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Pressure compensated fiber laser hydrophone: Modeling

and experimentation
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A pressure compensated metal diaphragm based fiber laser hydrophone configuration that can
provide good sensitivity, large bandwidth, and sea state zero noise floor is proposed in this paper. A
simplified theoretical model of the proposed sensor configuration is developed in which the acoustic
elements of the sensor configuration are modeled using a four-pole acoustic transfer matrix and the
structural elements are modeled as second order single degree of freedom elements. This model
is then used to optimize the design parameters of the sensor system to achieve the performance
objectives. An axisymmetric finite element analysis of the sensor configuration is also carried out
to validate the results from the simplified theoretical model. Prototype sensors were fabricated and
hydrostatic testing in a pressure vessel validated the static pressure compensation performance of
the sensor. Frequency dependent sensitivity of the sensor system was measured through acoustic
testing in a water tank. The prototype sensor gave a flat frequency response up to 5 kHz and
experimental results compared well with theoretical predictions. The sensor has an acceleration
rejection figure on the order of 0 dB ref 1 m/s* Pa and the pressure compensation approach worked

reasonably well up to a hydrostatic pressures equivalent to a depth of 50 m.
© 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4819120]

PACS number(s): 43.30.Yj, 43.20.Ye, 43.40.At [DDE]

. INTRODUCTION

Fiber optic hydrophones using Bragg reflectors and fiber
lasers have been explored as an alternatives to conventional
ceramic based hydrophones due to its many advantages such
as high sensitivity to strain, immunity to electromagnetic in-
terference, intrinsic safety to water leakage, ease of multi-
plexing and remote measurement capability.'™ The fiber
laser based hydrophone (FLH) technology has been fast
developing and it may soon replace the existing mandrel
wound fiber optic hydrophones due to their high sensitivity
and compact size. Though not widely addressed in open lit-
erature, an important area that requires special attention is in
the design of a suitable encapsulation for these hydrophones
so that they can be safely deployed in seawater. A well
designed encapsulation is also important to enhance the sen-
sitivity and frequency response characteristics of fiber laser
hydrophones.

Even though the wavelength of fiber laser output is
highly sensitive to strains, high elastic modulus of the glass
fiber necessitates methods to enhance the pressure sensitivity
of the fiber laser. Most of the initial works toward the sensi-
tivity improvements focused on the application of compliant
coatings*™® and rubber diaphragms.” Significant sensitivity
improvements could be achieved through these methods, yet
the operational bandwidth of these sensors were limited by
the low natural frequency of the active sensing region.
Polymer based compliant coatings also has to go through a
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curing process before it settles and this often resulted in
uneven strains to be applied on the sensor grating structure.
Hence as the curing process progresses the wavelength tends
to shift from its designed value before settling into a new
final value at the completion of the curing process.® It has
also been observed that the strains developed during curing
process sometimes results in the damage of the grating struc-
ture and thereby destroying the sensor itself.* The third as-
pect to be considered when designing the encapsulation is
the safe operating depth of the sensor system which often
calls for the use of a pressure compensation system that
would null the effect of static pressure on the sensor. In the
absence of a pressure compensation system, the strain due to
static pressure could shift the laser wavelength to one end
and thus reducing the effective dynamic range or even push
the laser wavelength out of the detection band. Foster et al.’
presented a fiber laser hydrophone configuration, which
works in bending mode and has an operational bandwidth of
0-2.5kHz. Later on Goodman ef al.'” incorporated an exter-
nal air bladder for pressure compensation of the bending
mode DFB fiber laser hydrophone to achieve safe operating
depths on the order of 50 m. Another fiber laser hydrophone
with good acceleration rejection characteristics and
improved frequency range of operation, though not pressure
compensated, was reported by Foster ef al.'' An integrated
approach to the design of encapsulation that addresses the
sensitivity, pressure compensation, and wide bandwidth of
operation and related theoretical framework is not available
in open literature to the best of our knowledge. This work
presents a miniature pressure compensated metal diaphragm
based fiber laser hydrophone capable of measuring acoustic
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signals as small as sea state zero noise levels and a flat fre-
quency response in frequency range 10 Hz to 5 kHz. The
pressure compensation technique implemented has been
found to work reasonably well for up to a depth of 50 m.
This paper has been organized into three main sections. In
Sec. II, an overview of the design considerations of a fiber
laser hydrophone in conjunction with the most widely used
detection methodology is presented. The proposed design
approach for the new FLH is described in Sec. III. A theoret-
ical framework developed for the FLH encapsulation and its
validation through finite element analysis (FEA) is described
in Sec. I'V. Finally, the test results on acceleration sensitivity,
pressure compensation, frequency response and its compari-
son with those predicted by the models are presented in
Sec. V. The paper concludes with a summary of our findings.

