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Abstract: We demonstrate a compact and high-resolution dual-polarization fiber laser accelerometer.
A spring-mass like scheme is constructed by fixing a 10-gram proof mass on the laser cavity to
transduce applied vibration into beat-frequency change. The loading is located at the intensity
maximum of intracavity light to maximize the optical response. The detection limit reaches

107ng/Hz'"? at 200 Hz. The working bandwidth ranges from 60 Hz to 600 Hz.
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1. Introduction

High-resolution accelerometer is an essential
device in geophysical applications. Fiber-optic
accelerometers have presented inherent advantages
including high responsivity, low temperature cross
sensitivity, and immunity to electromagnetic
interference [1, 2]. To date, photonic accelerometers
have been demonstrated in many different schemes
to attain higher detection limit. Interferometric
accelerometers have been fabricated by using a
compliant cylinder or a central/edge-supported
flexural disc to elongate optical fibers [3-5]. An

accelerometer with a minimum  detectable

2 has been achieved with

acceleration of 84 ng/Hz
75-meter long optical fiber [4]. Fiber Bragg grating
based accelerometers have attracted great interests
due to the much shorter sensing element [6—8]. For
(FBG)

double-diaphragm

example, the fiber Bragg grating

accelerometer based on a
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structure has exhibited a resolution of 385 pg/Hz"*.

Fiber laser accelerometers have higher detection
capability as a result of the narrow linewidth of the
laser output and the interrogation based on phase
detection. For example, a fiber laser accelerometer
with 126 ng/Hz'* resolution has been achieved by
directly stressing the laser with a proof mass [8].
Alternatively, single-longitudinal-mode fiber
lasers with the orthogonal polarization output have
been exploited as high resolution sensors, by
monitoring the beat frequency in the radio frequency
(RF) domain [9, 10]. In this paper, we demonstrate a
high-resolution  dual-polarization  fiber laser
accelerometer. The accelerometer is fabricated by
simply fixing a 10-gram proof mass on the laser
cavity at the light intensity maximum, to effectively
transduce applied vibration to beat-frequency
variation. The accelerometer presents a resolution of
107 ng/Hz"* at 200 Hz and a working bandwidth

from 60Hz to 600 Hz. This accelerometer presents
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sub-pg detection limit with a weight of only tens of
grams, which is greatly beneficial for geophysical
applications.

2. Dual-frequency fiber grating laser

Figure 1 shows the schematic of the sensing
element, i.e., a fiber grating laser, fabricated by
photoinscribing two wavelength-matched, highly
reflective (typically higher than 25 dB) intracore
Bragg gratings in an Er-doped fiber. Due to the
imperfection in symmetry of the fiber core and the
ultraviolet (UV) side
frequencies v, and v, of the two orthogonal

illumination, the lasing
polarization modes are somewhat different, yielding
a radio-frequency beat signal. The beat frequency is
mainly determined by the intracavity birefringence
B denotes the
birefringence, ¢ is the vacuum light speed, and ny

by v=|lvev|=cB/nok, where

represents the average mode index.
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Fig. 1 Schematic of the dual-polarization fiber grating laser.

Figure 2 shows the measured spectrum of the
beat signal of a fiber grating laser in an Er-doped
fiber (M-12, Fiber Core Ltd.). The gratings are
5.5mm and 4.5mm in length and 31dB and 29.6dB
in coupling strength, respectively. The grating
separation is about 2mm. We intend to reduce the
separation as possible to approach the distributed
feedback (DFB) structure. The lasing wavelength is
1553 nm, determined by the pitch of the phase mask.
The beat signal is measured by use of a vector signal
analyzer (MS2692A, Anritsu), which incorporates a
with  extremely high
frequency resolution, with 1 kHz resolution
bandwidth. The beat frequency is 371.65 MHz,
corresponding to a birefringence 2.78x10°® of the

frequency demodulator

fiber. The signal-to-noise ratio is higher than 60dB.
The laser can be exploited as a photonic sensor by
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transducing the measurands into beat frequency

variation.
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Fig. 2 Measured frequency spectrum of the output beat
signal.

