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Characterization of a Polymer Film Optical
Fiber Hydrophone for Use in the Range 1 to
20 MHz: A Comparison with PVDF Needle

and Membrane Hydrophones
Paul C. Beard, Andrew M. Hurrell, and Tim N. Mills

Abstract—A small aperture wideband ultrasonic optical
fiber hydrophone is described. The transduction mechanism
is based on the detection of acoustically induced changes
in the optical thickness of a 25-�m thick Parylene poly-
mer film acting as a low finesse Fabry Perot (FP) inter-
ferometer that is deposited directly onto the end of a sin-
gle mode optical fiber. The acoustic performance compares
favorably with that of PVDF needle and membrane hy-
drophones with a peak noise-equivalent-pressure (without
signal averaging) of 10 kPa over a 25-MHz measurement
bandwidth, a wideband response to 20 MHz, and a near om-
nidirectional performance at 10 MHz. The dynamic range
was 60 dB with an upper limit of linear detection of 11 MPa
and a temporal stability of < 5% over a period of 20 h. The
hydrophone can also measure temperature changes with
a resolution of 0.065�C, offering the prospect of making
simultaneous acoustic pressure and temperature measure-
ments. The transduction parameters of the FP sensing ele-
ment were measured, yielding an ultrasonic acoustic phase
sensitivity of 0.075 rad/MPa and a temperature phase sen-
sitivity of 0.077 rad/�C. The ability to achieve high acous-
tic sensitivity with small element sizes and to repeatably
fabricate rugged sensor downleads using polymer deposi-
tion techniques suggests that this type of hydrophone can
provide a practical alternative to piezoelectric hydrophone
technology.

I. Introduction

For the measurement of broadband ultrasound fields
in water, an ultrasonic hydrophone must fulfill several

fundamental specifications. It should be of adequate sen-
sitivity, broad banded with well-behaved frequency and
phase response characteristics, temporally stable, and of
wide dynamic range. Additionally, and perhaps most im-
portantly, the acoustically sensitive element should be
small in relation to the acoustic wavelength to avoid er-
rors caused by spatial averaging and to provide an omni-
directional response. While hydrophones based on piezo-
electric PVDF sensing elements, such as PVDF needle and
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membrane hydrophones, can fulfill most of these require-
ments, a fundamental limitation arises from the difficulty
in obtaining adequate acoustic sensitivity with the small
(<100 µm) element sizes required for low directional sen-
sitivity at megahertz frequencies. Additionally, the sensi-
tivity of piezoelectric hydrophones to EMI can present dif-
ficulties in the measurement of CW fields. Their fragility
and expense can also make them unsuitable for the mea-
surement of high amplitude signals and use in hostile en-
vironments.

Various optical fiber methods of ultrasound detection
have been explored to address these limitations. Intrin-
sic optical fiber ultrasound sensors configure a length of
the optical fiber itself as the acoustically sensitive element
and employ interferometric [1] or polarimetric [2] meth-
ods or in fiber Bragg gratings [3] to detect acoustically
induced strains within the fiber. The use of a fused silica
optical fiber as a wideband, high fidelity ultrasound sens-
ing element, however, is less than ideal. First, the high
Young’s modulus of fused silica results in small acousti-
cally induced strains. Thus, to obtain adequate sensitiv-
ity, a long fiber interaction length is required, perhaps by
winding the fiber into a coil [4], [5], thereby making it diffi-
cult to achieve an acoustically small element size. Second,
the large acoustic impedance mismatch of fused silica to
water is not conducive to achieving a wideband uniform
frequency response. Intrinsic optical fiber ultrasound sen-
sors, therefore, tend to be more applicable to the detection
than quantitative measurement of a broadband field.