Il. DESIGN CONSIDERATIONS OF FIBER LASER
HYDROPHONE

Fiber laser hydrophones work based on the principle
that the pressure changes due to an acoustic wave will intro-
duce corresponding changes in the wavelength of the laser
generated by the fiber laser. Interferometeric systems are
usually employed to convert the wavelength shifts in the
fiber laser output into light intensity variations, which can
then be converted to electrical signals using photo receivers.*
The design parameters of FLH system considered in the cur-
rent study are its sensitivity, frequency response, measure-
ment resolution, dynamic range, and harmonic distortion.

The phase resolution and noise floor characteristics of
the fiber laser hydrophone system depend directly on three
major parameters: The measurement resolution of the opto-
electronic instrumentation, the inherent frequency noise of
the fiber laser and the optical path imbalance used in the in-
terferometer. Commercial phase demodulation systems that
can achieve measurement resolutions on the order of a few
micro radians are available off the shelf. Thus for a fiber
laser sensor with sufficient phase sensitivity to generate
phase changes greater than the measurement resolution of
the opto-electronic instrumentation, the noise floor is primar-
ily dictated by the inherent noise from the fiber laser.'* The
phase sensitivity of fiber laser hydrophone can be defined as
the phase change produced per unit pressure and can be
expressed as'?

d¢  nkD
P L (1a)
where
1d)  1dF,
- T 1b
TP TPF (1b)

In Eq. (1), n is the refractive index, k is the wave num-
ber, and 7 is the pressure sensitivity of the active sensing
region, D is the optical path imbalance in the interferometer,
and P is the pressure that produces a corresponding wave-
length change of d4 in the fiber laser wavelength 7
(or frequency change dF; in the fiber laser frequency Fp).
The DFB fiber laser used in the study consists of a 35 mm
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long w-phase-shifted grating written on an Erbium—Ytterbium
doped fiber. Application of this sensor in a quiet environment
demands the sensor to have sufficient mechanical sensitivity
such that the frequency changes due to ambient acoustic
noise is greater than the frequency noise floor of the fiber
laser. Thus, for a phase noise value of 62 Hz/ v/Hz at 1kHz
estimated from measurements, the pressure sensitivity (1)
should be greater than 2 x 10~ Pa~! to produce measurable
phase changes in sea state 0 noise environments where the
ambient noise levels are as low as 160 pPa/ VHz /at 1 kHz."
As optical fibers have a very large elastic modulus, the result-
ant pressure sensitivity is only 2.5 x 10712 Pa~!. Compliant
mechanical packaging, which leads to a reduction in the stiff-
ness of the active sensing region, is often employed to
improve the sensitivity. However, reducing the stiffness also
lowers the fundamental natural frequency of the active sens-
ing region thus lowering the fundamental natural frequency
of the active sensing region. It is desirable to have the
resonances well away from the operating band to ensure a
flat frequency response. Hence to achieve the performance
objective of high and flat sensitivity over a large frequency
range, the stiffness of the active sensing region need to be
optimized while minimizing the mass associated with the
fundamental mode of vibration.

