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Fiber-optic accelerometer
based on a modal interferometer
using a thin-core fiber
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A compact fiber-optic accelerometer based on a modal interferometer, which is fabricated by
misaligned splicing of a short section of a thin-core fiber between two sections of a standard
single-mode fiber, is demonstrated experimentally. A spectrum analysis method is used to detect
an acceleration signal rapidly. The experimental results show that the thin-core fiber-based
fiber-optic accelerometer has a minimum detectable acceleration of 3.3x107>g (g — gravitational
acceleration), and a wide frequency response range from 10 to 1200 Hz. Moreover, the proposed
accelerometer exhibits the advantages of low cost, simple structure and easy fabrication.
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1. Introduction

Fiber-optic sensors have found numerous sensing applications because of their distinct
advantages, such as immunity to electromagnetic interference, small size and passive-
ness. Recently, many works have been focused on fiber modal interferometers due to
their good sensing abilities and simplicity of fabrication [1-4]. In previous articles,
modal interferometers based on a single-mode fiber (SMF), multimode fiber (MMF)
and thin-core fiber (TCF) [5-8], have been widely adopted and applied in different
fields to sense many physical parameters including curvature, displacement, strain, re-
fractive-index, temperature and so on [9—14]. For example, LiL1 MAoO ef al. proposed
a Mach—Zehnder interferometer (MZI) for curvature sensing and the maximum sensi-
tivity of the structure was about —22.947 nm/m™! in the range from 0.35312 to
2.8127 m™! [5]. IANGTAO ZHOU et al. demonstrated an intensity-modulated strain sen-
sor based on an in-line MZI, and the strain sensor exhibited a high sensitivity of
—0.023 dBm/pe within a measurement range of 500 e through optical-spectral detec-
tion [10]. GuoLU YIN et al. reported an asymmetrical MZI for sensing a refractive-index
which was realized by concatenating single-mode abrupt taper and core-offset section.
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Experimental results showed that the sensitivity of the proposed sensor is 28.2 and
59.2 nm/RIU (RIU — refractive index unit) for interferometer length of 30 and 50 mm,
respectively [15]. Thus, we can see that all of these works have achieved meaningful
results in sensing applications. However, optical-spectral detection employed in the
modal interferometers mentioned above, rather than frequency spectrum detection,
were slow and costly in practical sensing applications.

In this paper, a compact fiber-optic accelerometer (FOA) based on a thin-core fiber
modal interferometer is proposed. The FOA is fabricated by misaligned splicing of
a short section of TCF between two sections of SMF. The whole fabrication process
is quite simple and the sensor structure is cost-effective, and all optical fibers we used
are single-mode fibers. As opposed to the optical-spectral detection method reported
in previous papers, a spectrum detection method without any demodulation system is
used in the experiment to detect the fast-changing signals.

2. Sensor design and principle
2.1. Sensor design

The configuration of the accelerometer sensing system is shown in Fig. 1. A section
of TCF used as a sensing fiber is inserted between two sections of SMF to form
an accelerometer sensing structure, and the sensing structure is fixed on solid frames
stretched along the fiber axis. It is worth noting that the beam is only composed of
a thin-core fiber as shown in Fig. 1, which is a uniform beam. The TCF-based FOA is
illuminated through a tunable laser with an output power of 3.0 mW. When external
acceleration makes sensing fiber deformation, the optical phase of the sensing structure
will change which results in the changing of the output intensity of FOA, and then
the output intensity can be observed and analyzed by signal processing circuits.
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Fig. 1. Schematic diagram of the proposed TCF-based FOA.

In the experiment, the core/cladding diameters of the SMF and the TCF are 9/125
and 6.5/80 um, respectively. In order to obtain high fringe contrast and low insertion
loss, two core-offsets at spliced joints between the SMFs and the TCF are introduced.
At the first misaligned splicing joint, light propagating in the lead-in fiber is divided
into two parts, one propagates along the core of the TCF as a core mode, and the other
propagates along the cladding of the TCF as a cladding mode. After propagating
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through the TCF, the two parts of light meet and recombine in the lead-out SMF which
results in modal interference. Thus, a modal interferometer based on TCF is formed.