More promising, particularly in terms of element size,
are extrinsic optical fiber sensors in which the fiber is used
to deliver light to and from an optical sensor at the end
of the fiber. Because the lateral dimensions of the sensi-
tive element are defined by the spot size of the incident
illumination, very small element sizes, down to the opti-
cal diffraction limit of a few microns can, in principle, be
achieved. Perhaps the simplest approach is based on the
detection of pressure-induced changes in the Fresnel re-
flection coefficient at the tip of an optical fiber [6]. Low
sensitivity, however, tends to limit its application to the
measurement of temporally stable signals that can be av-
eraged over long periods or the output of high amplitude
sources, such as shockwave lithotripters. More useful de-
tection sensitivities have been achieved using interferomet-
ric methods to detect acoustically induced displacements
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Fig. 1. Schematic of optical fiber sensor head. The black region rep-
resents the light path.

of a thin membrane [7], [8] or a fiber tip [9] or changes
in the optical thickness of a solid FP interferometer. The
latter approach has been implemented using a multilayer
dielectric stack acting as a high finesse FP interference fil-
ter deposited on the end of an optical fiber [10]. The use
of a thin polymer film as a FP interferometer for the de-
tection of ultrasound has also been explored [11]–[14].

The advantage of this approach is that the low Youngs
modulus of polymers results in acoustically induced phase
shifts that are sufficiently large to provide a sensitivity
comparable with that of PVDF transducers even when us-
ing a low finesse FP configuration [12]. Additionally, the
well-matched acoustic impedance of polymers to water of-
fers an intrinsically wideband response. The concept has
been used to realize a miniature wideband ultrasonic hy-
drophone probe by bonding discrete PET (polyethylene
terepthalate) FP sensing elements to the tip of a multi-
mode optical fiber [15]–[17]. There are, however, significant
limitations associated with this method of fabrication. It
is time-consuming and, because of the small dimensions
involved, difficult to obtain repeatedly the sub-5-µm ad-
hesive layer thicknesses [13] between the polymer film and
the optical fiber that are required to avoid significantly
degrading the frequency response.

In this paper, we describe an approach that overcomes
these difficulties by depositing the polymer film sensing el-
ement directly onto the tip of a single mode optical fiber
using a vacuum deposition technique. Details of the sen-
sor head and interrogation system are described in Sec-
tion II. A key objective was to establish whether this type
of hydrophone could provide a practical alternative to the
current state of the art in piezoelectric hydrophone tech-
nology. Accordingly, a thorough analysis of the acoustic
performance of the sensor and its comparison with PVDF
needle and membrane hydrophones has been carried out
and is described in Section III.

II. Optical Fiber Hydrophone System

Fig. 1 shows a schematic of the sensing head. The FP
sensing cavity consists of a 25-µm thick Parylene film de-
posited on to the plane cleaved end of a single mode opti-
cal fiber from which the final 1 mm of the acrylate buffer
coating had been removed. Parylene is a polymer that can
be deposited directly from the gas phase [18] to form a

thin transparent film with the necessarily high degree of
thickness uniformity and surface finish for it to act as an
effective FP cavity. Reflective coatings, formed by the flash
evaporation of aluminium, provide the mirrors of the FP
cavity. The first mirror, which is deposited on to the bare
cleaved end of the fiber prior to the deposition of the Pary-
lene layer, is partially transmissive with a reflection coef-
ficient of approximately 8%. The second mirror, which is
deposited on to the Parylene layer, is fully opaque with
a reflection coefficient of 70%. The low reflectivity of the
first mirror coupled with the high absorption of aluminium
coatings [19] ensures that the cavity is of low finesse [13].

The system shown in Fig. 2 is used to interrogate the
sensor. The collimated output of an optically isolated 850-
nm tunable DBR laser diode is launched into the input
port of a 50/50 2× 2 fused optical fiber coupler. The con-
nectorized sensor downlead is inserted into one output port
of the coupler while the other output port is connected
to a photodiode PL and used to monitor the laser power
launched into the coupler. The second coupler input port
is connected to the detector unit, which consists of a 25-
MHz silicon pin photodiode with integral transimpedance
amplifier and an external 50-Ω line driving amplifier. The
FP cavity is interrogated using a simple manually con-
trolled active homodyne scheme [13], [20]. The phase bias
of the interferometer is adjusted optimally so that it lies
half way between a maximum and minimum of the interfer-
ometer transfer function, the so-called quadrature point.
Control of the phase bias is achieved by thermally tuning
the laser diode wavelength by adjusting the current sup-
plied to an internal Peltier element located within the laser
diode package.