The distortion free dynamic range of the fiber optic
hydrophones directly depends on the phase sensitivity of the
hydrophone system [Eq. (la)] and phase modulation
schemes employed. Phase generated carrier (PGC) schemes
are often used in opto-electronic instrumentations for under-
water acoustic sensing applications, as it is capable of
achieving high dynamic range and fine phase resolutions.
Phase generated carrier—differentiation and cross multipli-
cation (PGC-DCM) and PGC-Arctangent schemes are the
most widely used among them. Many variants of these tech-
niques have also been developed in the past to address the
harmonics and signal distortions associated with the fiber
laser light intensity noise and errors associated with the mod-
ulation depth.'*'® These schemes enable us to achieve total
harmonic distortion (THD) factors smaller than 0.1%
(harmonic suppression >60dB), provided sufficiently high
enough carrier frequency is employed. As a general rule it
could be stated that, for a given carrier frequency, THD val-
ues can be minimized by using lowest possible phase sensi-
tivity value that meets the phase resolution requirements of
the sensor. As the pressure sensitivity of the active sensing
region directly depends on the frequency noise of the fiber
laser output, the optical path difference in the interferometer
is the only major independent parameter [in Eq. (1a)] that
determines the distortion free dynamic range and sensitivity
of the sensor. The sensor system should also need to be
made insensitive to hydrostatic pressure. At a typical opera-
tional depth the hydrostatic pressure could be many orders
greater than the acoustic pressure and a high mechanical sen-
sitivity could lead to large shifts in the wavelength. This is a
problem in multi-channel sensor array as it could result in
the overlapping of channels. In some cases lack of pressure
compensation may lead to structural failures under the action
of hydrostatic pressures. Though external pressure compen-
sation techniques could be applied, integrating the pressure

Kuttan Chandrika et al.: Pressure compensated fiber laser hydrophone 2711

Author's complimentary copy



Diaphragm

Slider Chamber

Pre-tensioner

Diaphragm Chamber

compensation scheme into the encapsulation could lead to a
more compact and less complex sensor configuration.

lll. DESIGN CONFIGURATION OF THE PROPOSED
HYDROPHONE

A design configuration where a thin metallic plate acts as
a mechanical diaphragm as shown in Fig. 1 is proposed in this
work to achieve the performance objectives specified in the
previous section. A distributed feedback fiber laser (DFB-FL)
is centrally placed inside the aluminum packaging with one
end of the fiber attached to a thin mechanical plate and the
other end to a pre-tensioning arrangement. The pre-tension
arrangement, which consists of a sleeve mounted on threaded
connection to the sensor shell, ensures the adjustment of the
pre-tension on the fiber without introducing torsional strain.
The application of pretension eliminates the string modes of
the fiber laser in the frequency range of interest and reduces
the vibration sensitivity of the sensor. The diaphragm-based
design amplifies the strain introduced on the fiber by effec-
tively increasing the active sensing area of the sensor. The
deflection of the diaphragm due to the acoustic pressure varia-
tions will impart corresponding strain on the fiber, which is
measured as a shift in the frequency or wavelength of fiber
laser output. The slider arrangement ensures the static pres-
sure compensation by altering the slider chamber volume pro-
portionately with the operating depth. It is also necessary to
ensure that the acoustic sensitivity of the fiber laser hydro-
phone is not affected by the pressure compensation scheme.
Hence the air chamber behind the diaphragm is connected to
the slider chamber through an acoustic low pass filter which
ensures that only very low frequency pressure changes are
allowed to pass into the diaphragm chamber.

IV. THEORETICAL MODEL AND PERFORMANCE
PREDICTION

The sensitivity and frequency response characteristics of
the proposed design configuration are decided by the following
parameters: Stiffness of the diaphragm, stiffness of the fiber,
stiffness of the molding used to attach the DFB-FL to packag-
ing, frequency response characteristics of the pressure com-
pensation systems and effective mass of the fundamental mode
of vibration of the active sensing region. As there are multiple
design parameters that need to be optimized to achieve the
design objectives, it would be ideal to have a theoretical model
of the fiber laser hydrophone system. As the acoustic wave-
lengths of interest are much larger than dimensions of the sen-
sor under considerations, it allows the modeling of the
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FIG. 1. (Color online) Design configu-
ration of the FLH prototype.

acoustic components of the sensor system using one dimen-
sional wave equation. A theoretical model of the fiber laser
hydrophone as represented in Fig. 2 and consisting of mainly
three components, namely, acoustic filter, slider, diaphragm is
discussed in the following sections. This model will be used to
study the effect of design parameters on sensor performance
and selection of optimum values for those parameters.

