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Abstract
In this work, we present a novel method for characterising the relative variation in hydrophone
sensitivity with temperature, addressing a key aspect of measurements in the field of ultrasound
metrology. Our study focused on a selection of miniature ultrasonic hydrophones commonly
used in medical applications. The method is based on using water as a temperature-sensitive
laser-generated ultrasound (LGUS) source for calibration, allowing for flexible characterisation
across a wide temperature range. The measurements were performed using both the LGUS
method and the established self-reciprocity method. Our results demonstrate good agreement
within 5% between the two methods, validating the effectiveness of the LGUS approach. We
found that the sensitivity of the tested hydrophones exhibited low temperature dependence less
than −0.2% per ◦C within the studied temperature range from 17 ◦C up to 50 ◦C. The presented
LGUS method offers greater flexibility than current approaches as it allows for characterisation
of membrane hydrophones with small element sizes and non-electrical transducers. By
combining the relative sensitivity variation obtained through the LGUS method with the
standard calibration at room temperature, absolute values of hydrophone sensitivity can be
determined. The expanded uncertainty of our measurements, which was evaluated at
temperature intervals of 8 ◦C, was determined to be on average 10%. Our work provides
valuable insights into the temperature dependence of hydrophone sensitivity and lays the
foundation for further investigations in this area. The LGUS method holds promise for future
enhancements, such as increased bandwidth of the LGUS source and frequency domain
analysis, to explore the frequency dependency of sensitivity variation with temperature.
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1. Introduction

1.1. Overview

Miniature ultrasonic hydrophones are a type of measurement
device commonly used to characterise the properties of an
acoustic field. The procedures in which the acoustic sensit-
ivity of each device is calibrated, and subsequent methods
in which these devices can be utilised to specifically meas-
ure acoustic fields generated by medical equipment in liquids
are detailed in the following standards: IEC 62127-1:2022 [1]
and IEC 62127-2:2007 [2]. In an ideal case, the temperature
of the environment in which the hydrophone is intended for
should be suitably similar to the temperature under which the
hydrophone was calibrated. Acoustic output measurements,
however, are routinely conducted at a room temperature of 22
◦C ± 3 ◦C [3]. From their design, hydrophones are known to
have intrinsic electroacoustic properties which have variance
with temperature [4]. If hydrophone sensitivity and frequency
response data at an alternative temperature is of interest, a set
of limited corrections and adjustments can be applied. It has
been identified that literature surrounding this conversion is
scarce, covering only a temperature range between 16 ◦C and
24 ◦C [5].

The knowledge of the variation in hydrophone sensitivity
with temperature is important in applications such as acous-
tic material characterisation and use of hydrophones for map-
ping transducers at body temperature, when the temperature
of the water bath is different from the one used for calibration.
It would also benefit international comparisons of hydrophone
calibrations [6, 7].

Recently, the effect of temperature from 50 ◦C to 130 ◦C
on the performance of poly-vinylidene fluoride (PVDF) film
transducers was investigated [8, 9]. The transducers were fab-
ricated from uniaxially stretched and poled PVDF films of
various thicknesses, laminated between two steel discs func-
tioning as electrodes and connected to 50Ω coaxial cables with
a PTFE coatedwire. During themeasurements, the transducers
were placed in a temperature-regulated oil bath. Pulse-echo
responses were acquired from a reflector positioned 10 mm
away at various temperatures between 18 and 130 ◦C over a
duration of 5 hours. The results showed all transducers exhib-
ited an initial drop in sensitivity when exposed to temperatures
of 60 ◦C and above, followed by an extended slow decline.
Although these findings provide valuable qualitative insight
into the effect of temperature on PVDF transducers such as
miniature ultrasonic hydrophones, their variation in sensitivity
will be affected by not only the PVDF film thickness, but also
the design, electrical impedance matching and other factors.
Thus a technique bywhich the sensitivity of any transducer can
be directly measured as a function of temperature is necessary.