2.2. Theoretical analyses

For modal interferometer, the optical phase difference shift between the core and
cladding modes is determined by the sensing fiber length change AL caused by the
strain effect and the difference in the effective refractive change An g caused by the
photo-elastic effect. Because the difference in the effective refractive change Ang is
very small, we can ignore it in the experiment. So the optical phase shift induced by
the vibration acceleration can be written as [13]
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where Ais the free-space optical wavelength in air, dn¢is the difference in the effective
refractive indices between the core and the cladding modes.

A simple analytical model shown in Fig. 2 is used to calculate the sensitivity and
the resonant frequency of the accelerometer.
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Fig. 2. Analytical model of the sensing structure.

According to [16, 17], the sensing fiber length change AL can be calculated as

ma’L2
—
24E1

where E is the Young’s modulus of the fiber, / represents the inertia moment, d is
the cladding diameter of the thin-core fiber, L is the length of the sensing fiber, m is
the mass of the fiber beam, and « is the vibration acceleration.

Inserting Eq. (2) into Eq. (1), the phase shift can be expressed as

AL = (2)
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Assuming interferometer operates in the linear region by tuning optical wavelength
without any acceleration excitation. When acceleration excitation is applied to the FOA,
considering the phase shifts are very small near the linear operating point, the corre-
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sponding voltage change can be regarded as linear. Thus, the output voltage can be
considered as proportional to the phase shifts of the interference output. It can be ex-
pressed as

Vouw = CRoI(1+vky0) 4)

where ¢ and R, are the response factor and conversion resistance of a photodiode (PD)

detector, respectively, /; is the corresponding light intensity of the quadrature point,

v is the visibility of the interference, and k, is the slope at the quadrature point.
According to Egs. (3) and (4), the acceleration sensitivity can be written as

AV,

Tout = {Rylykyy (5)

By the Newton’s second law, the differential equation of motion of the transverse
vibration of the beam can be given by [18]
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For the uniform beam structure, its boundary conditions can be given as
dy(x)
Vo =0 Tge | 7O
x=0 (7)
~ 0 dy(x) — 0
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According to Egs. (6) and (7), the fundamental frequency of the simple supported
beam structure can be given by

2
118 El
Ll ()
>N opA

where p is the density of the fiber, and A4 is the cross-sectional area of the TCF.

3. Experimental details and discussions

In the splicing process, an erbium-doped fiber amplified spontaneous emission (ASE)
light source and an AQ6370C optical spectrum analyzer (OSA) are used to acquire
the interference spectrum. The core-offset values are 3.0 and 4.5 wm, respectively.
The transmission spectrum of the proposed interferometer is shown in Fig. 3. From
this figure, we can see that the interference spectrum is uniform and the fringe contrast
is about 13 dB. And the inset of Fig. 3 is ASE spectrum which constitutes the envelope
of an interference pattern.
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Fig. 3. Interference fringe pattern of the FOA.
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Fig. 4. Spatial frequency spectrum of the proposed interferometer.

To confirm the number and power distribution of the interference modes, the wave-
length spectrum in Fig. 3 is Fourier transformed to get the spatial frequency of the
interference fringe; the result is shown in Fig. 4. Following the analysis in [19],
the relationship between the spatial frequency and the interferometer length can be
given as
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A

As shown in Fig. 4, we can see that there is indeed one dominant spatial frequency
corresponding to an interference fringe (point 0.137 nm™), along with other weakly
excited ones. According to Eq. (9), On. can be calculated as 0.013.

In order to investigate the performance of the TCF-based FOA, proof-of-principle
experiments are carried out, a test system for measuring the vibration acceleration is
shown in Fig. 5. It is worth mentioning that all of experimental equipments are placed
on a vibration insulation table to prevent the interference of environment. Besides, this
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Fig. 5. Test system of the fiber-optic accelerometer.

experiment is carried out at room temperature, so the influence of temperature can be
ignored. The FOA structure is horizontally mounted on a reference accelerometer
(RA, B&K 8305), and the RA is vertically mounted on a vibration exciter (B&K 4809).
A signal generator (B&K 3160-A-022) and a power amplifier (B&K 2178) are used
to drive the vibration exciter. The received optical signal is detected by signal process-
ing circuits, and then analyzed in B&K Pulse Labshop system installed in PC. The ex-
periments include a sensitivity test and an amplitude-frequency characteristic test.