III. Acoustic Characterization Set-Up

To measure the sensitivity, directivity, and linearity of
the optical fiber hydrophone, an acoustic field generated by
nonlinear propagation in water was used as a broadband
ultrasound source. This approach is based on a hydrophone
calibration technique [21] developed by the National Phys-
ical Laboratory (NPL), UK, and relies on the finite am-
plitude distortion of a high amplitude, 23-cycle, 1-MHz
acoustic toneburst emitted by a 1.5” PZT transducer. As
the sinusoidal signal propagates away from the transducer,
it evolves into a sawtooth shape “shocked” waveform with
a broadband frequency content composed of discrete har-
monics spaced at 1-MHz intervals, typically extending to
50 MHz. The large diameter of the source transducer pro-
duces a relatively wide uniform field, +/− 0.1 dB over a
5-mm beamwidth at 20 MHz at a distance of 50 cm from
the transducer. Therefore, it avoids the need for exces-
sively high alignment accuracy, particularly for directivity
measurements for which alignment to the axis of rotation
is a difficult and time-consuming procedure. A computer-
controlled scanning stage that allowed independent trans-
lations in X, Y, and Z directions and rotation about the
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vertical axis was used to position the optical fiber hy-
drophones. To measure frequency response, a photoacous-
tic source was used (as described in [13]), which relies on
the generation of short pulses of broadband ultrasound by
the absorption of nanosecond laser pulses in an ink ab-
sorber [13]. For the sensitivity, frequency response, and
linearity measurements, an NPL-calibrated PVDF mem-
brane hydrophone was used as the reference hydrophone.

Intercomparisons are made with three types of PVDF
hydrophones. A 50-µm thick bilaminar PVDF membrane
type hydrophone [22] (Marconi Y-34-3598; GEC Mar-
coni Ltd., Great Baddow, UK) of active element diam-
eter 0.5 mm and two PVDF needle type hydrophones,
one of active element diameter 0.2 mm (Precision Acous-
tics HPM02/1; Precision Acoustics Ltd., Dorchester, UK)
and the other 0.075-mm diameter (Precision Acoustics
HPM075/1; Precision Acoustics Ltd.). The thickness of
the PVDF elements used in the needle hydrophones was
9 µm. The needle hydrophones incorporated a submersible
pre-amplifier with a nominal voltage gain of 8 dB, output
noise voltage of 0.1 mv (rms) over a 100-MHz measurement
bandwidth, and 50-Ω output impedance.

IV. Characterization

The transfer function of the FP interferometer is de-
scribed in Section IV, A. In Sections IV, B through E, the
acoustic performance, namely, the sensitivity, linearity, fre-
quency response, and directional response, of the optical
fiber hydrophone and its comparison with PVDF needle
and membrane hydrophones, is discussed. Section IV, F
evaluates the temperature sensitivity and its implications
for stability and making simultaneous pressure and tem-
perature measurements. Section IV, G discusses the sensor
stability to establish the typical long- and short-term cal-
ibration stability that can be achieved. Unless otherwise
stated, all measurements reported in this section were ob-
tained using sensor downleads employing a 25-µm thick
FP sensing film.

A. Interferometer Transfer Function

The interferometer transfer function (ITF) describes
the relationship between the DC optical power output
IR of the interferometer and the optical phase difference
caused by the path length difference within the cavity. It
provides a means of understanding the operation of the
sensor and obtaining parameters such as the acoustic phase
sensitivity, linear operating range, cavity finesse, and the
wavelength tuning range requirements of the laser source.

