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ABSTRACT

A long-period grating (LPG) written on a standard single mode fiber is investigated as a curvature and vibration sensor.
It is demonstrated a high sensitivity to applied curvature and the possibility to monitor vibration in a wide range of
frequencies from 30 Hz to 2000 Hz. The system was tested using an intensity based interrogation scheme with the LPG
sensor operating in the curvature regime. Results have shown a reproducible frequency discrimination in the 30 Hz to
2000 Hz, with resolutions between 11 mHz and 913 mHz. Frequency retrieval could be performed independent of
temperature up to 86 °C.
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1. INTRODUCTION

Fiber optic vibration sensors have been subject of great interest due to its relatively small dimension, inherent insolation
provided by the fiber itself and immunity to electromagnetic effects'. Nowadays, a large diversity of vibration sensors
are being used in real-time structural health monitoring for civil infrastructures and engineering systems, namely bridges,
buildings and railway tracks®. In the case of large-scale structures like bridges, low frequency vibrations are the most
commonly monitored. In this range of operation, however, traditional electromagnetic vibration sensors are usually very
limited and inadequate while operating in the presence of high magnetic fields, or subjected to corrosion, giving rise to
faults.

Low frequency signals give information about the presence of small cracks and discontinuities. For an old arch bridge,
that vibration frequencies in the range of 6 Hz to 44 Hz are the most suitable for the detection of signs of structural
degradation®. Furthermore, for a centenary iron arch bridge®, bending and torsion of the structure present vibration
frequencies within the 0.9 Hz and 9 Hz range. On the other hand, higher frequencies in the range of 1 kHz to 1.5 kHz
enable the early detection of potential problems in electrical machines as bearing, eccentricity, end ring faults and broken
rotor bars’.

According to the working principle, vibration fiber optic sensors can be implemented using different sensing elements
such as fiber Bragg gratings (FBG)® or long-period gratings (LPGs)’.

In this paper, a simple approach is presented using a single LPG fabricated in a standard single mode fiber (SMF),
exciting a low order mode, keeping its sensitivity to external refractive index relatively low. The sensor operates with
amplitude modulation of a narrow spectral signal, enabling the frequency retrieving capability to be maintained over a
relatively large temperature range. The sensor was characterized and demonstrated as suitable for a high sensitivity
curvature or vibration measurement applications.

2. PRINCIPLE OF OPERATION

A long period grating consists of a refractive index perturbation inscribed along the fiber with a periodicity of hundreds
of microns. The amplitude and periodicity defines the coupling between the propagating core mode and co-propagating
cladding modes. The high attenuation of the cladding modes, results in a series of attenuation bands, in the transmission
spectrum, where each peak corresponds to a different cladding mode®. For this experiment, the LPG sensor was inscribed
in a single mode fiber using a CO, laser with a periodicity of 600 um. Typically, this fabrication technique creates a LPG
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which excites asymmetric modes, LP,, in this case the 31 mode, corresponding to the 1570 nm wavelength. The use of
a high period grating was chosen in order in order to couple energy to lower-order modes and deliver lower refractive
index sensitivity, ensuring a reduced cross-sensitivity to this parameter.

3. EXPERIMENT AND RESULTS
3.1 Temperature and refractive index characterization

As known from literature, LPG sensors are susceptible to temperature and refractive index changes. The sensor was
firstly characterized in temperature using an oven, where the LPG was fixed carefully without torsion and maintained
with a constant strain. A change between 30°C and 90°C showed a positive linear wavelength shift of
57.67 £ 0.26 pm/°C. The LPG cross-sensitivity to the external refractive index was also evaluated following a procedure
where a change of -1.074 £ 0.02 nm was calculated for a refractive index change between 1.0003 and 1.3355, measured
at 589.3 nm.

3.2 Curvature

Evaluation of the sensor behavior as device for structural health monitoring was first performed by submitting the sensor
to curvature and strain, using the setup of Figure 1 (a). The LPG was fixed between a static and a moving rod, where the
latter was attached to a translation stage possessing 5 um resolution. The initial distance was set to d = 326 mm and
corresponds to AL = 0, the transition point between the fiber being submitted to curvature or strain. In Figure 1 (b) it is
shown the LPG transmission spectra, obtained with an OSA (Optical Spectrum Analyzer) to small deformations applied
to the sensor by turning the screw on the translation stage between -55 pm up to 80 um. The LPG resonance shows a
large change in the resonance depth (13.63 dB) for small increments of AL, with only 1 nm change in the central
wavelength. The negative and positive values of AL correspond to curvature and strain, respectively.
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Figure 1. (a) Setup used for characterization of the response to curvature and in (b) the transmission spectrum of the LPG as
function of AL.