A. Acoustic filter

Acoustic filter of the sensor consists of five acoustic ele-
ments as marked in Fig. 2. Acoustic element 1 represents the
slider chamber and its volume decides the operational depths
up to which effective pressure compensation can be
achieved. Elements 3 and 5 represent the expansion chamber
and the diaphragm chamber, respectively. The sections 2 and
4 represents the links that connect the expansion chamber to
the slider chamber and diaphragm chamber, respectively. An
acoustic four-pole method offers a suitable tool for modeling
of the sensor system as it consists of acoustic elements that
could be accurately modeled using 1-D wave equations and
structural elements that can be approximated using single
degree of freedom second order systems. In acoustic four-
pole method, the characteristics of individual sections or ele-
ments of sensor system are formulated in the form of transfer
matrix, which relates the pressure and volume velocity at the
input to pressure and volume velocity at the output. Thus,
four-pole method allows the individual sections of the sensor
to be independently modeled and then multiplied together to
get the combined transfer matrix of the sensor. Figure 3
shows a schematic of a linear acoustic duct system of length
L and cross section area S. The four-pole equation for this
system can be expressed as'’

o0 =60 @
9
P,
e

FIG. 2. (Color online) Schematic of the simplified sensor model.
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FIG. 3. Linear acoustic 1-D element.

where

- cos (KL) j(%) sin (kL)
i(5)onies

In Eq. (2) P is the pressure and Q is the volume velocity, p is
the density, c is the velocity of sound and £ is the complex
wave number as expressed in Eq. (3). 18

(2b)
cos kL

w .0
k=——j>— (3)
c 2pc

In Eq. (3), flow resistivity ¢ accounts for the viscous losses
in the duct. For circular ducts of radius a containing a fluid
with dynamic viscosity p, value of flow resistance can be
expressed as in Eq. (4)."®

8
= @)
Thus using Egs. (3) and (4), the effective transfer character-
istic of the acoustic filter section can be written as in Eq. (5)
where [T | to [Ts] are the transfer functions corresponding
to acoustic elements marked 1-5 in Fig. 2.

POl s | 2 5
0, = [T |[T2][T5 ][ T4 ][ T5 ] 0, | &)

B. Slider

The two major sources of energy dissipation at the slider
are frictional loss at the O-ring interface and acoustic radia-
tion loss to surrounding water arising from the motion of the
slider. Only dynamic friction effects of O-ring sealing at the
slider—slider chamber interface is considered in the analysis,
as the static friction at the interface will only introduce a
fixed pressure imbalance between the outside environment
and the slider chamber. The frictional loss happening at the
O-rings were incorporated into the slider model using equiv-
alent damping coefficient.'” The radiation loss at the slider
can be written as in Eq. (6) (Ref. 20) where S is the area of
slider, a; is the radius of the slider, p,, is the density of water,
and ¢, is the velocity of sound in water. As the slider motion
happens in water, the added mass effect also needs to be
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considered. Hence total mass M, associated with the slider
motion can be written as in Eq. (7) where mi; is the mass of
the slider.?®

1 2

Rs = EPWC'st (kwas) (6)
8 3
M, = mg + gpwax . (N

Assuming uniform pressure acts over the entire area of
the slider, its transfer characteristics can be written as

P P
Q‘;] :[lell : (8a)
where
| (M)
[T,] = S, (8b)
0 1

In Eq. (8), P; and P4 represent the pressures acting on slider
as shown in Fig. 2.

C. Diaphragm

The active sensing region of the sensor system consists
of a fiber laser that is mounted centrally through a thin circu-
lar plate using a high modulus adhesive. The thin circular
plate constrained at its outer diameter is exposed to water on
one side and air on the other. The entire active sensing
region can be represented by a single degree of freedom sys-
tem as represented in Fig. 2. The effective stiffness K,z of
the model as expressed in Eq. (9) can be derived using the
formulae for deflection of a circular plate under the action of
uniform pressure and concentrated force.”' In Eq. (9), E,
and Ey are the Young’s modulus of the diaphragm and fiber,
respectively, 4 is the diaphragm thickness, a, is the dia-
phragm radius v, is the Poisson’s ratio for the diaphragm
material, Sy is the cross section area of the fiber, and Ly is the
length of the fiber.

64nEh’ 4E;S;

Kegr = 9

03 = 0.309S,u, (10)
8 3

Md =0.309 mg + gpwad . (11)

The major source of energy dissipation at the diaphragm
is the radiation loss to surrounding water. The radiation loss
at the diaphragm depends on the effective volume flow rate
at the diaphragm, and it can be calculated using the average
velocity of the diaphragm. For a vibrating circular plate of
an area Sy and constrained at the boundary, the average vol-
ume flow rate can be written as in Eq. (10) where u, is the
velocity amplitude at the center. The factor 0.309 in Eq. (10)
originated from the integration of the mode shape of the
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fundamental mode of vibration, which is essentially a Bessel
function of first kind.?? The total mass associated with motion
of the diaphragm can then be expressed as in Eq. (11).