The ITF can be obtained by thermally or mechanically
straining the cavity to vary the optical phase or, alter-
natively, by adjusting the laser wavelength λ. The latter
approach was used to observe the ITF of a sensor that em-
ployed a 50-µm thick Parylene sensing film. With a 25-µm

Fig. 2. Experimental set-up.

Fig. 3. Interferometer transfer function obtained by monitoring the
DC optical power output IR as a function of laser wavelength λ for
an optical fiber hydrophone employing a 50-µm thick Parylene FP
sensing cavity. The curve fitted to the experimental data is a cosine
function. Also shown is the corresponding intensity modulation signal
|dIR| caused by a 0.075-MPa acoustic signal as a function of λ.

film, it was not always possible to observe a turning point
of the transfer function because of the limited wavelength
tuning range of the laser diode (∼2 nm).

The transfer function (IR versus λ) is shown in Fig. 3.
The fitted cosine is in excellent agreement with the ex-
perimental data demonstrating the low finesse nature of
the interferometer. Also shown is the simultaneous mea-
surement of the magnitude of the sensor output |dIR| in
response to a pulsed 3.5-MHz, 0.075-MPa acoustic signal
as a function of λ. Note that it is the magnitude of the
acoustic signal |dIR| that is plotted in Fig. 3. The sig-
nal is actually of opposite sign on either side of the ITF
minimum. As expected, |dIR| is the first derivative of the
transfer function; its maximum coincides with the point
of maximum slope on the transfer function, the quadra-
ture point. The maximum value of dIR lies almost exactly
half way between the transfer function maximum predicted
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TABLE I
Noise equivalent pressures (NEP) of the optical fiber,

PVDF membrane, and needle hydrophones. No signal

averaging was used.

Peak NEP kPa
Hydrophone (25-MHz measurement

bandwidth)
0.5-mm diameter PVDF
membrane hydrophone 5
0.2-mm diameter PVDF
membrane hydrophone 3
0.075-mm diameter PVDF
membrane hydrophone 55
Optical fiber hydrophone 10

by the fitted curve and the experimentally observed min-
imum, demonstrating the validity of fitting to predict the
ITF in this way.

Assuming a π phase shift between the maximum and
minimum of the transfer function, the horizontal axis now
can be calibrated in units of optical phase. Given that the
peak positive pressure of the acoustic signal is known, the
acoustic phase sensitivity, defined as the optical phase shift
per unit of acoustic pressure in the low frequency limit [13],
can, therefore, be calculated. The acoustic phase sensitiv-
ity provides a useful comparative figure of merit because
it is independent of the ITF, depending only on the sens-
ing film optical thickness, elastic and photoelastic prop-
erties, backing configuration, and laser wavelength [13].
In conjunction with the ITF, it also enables the linear-
ity to be estimated as described in Section IV, C. For the
50-µm thick, rigid-backed Parylene sensor for which the
transfer function is shown in Fig. 3, the acoustic phase
sensitivity was found to be 0.15 rad/MPa. For the water-
backed benchmark configuration defined in [13], this re-
duces to approximately 0.075 rad/MPa, comparable with
the 0.1 rad/MPa value previously obtained for PET [13].
Acoustic phase sensitivity scales with sensor film thickness,
so, for the optical fiber hydrophones employing a 25-µm
thick Parylene sensing film, the acoustic phase sensitivity
is 0.075 rad/MPa.

B. Sensitivity

The sensitivity of the optical fiber hydrophone was ob-
tained by direct comparison of its output (as measured by
an oscilloscope) with that of a calibrated PVDF membrane
hydrophone in response to an acoustic signal. Correspond-
ing waveforms were also measured using the PVDF needle
hydrophones; measurements of the shocked toneburst field
(Section III) by the optical fiber hydrophone and a 0.075-
mm PVDF needle hydrophone are shown in Fig. 4, for
example. The peak noise equivalent acoustic pressure of
the optical fiber hydrophone is listed alongside those of
the 0.2- and 0.075-mm PVDF needle hydrophones and a
0.5-mm membrane hydrophone in Table I. No signal av-
eraging was used for these measurements. The output of
the submersible preamp (Section III) used with the needle