1.2. Hydrophone calibration methods

The temperature dependence of hydrophone sensitivity
has previously been measured for temperatures between
16 ◦C and 24 ◦C using the NPL Primary Standard Laser
Interferometer [4, 5]. In this study, a coplanar-shielded mem-
brane hydrophone showed a relative variation in sensitivity
of 6.5×10−3 ◦C−1 (approximately 6% over the temperature
range), while a bilaminar-shielded membrane hydrophone
showed a smaller variation (less than 2.5×10−3 ◦C−1 or
approximately 2% over the measurement range). The primary
calibration of hydrophones is typically based on optical inter-
ferometric techniques which determine the displacement of a
thin pellicle within the far-field of an ultrasound transducer
or at the focus of a focusing transducer, which is proportional
to the applied pressure [10, 11]. The pellicle is then substi-
tuted with a membrane hydrophone and the electrical signal
from the device is acquired in the same position of the field
[12, 13]. As the acoustic field is the same for the pellicle
and the hydrophone, this method can be used to determine
the variation in sensitivity of a hydrophone with changes in
water temperature, without introducing errors caused by the
sensitivity of the ultrasonic source transducer to temperature
variations [4]. However, these measurements can only be per-
formed in a handful of specialised laboratories in the world.
They also require each of the measurement components (e.g.
transmission of the pellicle, interferometer laser spot size,
etc) to be known at each temperature the hydrophone is calib-
rated (IEC 62127-2:2007 Annex F [2]). For this reason, most
primary hydrophone calibrations are performed in a temper-
ature controlled environment close to 20 ◦C. Other secondary
hydrophone calibration techniques based on the substitution
or comparison principle [14] will comprise the difficulty of
the temperature dependence of the source transducer sensit-
ivity, and may provide only relative differences between the
substituted hydrophones when applied to investigations of
temperature dependency.

The self-reciprocity calibration method uses the theory of
acoustic transduction and propagation in an electroacoustic
transducer to generate a known acoustic pressure field without
the need for a primary standard or standard transducer [15].
The hydrophone being calibrated is used as both a transmitter
and receiver. It emits an ultrasonic tone burst onto a reflector
and subsequently receives the reflected signal. The quantities
measured are electrical and absolute values of pressure can be
determined with low uncertainties by using specialised equip-
ment and applying knowledge of all the components’ uncer-
tainties. The technique also requires minimal geometrical
adjustment to be carried out and is suitable for a relative
measurement of temperature-dependent variation in hydro-
phone sensitivity by changing the water bath temperature.
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However, calibration by self-reciprocity is not applicable to all
hydrophones. Generally, hydrophones of the type used for the
characterisation of medical ultrasonic fields which are made
from piezopolymers (such as PVDF) do not produce suffi-
cient acoustic output due to their small element size and thus
cannot be calibrated using this technique. The minimum dia-
meter for a practical transducer is about 2 mm [2], while the
hydrophones most commonly used when characterising med-
ical ultrasound devices have a diameter smaller than 0.5 mm.
Additionally, modern hydrophone systems comprise an integ-
rated preamplifier whose electronics impede the application of
the hydrophone as an acoustic source. This calibration method
also cannot be applied to non-electrical transducers such as
those used in optical sensing [16].

1.3. Paper outline

In this paper, a novel method for characterising the relative
variation in hydrophone sensitivity with temperature is presen-
ted. The method is based on using water as a laser-generated
ultrasound (LGUS) source, and was used to investigate the
variation in hydrophone sensitivity from 17 ◦C up to 50 ◦C
for three different hydrophones, including the 1.0 mm bilam-
inar membrane hydrophone from the original 1999 study [4].
A custom-made broadband PVDF receiver with a 5 mm active
element was used in a validation study, where its change in
sensitivity with temperature was characterised using the self-
reciprocity method [15].

The principle of LGUS and the method for character-
ising the temperature-dependent sensitivity of a hydrophone
are described in section 2. The validation study using self-
reciprocity is outlined in section 3, followed by the study find-
ings (section 4). The results are discussed and summarised in
section 5.

2. Methods

2.1. Principle of LGUS

A pulse of light incident on an absorbing sample is scattered
and absorbed, consequently resulting in a rise in pressure (and
subsequent relaxation in the form of thermal expansion) [17].
In cases where the scattering is much weaker than absorption,
the light distribution in a sample along the axial direction of
the excitation beam at normal incidence can be described by
Lambert’s law as:

Φ(z) = Φ0e
−µazU(z) (2.1)

where U is the Heaviside step function defined as:

U(z) =

{
1, z⩾ 0

0, z< 0
(2.2)

and Φ(z) is the depth-dependent fluence distribution,Φ0 is the
fluence incident on the sample surface, and µa is the optical
absorption coefficient [17].

