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Abstract — Fiber optic Bragg gratings have found
increasing applications to seismic strain measurement of
underground structures and rock mass. The strain sensitivity
of a Bragg grating measuring system, however, is limited by
the noise caused by the instability of the laser wavelength
and the rough measurement surroundings. Signal processing
and noise reduction plays therefore an important role in the
strain measurement using fiber Bragg gratings. In this paper
discrete autocorrelation function and iterative smoothing are
applied to the improvement of the signal to noise ratio and
the detectability of seismic signals in underground rock
mass. Results from laboratory and field experiments are
given to show the noise reduction and detectability
improvements.
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1. INTRODUCTION

The measurement of rock deformations is increasingly
interesting in underground structures and mines, since
underground excavations and blasting works generally create
changes in the stress regime of the surrounding strata [1].
Fiber optic Bragg grating seismic system plays a significant
role in monitoring/recording the actual seismic responses of
underground structures and rock mass.

Typical elements for supporting underground excavations in
hard rock are reinforcing steel meshes and glassfiber
reinforced polymer (GRP) rockbolts mounted in boreholes
radically to the tunnel axis. An idea is to use the rockbolts
simultaneously as sensor heads for monitoring dynamic
deformations by embedding Bragg gratings into anchor rods
[1]. A Fiber Bragg Grating (FBG) seismic sensor system has
been developed for the detection of strain vibrations in
underground rock mass excavations[3].

The sensitivity of this measuring system, however, islimited
by the noise caused from the laser wavelength instability,
disturbance, and the rough measurement surroundings in
underground structures. To improve the signal to noise ratio
of the measuring system, the sensor structure has to be
optimized and the laser source should be further stabilized on
one hand, and noise must be reduced by signal processing on
the other hand [2].
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In the following sections a background about the measuring
principle of Bragg grating and wavelength optimization of
the laser source is given. Signal processing and noise
reduction methods are described, and results from laboratory
and field experiments are discussed in detail.

2. BACKGROUND

The scheme of the fiber Bragg grating seismic sensor system
is shown in Fig.1. The sensor-head consists of a glassfiber
reinforced polymer (GRP) rockbolt in which the grating is

glued by epoxy resin.
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Fig. 1 Experimental setup for data acquisition of dynamic seismic strain
signalsin underground rock mass

A distributed feedback laser (DFB-Laser) with a wavelength
range from 1548.75 nm to 1551.25nm sends an optic signal
to the fiber Bragg grating through a fiber optic circulator. A
part of the optic signal is reflected from the Bragg grating
and back through the circulator to a photo-detector. This
reflected signal is converted into an electrical signal. The
signa is amplified, filtered and then sampled with an
oscilloscope. The sampled signa is processed in a PC
system.

The intensity of the reflected optic signal is a function of the
Bragg grating period which relates to the applied strain on
the Bragg grating. Therefore the dynamic strain can be
derived from the intensity change measurement as function
of the wavelength of the reflected optic signal [3].

In order to realize a maximal sensitivity of the strain
measurement, the wavelength of the applied DFB-laser is
optimized by dc photovoltage measurement. Fig. 2 shows the
photovoltage from the pre-amplifier and sensitivity as
function of the wavelength of the laser source. The maximum
photovoltage is at the wavelength of 1549.95nm for the
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experimental fiber optic Bragg grating system. The first
maximal sensitive point is located at the wavelength of
A 01=1549.86nm, while the second maximal sensitive point is
at A2=1550.05nm.
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Fig.2 Effective value of dc photovoltage and sensitivity derived
from the dc photo-voltage

To choose the better one from the two optimized wave-
lengths, the effective noise values at these two wavelengths
are measured within a bandwidth of 100 Hz to 5 kHz. A
measure is defined by

rms
as criteria, where S and rms denote the sensitivity and the
effective noise value, respectively. The wavelength with a
higher value of m will be used for the measurement.
The strain sensitivity of this measuring system is limited by
the noise caused by the instability of the laser wavelength,
disturbance, and measurement conditions. Fig. 3 shows the
rms-values of the origina noise. The effective value of the
noise reaches its maximum in the most sensitive wavelength
range.
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Fig.3 Effective values of ac photovoltage as function of wavelength

It is difficult to reduce the noise by a band pass filtering since
the magnitude spectrum of the signal is superimposed by the
noise spectra (Fig. 4). Seismic signals are usually in the low
frequency range of 100 Hz to 5 kHz. In this case strain
variations down to 10°° can be detected. This corresponds

with theresultsin first field experiments presented in [1].
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Fig. 4 Magnitude spectrum of noise at optimized wavelengths

3. SIGNAL PROCESSING

To reduce the noise, special methods like iterative numeric
smoothing, autocorrelation functions, and discrete Fourier-
Transformation are used for signal processing.