Fig. 4. Comparisons of optical fiber hydrophone output (top) with
that of a 0.075-mm PVDF needle hydrophone (bottom) in response
to a “shocked” 1-MHz toneburst. Insets show expanded timescale.
No signal averaging was used.

hydrophones was connected to the 50-Ω input of the oscil-
loscope. No amplification was used with the membrane hy-
drophone, which was connected directly to the 1-MΩ input
of the oscilloscope. For both types of PVDF hydrophone,
the noise was dominated by that of the oscilloscope am-
plifier.

The results in Table I indicate that, for these measure-
ment conditions, the typical detection sensitivity of the
optical fiber hydrophone is likely to be a factor of two to
three lower than that of a typical PVDF hydrophone with
an active diameter a few hundred microns or more but
significantly higher than one of sub-100-µm diameter.

C. Linearity and Dynamic Range

To measure linearity, the optical fiber hydrophone was
set at quadrature and positioned a few millimeters behind
the PVDF membrane hydrophone. The peak-peak ampli-
tudes of the 1-MHz fundamental of the shocked field regis-
tered by both devices as a function of the source transducer
drive voltage were measured simultaneously. To obtain the
true acoustic pressure arriving at the tip of the optical
fiber, a correction taking into account the attenuation of
the membrane hydrophone was applied. Fig. 5 shows the
measured optical fiber hydrophone output as a function of
acoustic pressure.
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Fig. 5. Linearity of optical fiber hydrophone employing a 25-µm thick
Parylene sensing film. Graph shows predicted and experimentally
measured output as a function of acoustic pressure at 1 MHz. The
bold line is a straight line fit to the experimental data. The dashed
line is the predicted output based on the assumption of an acoustic
phase sensitivity of 0.075 rad/MPa and a low finesse FP cavity. The
dotted vertical lines show the acoustic pressure at which the sensor
nonlinearity becomes 5 and 10%.

The sensor shows excellent linearity to 0.5 MPa. Lim-
itations on the maximum drive voltage of the transducer
meant that it was not possible to go beyond this pressure
and approach the nonlinear region of the transfer func-
tion in order to make a direct measurement of the upper
limit of linear response. However, it is possible to make a
well-founded quantitative estimate with knowledge of the
acoustic phase sensitivity and the form of the ITF. We
know from the sinusoidal shape of Fig. 3 that the inter-
ferometer is of low finesse. Thus, at quadrature, acousti-
cally induced phase shifts of up to 0.5 rad can be resolved
with a linearity of better than 5%. Converting to acous-
tic pressure using the figure for acoustic phase sensitiv-
ity for a rigid-backed, 25-µm thick Parylene sensing film
(0.075 rad/MPa) calculated in Section IV, A, we can ex-
pect linear operation to around 7 MPa. If a reduced linear-
ity of 10% can be tolerated, an upper limit of 11 MPa and a
dynamic range of 60 dB will be obtained. It is upon these
considerations that the curve representing the predicted
sensor output shown in Fig. 5 is based. While it would be
difficult to approach the estimated 100-MPa upper limit of
operation of PVDF devices [23], increased linearity could
be achieved by proportionately decreasing the sensing film
thickness to reduce the acoustic phase sensitivity.

D. Frequency Response

To determine the frequency response, the output of the
photoacoustic source [13] was measured first with the op-
tical fiber hydrophone and then, at the same point in the
field, with a calibrated PVDF membrane reference hy-
drophone. By comparing the discrete Fourier transforms
of the time domain waveforms measured by each device
and applying corrections to take into account the fre-

quency response characteristics of the photodiode and
the membrane hydrophone, the frequency response was
obtained. The normalized frequency responses for four
nominally identical optical fiber hydrophones are shown
in Fig. 6(a), demonstrating good repeatability. The fre-
quency responses for the PVDF membrane and needle hy-
drophones are shown in Fig. 6(b).