In the experiment, the sensing fiber length is 2.70 cm, and there is no loading mass
on the sensing fiber. Figure 6 shows the relationship between the output voltage and
acceleration when the vibration frequency is 80 Hz. We can observe that the acceler-
ation and the output voltage show a linear relationship. The voltage sensitivity of
the accelerometer is 1.54 mV/g (g is gravitational acceleration), and the linearity is
0.9978. The inset of Fig. 6 shows the spectral response of the accelerometer when
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Fig. 6. Relationship between the output voltage and acceleration.
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the vibration frequency is 80 Hz. We can see that the background noise is about 5 UV,
and it is stable and almost no electromagnetic interference and environmental inter-
ference can be observed. Therefore, the minimum detectable acceleration is 3.3x10g.

The resonant frequency of the TCF-based FOA is also measured for getting its
working bandwidth. The sine excitation frequency is gradually increased to 2000 Hz
when acceleration remains unchanged at 0.02g by changing the amplitude of the
excitation signal. In order to determine the frequency response range, the B&K Pulse
Labshop system installed on PC is used to obtain the output voltage of every frequency,
and the vibration exciter of B&K 4809 covers the frequency range from 10 Hz to
12.8 kHz. The amplitude-frequency characteristic is shown in Fig. 7; we can observe
that the resonant frequency is 1451 Hz and the available bandwidth of the fiber-optic
accelerometer range is from 10 to 1200 Hz.
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Fig. 7. Amplitude-frequency characteristic of the accelerometer.

In the experiment, {= 0.95 mA/mW, R, =1kQ, I,=0.58 mW, 4= 1550 nm, E =
=7.2x10""N/m?,d = 80 um, I = nd */64, 4 = nd */4,L = 2.70 cm, p = 2.3x10> kg/m°,
dnepr=0.013. For two-beam interference, the slope kg at the quadrature point and
the visibility of the fringe pattern v can be considered as 1. Using Egs. (5) and (8), we
can calculate that the theoretical acceleration sensitivity and resonance frequency are
1.60 mV/g and 1490 Hz, respectively. Compared with the experimental results, the ex-
perimental errors are within 5%. Consequently, the experimental results are consistent
with the theoretical analyses. And the experimental results indicate the feasibility of
the fiber-optic accelerometer system for acceleration measurement. According to
Egs. (5) and (8), the Young’s modulus £, the inertia moment /, the sensing length L,
and the sensing fiber mass m have an impact on the acceleration sensitivity and the
resonant frequency. And any of these parameters can affect the acceleration sensitivity
and the resonant frequency. Moreover, the sensing length L is the easiest adjustable
and most sensitive parameter for changing the acceleration sensitivity and the resonant
frequency, so we can optimize the performance of the accelerometer by adjusting
the length of the sensing fiber in practical applications. In fact, the performance of
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fiber-optic acceleration can also be improved by adding a loading mass on the sensing
fiber in further experiments.

4. Conclusions

In summary, a compact fiber-optic accelerometer system based on a thin-core fiber
modal interferometer is demonstrated. Frequency spectrum detection is used in the pa-
per to replace the optical-spectral detection, which is simple and fast in practical ap-
plications. The experimental results show that the accelerometer has a minimum
detectable acceleration of 3.3x1073g and the frequency response range of 1200 Hz. Be-
sides, the performance of the fiber-optic accelerometer can be improved by adjusting
the length of the sensing fiber or adding a loading mass on the sensing fiber. The ex-
perimental result indicates the feasibility of the fiber-optic accelerometer system for
acceleration measurement. Moreover, the fiber-optic accelerometer proposed in the ar-
ticle exhibits many competitive advantages including low cost, easy fabrication and
compactness.
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