3.1 Iterative Numeric Smoothing

The numeric smoothing has the property of alow pass filter.
In order to smooth the sampling value x (k=0, 1, 2, ...,N-1)
at sampling point, a polynomial of 3. ordeP(t) is putted

through 5 sampling points. The value of the polynomial at

the positiont, is defined as the smoothing valye The
output signaly is written by [5]

1
Yk = gs(‘3xk—2 +12x g +17% +12%41 —342)  (2)

with k=2, 3, ...,N-3.

k-2 k-1 k k+1 k+2
Fig. 5 Smoothing using a polynomial and 5 sampling points

For smoothing the first twd€0,1) and last twokEN-2, N-1)
sampling values the following equations are used, i.e. [5]:

0 1
o :%(GQXO +4%1 —6X%o +4X3 — Xy4)
0 1

?/1 :3—5(2x0 +27% 12 —8Xg +2X4)

%/N—Z = 3_];__)(2XN—5 ~8xN-4 +12N-3 + 2PN + 2XN-1)

%N—l = 7—10(‘XN—5 +AXN-4 ~OXN-3 +AXN-2 +6XN-1)
3)

For an iterative smoothing the output signak assigned to
the input signak,. Therefore a further smoothing can be
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carried out by (2) and (3) using the new input signal.

After one smoothing the noise reduction ratio, which is
defined as the ratio of the noise effective value before
processing to the noise effective value after the processing, is

about /2 according to [6]. The reduction ratio increases to
(JE )M if M iterative smoothing is used.

values (Fig. 3), the noise effective values are reduced by the
both signal processing methods. Table 1 shows the noise
reduction ratio.

Table 1 Noisereduction ratio k, of detectable strain when using digital
signal processing (k=¢gJ/€, &, origina strain calculated with
sampling data, €: strain calculated with processed data)

. . Method Numeric Autocorrelation | NSand
3.2 Discrete Autocorrelation Wavelength Smoothing (NS) | Function (ACF) | ACF
; ; ; 1549.86 nm 1.17 6.30 8.61
ncorr noi n I r iscr
Uncorrelated noise can considerably be reduced by a discrete 150,05 175 YR Tgo

autocorrelation function which separates the noise from the
signal using the property of band-pass filter.

For a discrete input signal x¢ (k=0,1,2..., N-1), two time
windows are used for calculating a discrete autocorrelati
function. Each window contairté; sampling points. The first
window is fixed at the beginning of the time axis, while the
second window moves from the beginning to the end of the

time axis with a delay timg (Fig. 6). The Bragg grating measuring system is tested in laboratory

The strain sensitivity can reasonably be improved by using
0ﬂ'gnal processing algorithms. With these algorithms, strain
variations in the order of 18 can be detected.

4. EXAMPLES
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and field experiments. A Bragg grating is embedded in an
experimental rock of 1.5 m length. A seismic signal with a
frequency about 1.67 kHz is generated if a metallic ball
excitation is applied on an end of rock in the axial direction.
The measuring system records the seismic signal. Fig. 8
shows the original sampling signal and its autocorrelation
function. The signal to noise ratio is reasonably improved by

V.

Fig. 6 Autocorrelation function using fixed and movable windows

' using the autocorrelation function.
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The autocorrelation function is defined by <
N, -1 °

Yq= lim — ZXka+n , (n=0,1,...,N-Ny) (4) 8
Ny - N1 K=o 2

The windows should contaif® signal periods, normally
1<P<10. The noise reduction depends on the sampling
numberN; within the windows. The numbeX; should be
high enough to reduce the noise effectively. The noise

reduction ratio of the autocorrelation is ab@H;\/N_l [6].
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Fig.7 Noise effective values after signal processing
asfunction of wavelength The magnitude spectrum of the signals is shown in Fig. 9.
The frequency component of the seismic signal is obviously
Fig. 7 shows the noise effective values as function of thgmplified by using the autocorrelation function, while the

wavelength. In comparison with the original noise effectivg,pise frequency components are reduced.
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Fig. 9 Magnitude spectrum of sampling signal and autocorrelation
function (laboratory measurements)

For field experiment an anchor with a Bragg grating is
embedded in underground rock mass (Fig. 1). A seismic
signal is generated with a hammer excitation in a distance of
about 10 m from the embedded Bragg grating. Fig. 10 shows
the detected signal and its autocorrel ation function. The noise
is effectively filtered with the autocorrelation function. The
spectrum of the both signalsisgivenin Fig. 11.
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Fig. 10 Seismic signal and its autocorrel ation function detected with the
Bragg grating system in underground rock mass
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Fig. 11 Magnitude spectrum of sampling signal and autocorrelation
function (field measurements)

4. CONCLUSIONS

For the measurement of dynamic seismic signals using a
Bragg grating system the wavelength of the DFB-Laser is
automatically optimized by measuring the dc photovoltage
before the measurement. The noise influence caused by the
instability of laser wavelength is reduced by the iterative
smoothing and discrete autocorrelation function. Results
from laboratory and field measurements show that the noise
reduction of the autocorrelation method is very effective.

To further improve the sensitivity and the signal to noise
ratio, the sensor structure must be optimized, and an optic
band-pass filter, e.g. a Bragg grating controlled with peltier
element or piezoceramic, should be integrated between the
circulator and photodetector in the measuring system. These
will be addressed in an further contribution.
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