Two mechanisms contribute to the optical fiber hy-
drophone frequency response characteristics. The first is
the spatial variation of acoustic pressure across the thick-
ness of the sensing film caused by the incident acoustic
wave and its reflection from the fused silica backing of the
optical fiber. By itself, this produces a frequency response
that gradually increases from zero to a small maximum at
the λ/4 thickness mode resonance of the film at 22 MHz
(speed of sound in Parylene = 2200 m/s) and thereafter
decreasing to zero at 44 MHz. Superimposed on this are
features caused by diffraction effects, the second mecha-
nism. For a probe-type hydrophone, these tend to domi-
nate and are responsible for the low frequency fall-off in
sensitivity [24], [25] below 5 MHz observed in Fig. 6(a) and
higher frequency features, most noticeably those at 14 and
17 MHz. The higher frequency features can be explained
by considering the output of the sensor to be the sum of
the incident plane wave and the phase-inverted cylindri-
cal edge waves that arise from the diffraction of the plane
wave around the edge of the fiber [26]. The edge wave com-
ponent is time delayed with respect to the plane wave be-
cause the former has to travel from the outside edge of the
fiber to the 6-µm diameter, acoustically sensitive region in
the center. The resulting phase difference between the two
components is dependent on frequency and, therefore, so
is the sensor output. Because the small active element size
(6 µm) enables the orthogonally propagating edge waves
to be registered at frequencies at tens of megahertz, peri-
odic features produced by this mechanism appear across
the full extent of the thickness-mode resonance, limited
sensor bandwidth. This is in contrast to the response of
the 0.2-mm PVDF needle hydrophone in Fig. 6(b), which,
beyond the first diffraction maximum at 3 MHz, exhibits
a near uniform frequency response. The more directional
response of the relatively large PVDF element size effec-
tively bandlimits the orthogonally propagating edge waves
at high frequencies, suppressing diffraction-related arti-
facts and allowing the well-behaved thickness-mode fre-
quency response characteristics to dominate. Thus, for a
probe-type hydrophone, regardless of the sensing mecha-
nism, the combination of both small element size and uni-
form frequency response is unlikely to be achieved unless
the influence of the edge waves can be suppressed in some
way, perhaps by modifying the probe tip geometry.

E. Directional Response

The directional responses of the optical fiber hy-
drophone and the PVDF needle hydrophones at 1-MHz
intervals to 20 MHz were obtained by rotating each de-
vice through 180◦ in steps of 3.6◦ in the shocked field de-
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scribed in Section III. The measured responses at 1, 3, 5,
and 10 MHz are shown in Fig. 7. The directional response
of the 0.5-mm membrane hydrophone, obtained from pre-
viously reported measurements of the effective radii as a
function of frequency [27], is also shown.

By fitting the first-order Bessel function of the angu-
lar response of a circular plane piston in a rigid baffle
[28] to the experimental data, the effective radii of the
needle and optical fiber hydrophones as a function of fre-
quency were obtained. These are plotted in Fig. 8 along
with the effective radius of the membrane hydrophone [27].
For the PVDF hydrophones, the effective radius initially
falls with increasing frequency, leveling out at a value close
to the physical radius of the active element. For the op-
tical fiber hydrophone, the effective radius also falls with
frequency to a minimum at 10 MHz, where the directional
response is almost flat. It has been suggested that a de-
crease in effective radius with frequency is characteristic
of a circular receiver whose sensitive region does not fall
sharply to zero around the perimeter [29]. For spot-poled
PVDF receivers, such as the membrane hydrophone, this
may be due to a gradual decrease in piezoelectric sensitiv-
ity around the edges of the sensitive region. Similarly, the
Gaussian nature of the light distribution emerging from
the single mode fiber that defines the acoustically sensitive
region of the optical fiber hydrophone may also result in an
apodized response. Additionally, acoustically induced de-
formations from outside the illuminated area could provide
a contribution to the hydrophone output that results in an
apodized sensitivity profile. For the needle hydrophones,
apodization may occur due to edge effects such as varia-
tions in the thickness and flatness of the PVDF element
near the perimeter.