If the optical pulse duration ismuch shorter than the thermal
and stress relaxation times of the material, and assuming
all absorbed optical energy decays into heat, a thermoelastic
stress wave is induced which then propagates away from the
heated volume [18]:

p0(z) = µaΓΦ0e
−µaz (2.3)

where p0(z) is the depth dependent pressure distribution
at time t = 0, z is the depth and Γ is the Grüneisen
parameter or thermoelastic efficiency. Γ is a dimensionless
parameter describing the conversion efficiency between the
absorbed optical energy and acoustic pressure [19], and for
a homogeneous fluid can be related to other thermodynamic
properties as:

Γ =
βc2

Cp
(2.4)

where β is the coefficient of volume thermal expansion, Cp is
the specific heat under constant pressure and c is the speed of
sound in water. The properties of the induced acoustic pulse
depend on the optical pulse duration and energy, the size of the
illuminated region, and the physical properties of the medium.
One such property is the product µaΓ called the photoacous-
tic conversion efficiency, an intrinsic material property which
determines the amplitude of the wave. This principle can be
used to generate ultrasound waves, and control their amp-
litude, bandwidth and spatial size [20]. Ultrasound waves gen-
erated in this manner are often referred to as LGUS [21].

When a hydrophone is placed in the water at a distance z=
d from the source, the pressure of an LGUS wave as recorded
by the hydrophone V(t) can be described as:

V(t) = SµaΓΦ0e
−µa(d−ct)e−αctH(z− ct) (2.5)

where S is the hydrophone sensitivity, and α is the acoustic
attenuation coefficient of water expressed in Np m−1 [18].
Provided the LGUS properties are known as a function of tem-
perature, the change in the hydrophone’s sensitivity with tem-
perature T can be calculated from the change in the peak of
the recorded time series occurring at t= d/c, corrected for the
temperature-dependent source properties. A relative measure
of this variation can be obtained by normalising the sensitivity
at temperature T to that at room temperature T0:

S(T)
S(T0)

=
µa(T0)Γ(T0)
µa(T)Γ(T)

eα(T)d

eα(T0)d
Vmax(T)
Vmax(T0)

. (2.6)

Here, µa(T) is retrieved by performing curve-fitting to the
decaying exponential part of the recorded photoacoustic sig-
nal, Γ(T) and α(T) can be obtained from the literature, while
Vmax is the measured peak positive voltage of the detected
signal. The expression is derived from equation (2.5) where
Φ0 cancels out as it is independent of temperature for a non-
scattering fluid such as water. If this is obtained over a signific-
antly wide temperature range, a temperature correction factor
for hydrophone sensitivity can be acquired and subsequently
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used to correct the absolute hydrophone sensitivity at temper-
ature TC from the sensitivity obtained at a different temper-
ature T from a standard hydrophone calibration. Provided the
relationship between the hydrophone sensitivity and temper-
ature is linear within the measurement temperature range, a
temperature correction factor a can be defined as the slope of
the measured trend in hydrophone sensitivity with temperat-
ure, expressed in percentage per degree celsius:

a=
∆S
∆T

× 100 (2.7)

and sensitivity corrected as:

S(T) = S(TC)+ a(T−TC). (2.8)

2.2. LGUS source

The last decade has seen a rise in the development and use of
LGUS sources. These sources are usually comprised of nano-
composite materials, which when excited by a short pulse of
laser light produce a broadband, high amplitude ultrasound
pulse. Such a source was recently developed as a calibra-
tion source for hydrophone calibrations up to 100 MHz [21].
However, in order to investigate the effect of temperature on
hydrophone sensitivity using the theory outlined above, the
temperature dependence of the LGUS source properties must
be well-characterised or known a priori. The simplest example
of such a material is water.

Water has been used as a standard medium in various meas-
urements, and its properties are well known. The temperature
dependence of the speed of sound in water within the limits
from 0 ◦C to 95 ◦C can be described by a fifth-order poly-
nomial given by Marczak [22], while its acoustic absorption
coefficient is described by a seventh-order polynomial fitted
to the data given by Pinkerton [23]. For temperatures between
4 ◦C and approximately 70 ◦C (over which the speed of sound
in water increases with temperature) the Grüneisen parameter
of water can be approximated as Γ(T) = 0.0053T+ 0.0043
[24], where this linear relation was derived from its definition
(equation (2.4)) and knowledge of the temperature dependence
of the speed of sound, volume thermal expansion coefficient
and specific heat capacity at constant pressure for water and
aqueous solutions.