3. Sensitivity and noise

The accelerometer has a  spring-mass
configuration, which involves transversely loading
the cavity with a proof mass. The frequency
responsivity can be characterized by use of the

mechanical susceptibility, expressed by [11]

m

7' =0 - +i

(1)

where @ and w, represent the frequencies of

m

tapplied vibration and the mth order natural
frequency, and @, is the quality factor of the
indicates that the
at the frequency range below the

resonator. This expression
responses
fundamental resonance frequency are very close to
the static response. Here, we can alternatively
analyze the optical response of the laser sensor to a
static load. Since the beat frequency is originated
from the round-trip phase difference between the
two polarization modes, the response in terms of
beat-frequency shift to a localized perturbation is
highly dependent on the local intensity, which can

be expressed by
Av=—[" AB(2)I(2)dz )
NgA "~

where AB is the induced local birefringence which is
in proportion to the applied load, and [/ represents
the local intensity normalized by jf;cl(z)dzzl.
The intensity profile of an ideal DFB laser can be
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expressed by

I(2)=K-e " 3)
where x (m™') represents the grating coupling
coefficient. The intensity profile presents a peak at
the phase shift point where z=0, yielding a
maximum sensitivity at this point. Equation (3)
indicates that the sensitivity is proportional to the
grating coupling strength.

Figure 3 shows the measured longitudinal
sensitivity profile by scanning the loading position
with a glass rod of 5.1 gram rolling along the fiber
length via quasi-point contact by use of the setup
described in [12]. The fiber laser is placed on an
inclined plane with the angle 6=17° between the
horizontal and inclined planes. Meanwhile, an
ordinary singlemode fiber is placed parallel to the
fiber laser as a support fiber to keep the balance of
the rod. Therefore, the normal force subjected to the
laser is N=mgcos6/2=2.39x10"2 N. In this
measurement as well as the accelerometer
implementation in the following text, the load is
applied in accordance with principle axis of the fiber
to maximize the sensitivity. The measured curve
presents a single peak in between the two gratings,
in accordance with the measured intensity profile in
[13]. The maximum sensitivity can be calculated as
72 MHz/gram. Considering the grating coupling
coefficient can be as high as 1000 m™' in our
experiment, the laser is expected to have a
sensitivity as high as 100 MHz/gram. However, due
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Fig. 3 Measured sensitivities of the fiber grating laser to a
static transverse load along the fiber length.

to the limitation in fiber gain, we have to leave a
certain separation between the two gratings to
achieve laser oscillation. This deviation can be
equivalently treated as a DFB laser with lower
grating coupling strength or longer cavity length.
The frequency noise of a fiber grating laser with
the single polarization mode output has been
investigated in [14-16], and the dominate noise
source is the nonequilibrium thermal fluctuation
over the gain medium, yielding a 1/f profile over the
low and intermediate frequencies (which are exactly
the frequency ranges of interest). The two
polarization modes of the present laser share the
same cavity and have a high correlation degree. As a
result, the noise level of the beat signal also presents
the 1/f profile but is much lower than each
polarization mode [15]. The noise spectral density
can be simply expressed by S(f)=C/f, where C
represents the noise strength. Figure 4 shows the
measured spectral density profile of the frequency
noise. The C value is estimated as C=2.2x10° (Hz?)
via exponential fit. Generally speaking, active fibers
with higher concentration can produce a higher
noise level. Note that the noise level is also related
to the intensity profile. It can be approximately
considered proportional to the item |[[I°(z)dz .
Substituting the intensity profile depicted by (3), the
noise level of a dual-polarization laser is
proportional to Jx . This fiber is selected for
accelerometer fabrication because it produces
relatively low noise level among the individual
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Fig. 4 Measured frequency noise of the beat signal.
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products and can provide sufficient photosensitivity
for grating inscription. In addition, the noise level is
irrelevant with the power and the wavelength of the
pump laser.