Beyond 10 MHz, the directional characteristics of the
optical fiber hydrophone were observed to become increas-
ingly nonuniform with large fluctuations in amplitude and
phase, and, unlike the PVDF hydrophone responses, it was
no longer possible to fit the plane piston model to the
data to obtain meaningful values of the effective radius.
Nonuniformities in the directional response were found to
be largest around 14 MHz, the location of the first diffrac-
tion minimum in the frequency response at normal inci-
dence [Fig. 6(a)]. The magnitude of this feature is related
to the degree of symmetry in the obstacle that the fiber
presents to the incident field. At normal incidence, the
edge waves from each point around the edge of the fiber
arrive simultaneously at the center, and their contribution
to the sensor output is a maximum. As the angle of inci-
dence is increased, the symmetry is broken, the edge waves
no longer arrive at the center simultaneously, and their in-
fluence on the sensor output is reduced. Thus, as the fiber
is rotated, the sensor exhibits a strong angle-dependent
response at frequencies that correspond to diffraction fea-
tures in the normally incident frequency response. As with
frequency response, it would be desirable to suppress the
influence of the edge waves to obtain a well-behaved direc-
tional response at higher frequencies.

Fig. 6. Frequency responses of a) four nominally identical optical fiber
hydrophones and b) PVDF needle and membrane hydrophones.

F. Temperature Sensitivity

The effect of temperature variations is to change the
optical thickness of the FP cavity. The key parameter is
the temperature phase sensitivity, defined as the optical
phase shift per unit of temperature change. It enables as-
sessment of the temperature range over which the sensor
can be operated before adjustment of the laser wavelength
is required to return the interferometer to quadrature to
maintain constant acoustic sensitivity. If the sensor is to
be used to make measurements of temperature as well
as acoustic pressure, perhaps for investigating ultrasound-
induced heating effects in biological tissues, it enables the
temperature resolution and linear operating range to be
determined.

To obtain the temperature phase sensitivity, the sen-
sor output was compared with that of a reference thermo-
couple while in a temperature-controlled water bath. By
varying the temperature so that a maximum and mini-
mum of the interferometer transfer function could be ob-
served, a temperature transfer function, analogous to the
wavelength transfer function in Fig. 3, was obtained. From
this, the temperature phase sensitivity was calculated to
be 0.077 rad/◦C, comparable with that of PET [30]. Thus,
for a quadrature set optical fiber hydrophone, a tempera-
ture change of 13◦C would be required to produce a 10%
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Fig. 7. Comparison of directional responses of optical fiber hydrophone with PVDF needle and membrane hydrophones at 1, 3, 5, and
10 MHz.

change in the acoustic sensitivity. The noise equivalent
temperature was found to be 65 mK over a 25-MHz mea-
surement bandwidth. Because the sensor was operated well
below the detector saturation threshold and the measure-
ment bandwidth was excessively large, it should not be
difficult to achieve 10-mK temperature resolution in the
future.

G. Stability

Variations in acoustic sensitivity can be caused by
changes in the optical power incident on the sensing film.
Those caused by fluctuations in laser output power and
launch efficiency can be readily compensated for by mon-
itoring the optical power launched into the coupler us-
ing the monitor photodiode PL shown in Fig. 2 and suit-
ably adjusting the laser drive current. Power fluctuations
caused by fiber bending are potentially more troublesome

because they are indistinguishable from changes in inter-
ferometer output that are due to environmentally induced
phase bias shifts. However, it requires a fairly small bend
radius (<1 cm) to produce a significant change in sensitiv-
ity (>10%), and, consequently, this was not found to be a
limitation under normal operating conditions.