Thus the transfer characteristics of the active sensing
region can be written as

PZ] - [Td][P3]7 (12a)

) 03
where
| - JoMy + Ry — Kege
[T4] = S (12b)
0 1

In Eq. (12), R, is the radiation loss at the diaphragm which
can be calculated using an expression similar to Eq. (6).

D. Sensor model

The transfer characteristics of the sensor can be
expressed as a combination of the transfer function for the
filter, slider, and the diaphragm as given in Eq. (13). It can
be assumed that P, = P3¢/’ and 0 ~ 0 as the dimensions of
the sensor is much smaller in comparison to the acoustic
wavelengths of interest. Thus, the effective strain, ¢ on the
fiber can be derived as in Eq. (14) using Egs. (13) and (10).
For a fiber laser under the action of axial strain, the pressure
sensitivity can be written as in Eq. (15) (Ref. 23) where p;;
are the strain-optic coefficients and n, is the effective refrac-
tive index of the fiber laser.

A

[mm1[T21[T31[T4][T5Mm[Zj]

3

T T P
_|Tn T 3 7 (13)
Ty Tyn||0s
3.24(Ty, — €’
8213 (T 6’)P3’ (14)
COLdele
2
n= l—f[lilz—V(Pn'i‘Plz)] e. (15)

The frequency response of the pressure compensation
scheme can be derived using Egs. (12) and (13) as a ratio of
the diaphragm chamber pressure to the external pressure as
expressed in Eq. (16).

e —T joMy + Ry — K,
H(w):]—( le“)( 5 ff). (16)

The sensor model expressed in Egs. (15) and (16) can be
used for the optimization of the design parameters. To
achieve the design objectives, the fundamental natural fre-
quency and pressure sensitivity values of the systems were
chosen to be more than 7.5kHz and 2 x 10~° Pa~!, respec-
tively. A parametric study was performed by varying the
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FIG. 4. Effect of diaphragm dimensions on the sensor performance. The
black colored region of the graph satisfies the requirements on sensitivity
and fundamental natural frequency.

thickness and the radius of the diaphragm. Figure 4 shows
the results from the parametric study and the region marked
black represents the acceptable operating points for which
the natural frequency and sensitivity values met the design
requirements. The dimensions of the prototype were then
selected based on engineering requirements of pre-tension
arrangement, slider sealing, ease of assembly and ease of
fabrication. The prototype sensor employs a metal dia-
phragm of 0.35 mm thickness and 7 mm radius and has an
overall diameter of 20 mm and length of 55 mm. Theoretical
model was also used to fine tune the dimension of the acous-
tic filter used in the pressure compensation arrangement.
Figure 5 shows the transmission characteristics of the pres-
sure compensation scheme obtained using Eq. (16). As
can be seen from the plot, pressure compensation scheme
allows the equalization and diaphragm chamber pressure at

-20r

-25¢

-30r

-351

Transmission Coefficient (dB)

-40t

10 10 10° 10 10
Frequency Hz

FIG. 5. Frequency response characteristics of the pressure compensation
scheme.
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frequencies below 5 Hz and the attenuates pressure varia-
tions happening at higher frequencies. The peak observed
around 7500 Hz corresponding to the diaphragm resonance
and the peaks around 500 Hz and 800 Hz corresponding to
cavity resonances of the acoustic filter get attenuated by
more than 20dB due to the effect of radiation resistance at
the slider and viscous losses in the acoustic filter. Figure 6
shows the simulated frequency response characteristics of
the prototype. A flat frequency response within *=1dB with
linear phase response characteristics is predicted in fre-
quency range 10 Hz to 5 kHz.

