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Abstract

A vibration sensor based on a distributed Bragg reflector (DBR) is proposed. The gratings that
form the cavity are written in erbium-doped fibre using the femtosecond laser technique. In
this configuration, one grating of the DBR acts as a sensor whilst the other one acts as a
spectral filter. The active sensor, subjected to vibration measurements, exhibits a response of

up to ~1.5 kHz.

(Some figures may appear in colour only in the online journal)

1. Introduction

The monitoring of vibrations is extremely important in areas
such as civil and industrial engineering [1]. Optical fibre
vibration sensors have arisen as an alternative to conventional
electric ones. Different configurations have been proposed
to measure vibration, based on Mach—Zehnder interferome-
ters [2], microfibre knot resonators [3], fused—tapered optical
fibre couplers [4], Michelson interferometers [5] or even fibre
Bragg gratings (FBGs) [6].

On the other hand, the use of fibre lasers to perform
active measurements has also been widely explored in recent
years. This technology can provide a significant increase
in the signal-to-noise ratio (SNR), since the amplification
takes place in the optical domain, instead of the electrical
one [7]. These devices have been subjected to strain [8, 9],
temperature [7, 10], bending [11] and twist [12].

Different fibre laser configurations have been presented to
measure vibrations, from a ring fibre laser with FBGs [13, 14],
to the use of a distributed feedback laser (DFB) to interrogate
a serial array of Fabry—Perot interferometers [15], or even
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a Sagnac interferometer that was able to measure vibrations
with linear high-sensitivity [16].

In this letter, a linear laser cavity is proposed to perform
vibration measurements. The mirrors, two gratings written
in highly doped erbium-doped fibre, are 20 cm apart from
each other. One of the gratings is subjected to vibration
measurements up to 1.5 kHz, while the other one is used as
a filter.

2. Experimental results

The experimental setup, exhibited in figure 1, was constituted
by a 980/1550 nm wavelength division multiplexer (WDM),
whose input arms were connected to a 980 nm pump
laser diode and to the data acquisition systems. The pump
laser diode could achieve a maximum power of 200 mW.
Depending on the measurement carried out, an optical
spectrum analyser (OSA) or a photodiode connected to an
electrical signal analyser (ESA) was used. On the 1550 nm
output arm of the WDM, a splice was made to the
erbium-doped fibre.

© 2013 Astro Ltd Printed in the UK & the USA
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Figure 1. Experimental setup.
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Figure 2. Optical spectra of the laser cavity when no strain was
applied (black line), when the two FBGs were aligned (blue line)
and when FBG1 was placed in the slope region of FBG2 (orange
line).

In a DBR fibre laser, two FBGs enclose a rare-earth
doped optical fibre section, acting as mirrors. In this case, the
Er3+-doped fibre, described in [17], had a length of ~20 cm.
Two fibre Bragg gratings (FBGs) were inscribed in this fibre
through the femtosecond laser technique. The FBGs were
written so that their Bragg wavelengths would be ~1 nm apart
from each other. Thus, the splice between the WDM output
arm and the Er3+-d0ped fibre was made close to FBG1, which
presented a lower Bragg wavelength (Ag = 1549 nm). FBG1
was attached to a translation stage, with a resolution of 1 pm,
and FBG2 was attached to a piezoelectric, which was, in its
turn, connected to a frequency wave generator.

With the indicated Bragg wavelength mismatch, no lasing
occurred initially. However, when strain is applied to a
grating, there will be a shift towards higher wavelengths
(red shift). Figure 2 presents the optical spectra for different
applied strains. The black line shows the initial spectra, where
the first grating is read in transmission, and the second in
reflection, and gain will occur in between the two. When
the two Bragg wavelengths were matched, lasing emission
occurred, as can be seen from the blue line of figure 2.
However, if the first grating was placed in the slope of the
second one, as evidenced by the orange line in this figure,
not only did the optical power increase, but also a higher
sensitivity to frequency changes on the second grating was
expected. When FBG?2 is subjected to vibration, it will cause
a small strain in the device, which will translate into an
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Figure 3. Laser peak power variations with applied strain. The
tendency line represents the FBG spectral response.
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Figure 4. Dependence of the optical power on the voltage applied
to the PZT.

intensity shift. This variation is expected to be observable in
the frequency domain.

A thorough study of the behaviour of the laser peak
power with the applied strain was performed, as can be
seen in figure 3. As previously mentioned, when the Bragg
wavelength of FBG1 coincides with the slope region of FBG2,
there is an increase in the optical power of the laser peak.
Besides, in these regions the laser only presented one emission
peak, while when FBG1 was in the flat region of FBG2,
several lasing peaks appeared. This multiple peak emission
was due to mode hopping. In a cavity of several cm, such
as this one, the number of modes competing is extremely
high, and can be determined through the cavity resonance
condition m = 2nL./l;, where n is the refractive index of
the gain medium, L. corresponds to the laser cavity length,
Ap is the lasing wavelength and m stands for the number of
modes. However, only the longitudinal modes that present
sufficient gain will oscillate [7]. Once the position of the first
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Figure 5. Dependence of the average power on the sinusoidal wave frequency of the PZT for (a) the passive device and (b) the active

device.

grating was established, it was held steady throughout the
vibration experiments that followed. It should be noticed that
the response obtained in figure 3 is not symmetrical due to the
different spectral behaviour of each grating.

Frequency measurements were carried out by applying a
sinusoidal wave signal to the piezoelectric. All measurements
were averaged over ten samples and with a pump laser diode
emission of 135 mW. Figure 4 presents the optical power
versus the peak-to-peak voltage amplitude applied to the PZT
at a constant frequency of 1060 Hz. There is a higher increase
for lower tension values than for higher ones (V > 6V/,;,). This
is somewhat expected, since for higher tension the second
grating oscillation amplitude becomes so high that it runs
through the whole slope region of FBG1, thus becoming less
affected by increase of the sinusoidal wave amplitude.

Setting the applied voltage at 9Vj,, measurements
were carried out by varying the sinusoidal wave frequency.
However, the results can be misleading since the behaviour
observed in figure 5(b) is a result of both the PZT response
and the laser response. Thus, a characterization of the PZT
was performed first, by performing the measurements without
amplification in the laser cavity. As can be seen in figure 5(a),
the average power increases as the frequency becomes higher.
Besides, a decay of 1/f in the noise can be observed. These
two characteristics are due to the electronic noise of the
system and the applied frequency approaching one of the PZT
resonances. Figure 5(b) shows the optical power amplitude
of the system with optical gain increase to an extent smaller
than the one observed in figure 5(a). This may be due to the
combination of the modulated grating starting to approach
the non-linear region of FBG1 and the non-linear effects
associated with laser cavity operation.

3. Conclusions

In summary, a vibration sensor based on a distributed Bragg
reflector was presented. The two fibre Bragg gratings were
written in erbium-doped fibre using a femtosecond laser. One
of the gratings was subjected to frequency variations. The
active sensor exhibited a response of up to ~1.5 kHz. Usually,
the whole structure of a DBR fibre laser is subjected to the

measurand, when used as a sensor. In this case, one of the
gratings was subjected to vibration and the other one acted as
a filter. This laser cavity is easy to fabricate and exhibits good
response to vibration, proving to be a good choice to perform
active vibration measurements. Besides, it can also be used for
remote sensing or as a multiplexable system.
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