In order to efficiently use water as a LGUS source, the laser
light must be tuned to one of the water’s absorption peaks. The
water’s optical absorption spectrum in the visible to infrared
spectral region is dominated by the fundamental rotational and
vibrational modes of the water molecule [25]. Specifically,
the dominant vibrational features of the two O-H bonds lead
to major absorption maxima, where each of these modes is
predominant at a certain wavelength thus giving rise to the
absorption peaks in the spectrum [26]. Absorption peaks in
the infrared (IR) and near-infrared (NIR) optical spectrum of
water occur around 1460 nm, 1940 nm and 2950 nm [27, 28].
The exact wavelength and µa value vary depending on water
processing and quality, as well as measurement method and

wavelength resolution [29]. Considering the wavelength range
of the lasers available in the Photoacoustic Imaging Group at
UCL, the 1460 nm peak was chosen as the target wavelength.
While Irvine and Pollack report µa = 26 cm−1 at 1450 nm
[30], Hale and Quarry have measured values of 28.8 cm−1 and
28.4 cm−1 at 1440 nm and 1460 nm, respectively [27]. Palmer
and Williams have reported a value of 28.5 cm−1 at 1471 nm
[28]. No information, however, was given on the measurement
temperature.

2.3. Measurement setup

Using the theory outlined above, a setup for measuring
the variation in hydrophone sensitivity with temperature as
defined in equation (2.6) was designed using water as a laser-
generated ultrasound source. The main parts of the measure-
ment setup, shown in figure 1, comprised of a light source (1),
a water bath (2) with temperature control (3), custom-made
hydrophone mount and the hydrophone being calibrated (4).

A tunable fiber-coupled Nd:YAG pumped OPO laser
(Spitlight 600, InnoLas Laser GmbH, Krailling, Germany)
was used for the generation of LGUS signals in water, with
a pulse duration 4 ns and pulse repetition frequency of 30 Hz.
The laser source was coupled to an optical fibre with a numer-
ical aperture of approximately 20 ◦ (1). The beam was geo-
metrically spread to a diameter of approximately 20 mm at the
tank’s optical window (2.b). In order to determine the absorp-
tion peak of degassed deionised water as used in the measure-
ment setup, a wavelength sweep from 1400 nm to 1600 nm in
steps of 10 nm was done. The water was treated with an in-
house system (Purelab Option-R 7/15, ELGA LabWater, High
Wycombe, U.K.) and its conductivity measured at the begin-
ning of the experiment using a conductivity meter (CON450,
Eutech Instruments, Singapore) and was 0.80 µS. The water
temperature was 19 ◦C. Figure 2 shows the relative water
absorption spectrum as measured in-house, with the water
absorption peak occurring at 1470 nm. The optical absorp-
tion coefficient of water at 1470 nm changes by 6% from
18 ◦C to 50 ◦C, and this change was taken into account
when calculating the change in hydrophone sensitivity
with temperature [31].

The water bath consisted of a tank (2.a) with an
optical window (2.b) and an acoustic absorber (2.c) placed
behind the hydrophone. The tank was manufactured from
Poly(methyl methacrylate) (PMMA), with inner dimensions
of 245 mm × 245 mm × 390 mm (height × width × length).
The optical window was a 30 mm diameter circular IR quartz
window (IRQ-302, UQG Ltd Cambridge, U.K.). A 10 mm
thick PMMA slab was used as a partition for adjusting the tank
length and volume of water being heated.

The temperature control was achieved using a thermostat
with an external circulation (ECO RE415S Silver thermostat,
Lauda Dr R. Wobser GmbH, Lauda-Königshofen, Germany)
connected to two aluminium heating elements immersed in
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Figure 1. Setup for hydrophone calibration using a LGUS source. Light is delivered through the optical fibre (1) into the tank (2.a) through
an optical window (2.b). The water temperature is regulated via two heating elements (3) connected to a thermostat and the generated
photoacoustic signals recorded by a hydrophone (4).

Figure 2. Relative absorption spectrum of deionised water between 1400 nm and 1600 nm, where the points represent the measured data,
while the blue line is a fitted curve. The absorption peak occurs at 1470 nm.

the tank (3). Temperature feedback was received using a T-
type thermocouple (5TC-TT-TI-36-1 M-SMP-M IEC PFA-
insulated, Omega Engineering Limited, Manchester, U.K.)
positioned close to the hydrophone.

The hydrophone being calibrated (4) was sandwiched
between two PMMA rings with an acoustic window of 90 mm
and mounted on a custom-built rig with two translation stages
on each side of the tank to enable precise hydrophone position-
ing with an accuracy of 0.01 mm in two degrees of freedom.
The hydrophone was connected to an oscilloscope (DSO-X
3024A, Agilent Technologies, PaloAlto, CA, USA) and signal
acquisition triggered using an in-house built photodiode and
waveforms digitised with a sampling frequency of 200 MHz
and 2000 averages.

