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Fiber Bragg grating hydrophone with high sensitivity
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A fiber Bragg grating (FBG) hydrophone with high sensitivity was demonstrated. This hydrophone used a
rubber diaphragm and a copper hard core as the sensing element. To compensate the hydrostatic pressure,
a capillary tube was fixed at the end of the hydrophone. Theoretical analysis of the acoustic pressure
sensitivity was given in this letter. Experiments were carried out to test the frequency response of the
hydrophone. The result shows that when the Young’s modulus of the diaphragm is higher, a flatter

frequency response will be obtained.
OCIS codes: 060.2370, 230.1480, 060.4230.
doi: 10.3788/COL20080609.0631.

The fiber optic hydrophone has been one of the most
promising acoustic detection devices in future opera-
tional sonar systems due to its high sensitivity, wide dy-
namic range, immunity to electromagnetic interference
(EMI), and feasibility in multiplexing 11, Many conven-
tional fiber hydrophones are based on Mach-Zehnder
interferometer (MZI) or Michelson interferometer, which
include a sensing arm and a reference arm. The fiber
is usually wound on a plastic cylinder. However, the
multiplexing of the interferometric fiber hydrophones
is complex?!, and the dimensions of this type of hy-
drophone cannot be very smalll®/. So, fiber Bragg grat-
ing (FBG) hydrophones become popular for use in under
water acoustic detection*=6. In the past several years,
many configurations for FBG hydrophones and pressure
sensors have been demonstrated. These include bare
FBG™?! polymer coating on bare FBGIY!, and shielded
polymer coating of FBG!”). Such correction methods are
likely to work better if the dimensions are reduced while
the sensitivity is enhanced. In this letter, we reported a
FBG hydrophone with high sensitivity that uses a thin
metal cylinder and a diaphragm®l. Owing to the greater
deformation of the diaphragm with a hard core in the
center, thin dimensions and an ultra high sensitivity have
been achieved.

The proposed FBG hydrophone is shown in Fig. 1. The
water went into the hydrophone from the sensing hole
and filled the inside cavity of the hydrophone. Then the
acoustic pressure could act on the surface of the rubber
diaphragms to induce axial strain in the FBG. A hard
core, which was made of copper, was affixed at the cen-
ter of each diaphragm to enhance the sensitivity and fix
the fiber. Two capillaries were fixed on the covers at the
both ends of the hydrophone, which were used to balance
the inside and outside hydrostatic pressure. When the
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Fig. 1. Schematic of the hydrophone.
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hydrophone operated in the deep water, the hydro-
static pressure would induce large deformation of the di-
aphragms to break the fiber if the static pressure was
not compensated. Several assumptions and design con-
siderations should be stated before the analysis. The
operating range was restricted to small displacements so
that the linear elasticity theory could be used and only
low frequencies (100 — 1000 Hz) were considered to avoid
dealing with acoustic scattering. The static pressure sen-
sitivity was assumed to be equal to the dynamic pres-
sure sensitivity[®1% so that we could use static mechan-
ics analysis. Because the Young’s moduli of the sensor
shell and the hard core (132 GPa) are much higher than
that of the rubber (less than 0.1 GPa), and the acous-
tic pressure we measured is always less than 1 kPa, we
only considered the deflection of the rubber diaphragm.
Finally, the FBG was considered to be perfectly fixed to
the rubber diaphragm.

Having stated the assumptions, the sensitivity of the
hydrophone can be given as!®!
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where A is the center wavelength of the FBG, A\g is

the center wavelength shift of the FBG, p is acoustic pres-
sure, and
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R is the radius of the diaphragm, ¢ is the thickness of
the diaphragm, r is the radius of the hard core, F is the
Young’s modulus of the diaphragm, p is the Poisson’s
ratio, A is the cross section area of the fiber, Ff is the
Young’s modulus of the fiber, L is the fixed length of
the FBG, and p, = 0.22 is the effective photo-elastic
constant of the fiber.