Variation of the transmitted power at a fixed wavelength of 1570 nm was also recorded, as function of AL with the fiber
oriented at 0, 45, 90, 135 and 180 degrees and the data obtained is shown in Figure 2 (b). Results showed very good
reproducibility, with very small deviations registered between tests, for all angles tested, showing no asymmetries in the
sensor response. Furthermore, while decreasing the displacement to the initial value no hysteresis was observed. As
noticed earlier, much higher power variation are observed in the region where curvature is applied to the LPG, i.e. for
negative values of AL. Therefore, it is expected that any small perturbation in the curvature will be translated into a
linear power fluctuation in the transmitted power. In particular, from the recorded data could be estimated a change
of -148 + 3.5 uW/nm (R*= 0.99396) between -55 um and -10 um. A logarithmic curve was also fitted to the data in the
range between -40 um to 50 um with -0.17877 + 0.00279 dB/um (R*=0.99781). A strain-displacement sensitivity of
3.077 pue/um was calculated for positive values of 4L and the behavior of the transmitted power and the corresponding
radius of curvature is present in Figure 2 (b).
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Figure 2. LPG resonance power change at 1570 nm as function of the (a) 4L between -55 pm and 80 pm or in (b) as
function of the curvature.

3.3 Vibration

The high sensitivity to very small applied curvatures indicates that the LPG should also be responsive to acoustic
vibration, because pressure variations will induce micro curvatures and strain in the fiber surface. In order to evaluate
this idea, an intensity-based system was implemented as shown in Figure 3 (a). It uses a tunable laser, Santec TSL-210V,
tuned to the 1570 nm wavelength, (LPG resonance peak). The transmitted optical power fluctuation, dependent on the
applied vibration was recorded using a photodetector and an analog digital-converter system (DAQ NI USB 6363). A
computer with a specially developed control software (LabVIEW) was used to record the AC optical signal. In Figure 3
(b) it is shown a schematic of the laser tuned to the LPG resonance and the corresponding transmitted optical power
detected by the photodetector, when a vibration signal is applied.
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Figure 3. (a) Setup used for testing the sensor response to vibration and (b) a schematic of the relative position of the optical
source and the resonance spectrum of the LPG.

The sensor response was characterized in the curvature regime (4L = -30 um), where the change in the optical power is
higher, by applying an average vibration amplitude of 0.5 Vgys to the speaker from 30 Hz to 2000 Hz as shown in Figure
4 (a). Three independent tests were conducted, where some resonance peaks were detected at 300 Hz, 580 Hz and
1810 Hz, showing very high changes in amplitude, particularly in the vicinity of the resonances. For instance, the
resonance neighboring 300 Hz showed from the first to the second measurement an amplitude increase of 20.7 %. For
the resonance at 580 Hz an amplitude increase of 200 % was observed between the first and the second measurements.
This may be due to an unstable resonance condition of the sensor setup. In fact, off the resonances it can be observed that
the sensors yielded very reproducible results. While temperature changes affect mostly the resonance wavelength, it
introduces a reduction in sensitivity, affecting the detected modulation amplitude. However, results have also shown it
was still possible to recover the modulation frequency, with a minimum signal variation (ACgys/DC)/Modrys of
0.0014 1/V even with temperature changes of up to 86 °C.

To better characterize the sensor performance, the frequency resolution was estimated in different situations. These
values were calculated as two times the standard deviation of the measured frequency in 60 s samples intervals and the
largest error measured in three independent tests. In the whole frequency range tested, the resolution estimated was
changing from the best resolution of 11 mHz at 30 Hz, to the worst value of 913 mHz at 2kHz.
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Figure 4. (a) Recovered AC amplitude and in (b) the frequency resolution as a function of the frequency generator.

4. CONCLUSIONS

In this paper an LPG was proposed for vibration and magnetic field sensing by recording the changes in the resonance
peak amplitude with an intensity-based scheme. The sensor was tested by positioning the LPG sensor on the plate and
operating it in the curvature regime. It was demonstrated the possibility to detect vibration in structures with frequencies
ranging from 30 Hz to 2000 Hz with a maximum resolution of 11 mHz. Having into account the frequency resolutions
attained, the optical sensor is suitable for applications in structural health monitoring only for frequency discrimination,
in applications where the amplitude of modulation is not critical. In such case, frequency measurement can be performed
independent of temperature for changes as high as 80 °C.
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