Regardless of the frequency demodulation
capability, the detection capability of the laser
sensor can be characterized by the ratio of
sensitivity over noise, which is proportional to Jx .
That means the higher grating coupling strength (or
shorter effective cavity length) can result in lower
detection limit. That is why we intend to shorten the
laser cavity in the implementation of the laser
accelerometer.

4. Implementation and characterization
of the accelerometer

Figure 5 shows the experimental setup of the
fiber laser accelerometer. A 10-gram proof mass is
fixed onto the laser cavity at the intensity maximum.
The contact length between the mass and the laser
cavity is about 2 mm. In this mass-spring like
structure, the fiber laser acts as a “spring”. When the
sensor package is subjected to vertical vibration, the
proof mass periodically squeezes the fiber and
consequently causes a beat-frequency shift. The
amplitude, frequency, and phase of the applied
vibration can be optically interrogated by reading
out the beat frequency shift. A dummy fiber is
placed parallel to the lasing fiber to keep balance of
the structure. The fiber grating laser is pumped with
a 980 nm laser diode via a wavelength division
multiplexer (WDM). An in-line polarizer is used to
maximize the intensity of the beat signal. A
reference sensor is also attached on the exciter for
calibration. Compared with our previous work based
on the cantilever based transducer [17], the present
structure has higher transducing efficiency. This
configuration can be highly compact, compared to
transducers for the single-frequency fiber laser
accelerometers like the ones described in [8].

Figure 6 shows the measured beat-frequency
deviation as a function of acceleration amplitude at
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480 Hz. The accelerometer demonstrates a linear
response versus vibration strength. Figure 6 inset
shows a typical sensor output in terms of beat-
frequency variation measured by the signal analyzer.
The applied acceleration is 6.34 mg.
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Fig. 5 Experimental setup of the fiber laser accelerometer
(WDM: wavelength division multiplexer; ISO: isolator; PC:
polarization controller; PD: photodetector; VSA: vector signal
analyzer).
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Fig. 6 Measured frequency deviation as a function of
acceleration amplitude at 480 Hz (inset: typical output signal
under variation with a frequency of 480 Hz and an amplitude of
6.34 mg).

Figure 7 shows the average sensitivity below
600 Hz is estimated as 290 MHz/g (1 g= 9.8 m/s).
The fundamental natural frequency is about 680 Hz
as a result of resonance effect. The sensor presents a
broad and flat frequency range from 60Hz to 600 Hz
as the operating bandwidth. This natural frequency
is much lower than our calculated result, due to the
out-of-phase vibration arising from the imperfection
of the
detectable signal is fundamentally limited by the

transducer fabrication. The minimal
frequency noise of the beat signal in Fig. 4. For

example, the frequency noise at 200 Hz is about
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971 HZzYHz (31.2 Hz/HZ").
sensitivity of 290 MHz/g and the sensitivity-to-noise
ratio (SNR) of 139.3 dB/g/Hz'?, the minimal

Considering the

detectable acceleration 1is estimated as about
107 ng/Hz"* at 200 Hz.
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Fig.7 Measured frequency response and related sensitivities
with an acceleration amplitude of 6.34 mg.

5. Conclusions

In summary, we have demonstrated a

high-resolution  accelerometer based on a
dual-polariztion fiber grating laser with a device
weight only tens of grams. A resolution of
107 ng/Hz"* at 200 Hz has been attained with a
spring-mass like transducer scheme. Theoretical and
experimental investigations reveal that an ideal DFB
fiber laser with higher grating coupling strengths (or
shorter effective cavity length) can enable higher
detection capability to the applied load. The further
performance improvement on both the
fabrication of an active fiber with both high UV

photosensitivity and

relies

optical gain and the

improvement of the transducer fabrication.
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