E. Performance prediction: FEA

Finite element analysis (FEA) of the proposed design
configuration was carried out using ABAQUS software to
validate the results obtained from simplified theoretical
model and to further optimize the design parameters. Figure 7
shows the axi-symmetric finite element model of the DFB
FL based hydrophone. Analysis was performed in two
stages. In the first stage a static analysis was performed to
incorporate the effect of pretension in to the analysis, which
was then followed by a steady state dynamic analysis. Fluid
structure interaction effects between sensor shell and fluids
(air in side the cavity and surrounding water) were taken into
account in the model to include the effects of fluid loading
on the sensor and radiation losses. The viscous losses in the
acoustic filter were modeled using volumetric drag property
of acoustic medium available in ABAQUS software.
Volumetric drag is defined as the force experienced by
acoustic medium per unit volume per unit velocity. The the-
oretical values of flow resistance obtained for each element
of the acoustic filter using Eq. (4) were applied to corre-
sponding domain in the finite element model. Plane wave
excitations were applied on the sensor using acoustic

&

—_
o

©

o

—
on

10 10 10 10

Mechanical Sensitivity (1) (Pa™")
3

10' 10° 10 10
Frequency (Hz)

FIG. 6. Frequency response characteristics prediction from theoretical
model.
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FIG. 7. (Color online) FEA model.

propagation models available in ABAQUS. Non-reflecting
impedance boundary condition was applied on the outer
boundary of external fluid domain and a scattered wave for-
mulation was used in the analysis. Steady state dynamic
analysis was carried out over the frequency range of interest
to predict the sensitivity and frequency response characteris-
tics of the sensor. Figure 8 shows the scattered pressure
distribution around the sensor for a plane wave excitation at
4100 Hz and amplitude of 1 Pa.

Figure 9 shows the comparison between the FEA results
and the frequency response predicted by simplified theoreti-
cal model. It can be observed that the simplified theoretical
model accurately predicts the response of the sensor system.
The resonance frequency and peak amplitude predicted by
the simplified analytical model deviates marginally from the
results obtained from the FEA. The natural frequency
predicted by the analytical model is higher as the simplified
theoretical model of the diaphragm neglects actual geometry
and the effects of epoxy molding at the center of the dia-
phragm, which introduces additional mass and reduction in
stiffness of the diaphragm. It was also observed that the
changes in diaphragm resonance with pretension in the fiber
was negligible and the bending stiffness of the diaphragm is

FIG. 8. (Color online) Scattered pressure amplitude (in KPa) distribution
from axisymmetric finite element analysis.
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FIG. 9. Comparison between theoretical and FEA results.

the major parameter that controls the strain sensitivity as
well as the natural frequency for the proposed configuration.
Acoustic radiation by a diaphragm mounted on an infinite
baffle is used for the estimation of the radiation loss in the
simplified model. This differs from the actual scenario and
over predicts the losses at the diaphragm and results in a flat-
ter response at the fundamental resonance.

V. EXPERIMENTAL RESULTS
A. Pressure compensation scheme

The effectiveness of the pressure compensation arrange-
ment was tested through hydrostatic pressure tests. Two dif-
ferent sensor configurations, one with pressure compensation
scheme and the other without pressure compensation
scheme, were subjected to hydrostatic pressures and corre-
sponding changes in the wavelengths of the fiber laser were
measured using an optical spectrum analyzer with a wave-
length resolution of 0.001 nm.

The results from the experiments are plotted in Fig. 10.
The measurements for the sensor without pressure compensa-
tion were limited to a depth of 11 m as at higher pressures the
sensor showed a non-linear response. Experimental results
showed that the shift in the wavelength of the fiber laser corre-
sponding to the static pressure is negligible for operational
depths of up to about 43 m, which is approximately 6 m lower
than the theoretically value. This difference is possibly due to
a mismatch in the slider chamber volume accounted for in the
computation and the actual volume. The operational depth
range of the pressure compensation scheme can be further
increased depending on the operational requirement by pro-
viding additional volume in the slider chamber and by further
optimization of diaphragm chamber volume.

The effects of friction at the O-ring sealing between the
slider and the slider chamber walls could also be observed in
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FIG. 10. Experimental results from hydrostatic testing. (a) The variation of
fiber laser wavelength with hydrostatic pressure for a pressure compensated
sensor prototype and (b) the similar results for a prototype sensor without
pressure compensation.

the test results. The stick-slip friction at the O-ring sealing in
the chamber is possibly the main contributor to the wavy na-
ture of the wavelength variations with external hydrostatic
pressure. The difference in the wavelengths for the depth
range 0—40m during pressure increase and decrease is also
partially linked to the friction effects.