Acoustic sensitivity variations can also be caused by
changes in phase bias caused by environmentally induced
changes in the optical thickness of the sensing film such
as those caused by water absorption [13], temperature
changes (Section IV, F), or variations in hydrostatic pres-
sure. The effect of these is to shift the phase bias away
from quadrature. To compensate, it is necessary to retune
the laser wavelength. However, this is a slow process with
a thermally tuned laser diode (tens of seconds), and it is
desirable that, under typical operating conditions, short-
term environmentally induced changes in phase bias are
small. To investigate this, a quadrature-set optical fiber
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Fig. 8. Comparison of effective radii of PVDF needle and membrane
hydrophones and the optical fiber hydrophone as a function of fre-
quency.

hydrophone was positioned directly behind a PVDF mem-
brane reference hydrophone in a water bath. Typical tem-
perature excursions in the water bath over the measure-
ment period were approximately 5◦C. The peak-peak out-
puts of each device in response to a pulsed 3.5-MHz PZT
transducer were compared every 30 s over a period of 20 h
using a digitizing oscilloscope under PC control. The sen-
sor output was divided by the output of the monitor pho-
todiode PL to compensate for variations in laser launch
power. An intrinsic sensor stability of <5% (limited by
the experimental method) over 20 h was obtained.

In particular, it was observed that the response at the
beginning of the measurement period when the sensor was
first immersed in the water remained constant. This sug-
gests that the change in film thickness caused by water
absorption is negligible, a considerable improvement over
PET sensing films in this respect [13]. Thus, any changes
in acoustic sensitivity caused by environmentally induced
phase shifts are likely to be those solely caused by temper-
ature variations, and these need to be >10◦C (Section IV)
to produce significant sensitivity changes.

V. Conclusions

A practical wideband optical fiber hydrophone has been
developed that offers a realistic prospect of overcoming the
shortcomings of piezoelectric PVDF measurement technol-
ogy. In terms of acoustic performance, its principal ad-
vantage lies in the favorable active element size-sensitivity
ratio it offers. In its present form, it can offer a lower di-
rectional sensitivity (<10 MHz) than that of a 0.075-mm
PVDF needle hydrophone but with a detection sensitiv-

ity pressure comparable with that of a 0.2-mm PVDF hy-
drophone. It also has the advantage that it has the po-
tential to self-monitor changes in calibration and to de-
tect temperature changes. An important feature is that
it can be fabricated by depositing the polymer film sens-
ing element directly on to the end of the optical fiber.
This enables a rugged sensor head to be batch-fabricated
with good repeatability at low cost, thereby offering the
prospect of a disposable hydrophone.

Among the possible applications are in situ exposime-
try measurements of diagnostic and therapeutic medical
ultrasound where the disposable nature of the hydrophone,
its miniature, flexible probe-type configuration, low direc-
tional sensitivity, electrical passivity, and ability to mea-
sure temperature would be of benefit. Another application
is the measurement and monitoring of CW low frequency,
high power industrial ultrasound such as that employed in
ultrasonic cleaning where small physical size to avoid dis-
turbing standing wave patterns, the ability to withstand
hostile environments, and low sensitivity to electrical in-
terference are required. The concept may also be suited to
detection applications such as acoustic emission studies,
transmission ultrasound imaging, and photoacoustic and
Hall effect imaging, all of which require a small aperture
wideband receiver.

Future work is to concentrate on understanding more
fully the effect of diffraction on the frequency and direc-
tional response in an effort to design a sensor head geome-
try that offers improved directional and frequency response
characteristics. Additionally, the ability to make simulta-
neous temperature and acoustic pressure measurements is
to be investigated further. It may also be appropriate to in-
vestigate alternative methods of interrogating the FP cav-
ity. For example, low coherence methods [31] can offer a
number of processing advantages over active homodyne.
This is particularly true if quasi-static temperature varia-
tions are to be recovered or more rapid compensation for
environmentally induced cavity length changes than can
be obtained with a thermally tuned laser diode is required
for use in hostile environments.
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