the Książ seismological observatory
in Poland since July 2010 with its continuous monitoring through the Internet
basing on the application “FORS Telemetric Server”, as shown in Fig. 8, which
can manage the set of FORS.

The server ensures the full remote control for each FORS manufactured in
the AFORS technology. In this paper we describe the AFORS system installed
in the Książ observatory labelled at the server as AFORS-1, AFORS-2 identi-
cal with previous ones (under investigation in MUT laboratory), SIM-FORS-II
virtual system located in Elproma (used for testing a new software for ASPU),
and AFORS-3 (during the R&D reconstruction of an electronic part for AFORS
technology on the FORS-II system installed in Ojców Observatory, Poland; see
Jaroszewicz and Krajewski 2008) as it is shown in Fig. 9a for the main book-
mark in the catalogue DEVICE. The applied technology gives possibility of
a remote (via Internet) controlling and changing all the electronic parameters
(including software upgrade) of the ASPU for a given AFORS as presents in
the bookmark CONFIG for the AFORS-1 in Fig. 9b. Moreover, the next book-
mark, DATA&VARIABLES (see Fig. 9c), enables monitoring in a real time of
the main data and variables for AFORS with a possibility of a remote chang-
ing of the level of signals which initialize the automatic data stored on a CD
card and its transfer via GSM. Finally, the bookmark GSM/GPS (Fig. 9d) is
for monitoring in real time the GSM parameters as well as the GPS parameters
which include the AFORS global localization which could be visualized by the
Google map via the button “Mapa”. Additionally, for an operator’s comfort, the
top right corner of the bookmarks for a given system located in server contains
information about a current date and time and the four main parts of AFORS
state of work (good as green, partial good as yellow or no work as black color),
i.e., FORS – recording power in system, GSM – detection by system GSM sig-
nal, COM – existing communication between AFORS and server, and GPS –
GPS signal detection by the system GPS. In this way, it is possible to moni-
tor any seismograph made in the AFORS technology from any place with the
access to Internet, which is an innovative solution.

Other bookmarks named Measurement (see Fig. 8b or 9a) collected the data
recorded by the devices existing in the server. Figure 10 shows for example two
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(a)

(b)

Fig. 8: (a) The general view of AFORS-1 installed in Książ observatory, as well as
(b) main page of FORS Telemetric Server located at http://fors.m2s.pl. Colour version
of this figure is available in electronic edition only.
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such data obtained from AFORS-1. This data shows the proper work of AFROS
as a system for rotational motion detection, and they are very promising for the
future investigation in Książ by an application of the system described here.

(a)

(b)

Figure continued on next page.
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(c)

(d)

Fig. 9. The view of four main bookmarks for AFORS-1 at FORS Telemetric Server.
Colour version of this figure is available in electronic edition only.
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Fig. 10. The seismograms recorded by AFORS-1 in Książ on 20 October 2010. The
amplitude of the recorded data is identified in the middle part of the top line; at the bot-
tom, we show the main parameters of AFORS in the recording time: ADEV – Omega
Average Deviation, Omega Offset, GS Level/Before/After – adjusted level of signal for
data stored, and ∆B – adjusted detection bandpass.

5. CONCLUSIONS
The presented instrument AFORS-1 with the accuracy in the range between
5.1 × 10−9 and 5.5 × 10−8 rad/s, depending on the detection bandpass which
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is in the range of 1.66 to 212.30 Hz, seems to be an attractive device for the
investigation of rotational components existing in seismic events. The main
advantage of this system is its high accuracy with linear changes in the whole
detection bandpass. Such a characteristic is not attainable for any seismologi-
cal device based on the inertia systems. Since the AFORS operation is based
on the detection of Sagnac effect, the AFORS is insensitive to linear motions
and accelerations, and it detects the absolute rotation in a real time, which is
also impossible to be realized in any other way. The Internet application for a
system monitoring, data storage and their remote control, simplifies the device
maintenance and protects the full remote control of the system. The first result
obtained in the Książ Observatory gives hope for the future exploitation of the
system.
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