B. Acoustic test

The experimental set up used to evaluate the acoustic
characteristic of the DFB-FL hydrophone is shown in
Fig. 11. A Mach Zehnder interferometer configured with 1 m
path imbalance and a peizo-ceramic fiber stretcher was used
in the measurement. The phase demodulator, OPD4000 from
Optiphase, employed a phase generated carrier (PGC)
demodulation technique as detailed in Ref. 24. Frequency
dependent sensitivity of the pressure compensated fiber laser
hydrophone in the frequency range 0.8—-10kHz were eval-
uated in a 2m X 2m X 2m acoustic tank using pulse excita-
tions to eliminate the effect of acoustic modes of the tank on
the measurement results. The low frequency measurement
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FIG. 11. (Color online) Lab measurement configuration.

limit was imposed by the tank size as well as the low trans-
mitting voltage response (TVR) of the transmitter.

Figure 12 shows the comparison between the experi-
mental results with the simulation results obtained from FEA
and simplified theoretical model. For the direct comparison,
the strain response values obtained from FEA and theoretical
model were converted into Radians/uPa units through the
application of Egs. (1a) and (15). The error bars on the ex-
perimental results show the range of sensitivity values
observed in a set of ten measurements at each test frequency.
The measurement repeatability improved with higher fre-
quencies due to better signal to noise ratio (SNR) provided
by the transmitter at those frequencies. The variations in the
sensitivity across the measurements at the low frequencies
are attributed to the lower transmitter efficiency at low fre-
quencies and also due to the smaller size of the tank in which
measurements were carried out. The experimental results
compared reasonably well with the FEA results and analyti-
cal results. The prototype fiber hydrophones showed a
slightly higher natural frequency and lower sensitivity com-
pared to the theoretically predicted results. One possible
source for this difference could be the small reduction in
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FIG. 12. (Color online) Comparison of measured and simulated hydrophone
sensitivity.
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FIG. 13. Acceleration sensitivity and acceleration rejection along and nor-
mal to the axis of the sensor.

effective diameter of the diaphragm arising due to the epoxy
molding at the diaphragm chamber—diaphragm interface.
The differences in material properties used in the analysis
from the actual values also could have contributed to these
small deviations from the predicted results.

C. Acceleration sensitivity

The acceleration sensitivity of the fiber laser hydro-
phone was measured in air by vibration testing. The proto-
type sensor was mounted on a vibration shaker and subjected
to random vibrations in frequency range 50 Hz to 10 kHz.
The acceleration sensitivity values were obtained by com-
paring fiber laser hydrophone output with the measurements
from a calibrated reference accelerometer mounted on the
vibration fixture. The noise rejection figure,'' defined as the
ratio of the pressure sensitivity to acceleration sensitivity,
was also calculated by scaling the acceleration sensitivity
values using the pressure sensitivity in the frequency range
0-5 kHz. The sensor has an average noise rejection figure
greater than 0 dB ref 1 m/s*/Pa in the frequency range of in-
terest. Figure 13 shows the acceleration sensitivity and accel-
eration rejection figure for the prototype sensor for vibration
excitation along and normal to the axis of the sensor. The
prototype sensor’s acceleration rejection figure is of the
same order of magnitude as the results reported by Foster
et al'' on micro-engineered silicon crystal fiber laser
hydrophone.

VI. CONCLUSION

A simplified analytical model for the pressure compen-
sated metal diaphragm hydrophone has been developed and
presented. An optimum configuration of the hydrophone pack-
aging parameters was selected based on the simplified analyti-
cal model and the same is validated using axisymmetric FEA.
The performance of the pressure compensation scheme for the
laser hydrophone was tested through measurements in the lab
and the results have been compared with that without any
pressure compensation scheme. The pressure compensated
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fiber laser hydrophone showed negligible variation in the
wavelength with static pressure for operational depths up to
40m, which could be further improved by increasing the
slider chamber volume of the proposed fiber laser hydrophone
encapsulation. The acceleration sensitivity measurements in
air showed that the sensor has an acceleration rejection figure
of 0 dB ref m/s*/Pa. The prototype sensor has also been char-
acterized for its frequency dependent sensitivity in a small
acoustic tank. The experimental results appear to be in good
agreement with the theoretical predictions.
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