Two types of hydrophones were fabricated and tested.
Commercially available FBGs were used with a reflective
wavelength of about 1527 nm. The used Young’s moduli
of the polyurethane rubber, T-805 and EU 2500, are 17
and 70 MPa, respectively. The outer radius of the metal
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Table 1. Parameters Used in the Configuration

Parameter  Value  Parameter Value
L (cm) 8 r (mm) 1.2
t (mm) 1 I 0.3

A (mm?)  0.0123  E: (GPa) 72

R (mm) 3.5 AB (nm) 1527

cylinder is 5 mm and the radius of the hard core is about
1.2 mm. Other parameters of the hydrophones are shown
in Table 1.

A standard piezoelectric (PZT) hydrophone and the
fiber optic hydrophone were put into the water tank
together. The acoustic source on the other side of the
water tank was fed by a frequency generator. The PZT
hydrophone and the fiber optic hydrophone were placed
5 cm apart, which is very close compared with the mini-
mum acoustic wavelength of 1.5 m. The size of the water
tank is smaller than half of the acoustic wavelength in
the water. Thus, we considered the local acoustic pres-
sure of the two hydrophones to be the same when they
were placed close to each other. The PZT hydrophone
was used to measure the local acoustic pressure.

Figure 2 shows the schematic of the demodulation
system for a single hydrophone. The network was illu-
minated by an amplified spontaneous emission (ASE)
light source with a 40-nm bandwidth (1520 — 1560
nm). The commercially available FBG used in our
configuration has a center wavelength of 1527 nm, a
peak power reflectivity of ~ 60%, and a spectral band-
width of ~ 0.12 nm. The light reflected from the FBG
became the light source of the unbalanced MZI. The op-
tical path difference (OPD) of the unbalanced MZI is 7
mm. A PZT fiber stretcher in one of the MZI arms in
the demodulator was used to induce a phase-shift car-
rier signal on the sensor output signals to enable passive
recovery of dynamic phase-shift information using phase
generated carrier (PGC) demodulation™l. The test was
performed in the frequency range from 100 to 1000 Hz.
The frequency response of the hydrophone was shown in
Fig. 3.

Ideally, the frequency response should be flat, how-
ever as Fig. 3 showed, the frequency response varied
across the measured bandwidth. This variation was
the mechanical resonance of the rubber diaphragm and
the hard core. But Fig. 3 demonstrates that when the
Young’s modulus is higher, the frequency response will be
flatter. Because when the Young’s modulus was lower,
the viscoelasticity of the polymer would become more
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Fig. 2. Schematic of the demodulation system.
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Fig. 3. Frequency response of the hydrophone.
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Fig. 4. Demodulation result of the FBG hydrophone.

significant and the natural frequency of the sound-
induced vibration modes of the diaphragm would become
lower'?l. A balance should be found between the sensi-
tivity and the frequency response, which requires further
investigation.

Figure 4 is the demodulated signal of the FBG hy-
drophone in frequency domain when the input acous-
tic signal is 73 Hz. This figure shows that the noise
floor of the hydrophone is about 103 pm/\/m for 7-
mm OPD of MZI at 1 kHz. For practical applications,
the hydrophone sensitivity goal is the level of the acous-
tic background noise of the quiet ocean, which is called
deep-sea state zero (DSS0). At 1 kHz, the DSSO level
is 100 yPa/v/Hz. In our configuration, a sensitivity of
about 6 nm/MPa was achieved (Fig. 3), which resulted in
a minimum detectable acoustic signal of 170 mPa/v/Hz
at 1 kHz. This sensitivity is approximately 100 times
higher than that measured with a conventional coated
FBGIO. This level of detection is three orders higher
than the current PZT hydrophones and the target noise
floor of DSS0. However, because the presented structure
greatly enhanced the wavelength-to-pressure sensitivity,
we believe that the target noise floor of DSS0 could be
achieved by replacing the FBG with a distributed feed-
back (DFB) fiber laser to reduce the noise floor of the
hydrophonel*3.

We have shown a novel technique for enhancing the
pressure sensitivity of a FBG hydrophone using a di-
aphragm with a hard core in the center. By optimizing
these two parameters, a pressure sensitivity of 6 nm/MPa
has been achieved when the radius of the hard core is 1.2
mm and the outer radius of the hydrophone is 5 mm. The
in-water acoustic test showed the frequency response of
the two types of hydrophones. We found that when the
Young’s modulus of the diaphragm is higher, a flatter
frequency response will be obtained. Because of its thin
dimensions, this hydrophone is expected to be used in
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the towed hydrophone arrays.
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