2.4. Hydrophones

In this study, two membrane hydrophones were character-
ised: a 1.0 mm bilaminar membrane hydrophone (S/N IP033,

GEC-Marconi Electronics Ltd UK) from the 1999 study by
Preston et al [4] and a 0.2 mm differential membrane hydro-
phone (S/N D0902, Precision Acoustics Ltd Dorchester, UK).
The sensitivity of these hydrophones has been measured in
the National Physical Laboratory secondary standard meas-
urement system [32] in the range (1–40) MHz and a room
temperature of 20 ◦C ± 0.5. The sensitivity at 1 MHz is
91 nVPa−1 and 99 nVPa−1 for the Marconi and the Precision
Acoustics hydrophone, respectively. The Marconi bilaminar
hydrophone was connected to the oscilloscope using a 1 M Ω
IN–50 Ω OUT amplifier. The differential hydrophone features
a differential input preamplifier embedded into the hydro-
phone ring and was connected to a power supply. The sig-
nals recorded from both hydrophones were amplified using a
hydrophone booster amplifier (MA2, Precision Acoustics Ltd
Higher Bockhampton, U.K.).

The hydrophone used in the validation study was a custom-
made circular plane piston, immersion hydrophone providing
a flat, broadband sensitivity (S/N PA1075, Precision Acoustics

5



Metrologia 60 (2023) 055002 M Bakaric et al

Figure 3. Frequency response of the PA1075 hydrophone in the range 1 MHz to 40 MHz. The uncertainty bars represent the expanded
uncertainty (p = 0.95).

Ltd Dorchester, UK). The hydrophone is made from a 28 µm
PVDF film, has an acoustically hard backing made of tung-
sten/epoxy composite and an acoustic aperture of 23 mm. The
hydrophone has a 5 mm active element and a centre frequency
of 14 MHz. The hydrophone was connected to the oscillo-
scope using a hydrophone preamplifier with a 9 dB voltage
gain, which also buffers the signal and provides a 50 Ω out-
put. The amplifier is powered by a DC coupler. The free-field
sensitivity of the hydrophone at room temperature of 22 ◦C
was measured across the frequency range from 1 MHz to
40 MHz at the NPL Hydrophone Calibration facility [32]. A
comparison method was used where the response of the test
hydrophone was compared against a reference transfer stand-
ard hydrophone, the calibration of which is traceable back to
the NPL Primary Standard laser interferometer [4]. Spatial
averaging corrections were applied to compensate for the dif-
ferent diameter between the reference and test device [33]. The
hydrophone’s sensitivity as a function of frequency is shown
in figure 3. It has a peak sensitivity of 2030 nVPa−1 at its
centre frequency of 14 MHz. The expanded uncertainty at this
frequency is 5.2%.

2.5. LGUS setup simulation

In order to determine the distance between the LGUS
source and the hydrophone required to resolve the dir-
ect ultrasound wave from any edge waves, an axisym-
metric time-domain simulation of wave propagation (using
kspaceFirstOrderAS function [34] in k-Wave [35]) was
performed. The simulation was run for each hydrophone sep-
arately as the required source-hydrophone separation depends
on the hydrophone’s active element size. A snapshot of the
simulation is shown in figure 4(a). A cylindrical LGUS source

with the radius of 10 mm was defined as a 1D decaying
exponential with a constant optical absorption coefficient of
28.5e+02 m−1 corresponding to the water absorption peak
value at 1470 nm reported in the literature [27, 28]. The
sensor radius was defined as half the hydrophone’s active ele-
ment size and pressure recorded with a line across the sensor.
During the simulations, the medium speed of sound (and thus
effectively its temperature) was varied within the intended
temperature range for the hydrophone calibration, while the
source–sensor separation distance was varied between 15 mm
and 55 mm in steps of 10 mm. An example of the simu-
lated waveforms at temperatures of 17 ◦C and 50 ◦C for the
PA1075 hydrophone with an active element radius of 2.5 mm
is shown in figure 4(b). The recorded pressure values can be
considered arbitrary as the simulation is linear and the findings
thereof were used solely to investigate the effect of source–
hydrophone distance on the recorded signal shape.

It can be seen that for separation distances greater than
25 mm the edge wave is overlapping with the main wave and
affecting the signal amplitude. Reducing the distance between
the LGUS source and hydrophone separates the edge waves
from the main wave and ensures an accurate signal amp-
litude is recorded. The maximum required separation distance
suitable for all three hydrophones was 25 mm. An alternat-
ive method to derive an appropriate geometrical setting could
be derived by spatial impulse response considerations as dis-
cussed in IEC 62127-2 [2], clause G.5.

2.6. Protocol for hydrophone calibration using an LGUS
source

During the measurements, the entire setup was placed in a
light-absorbing enclosure for eye-safety purposes. The tank
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Figure 4. Axisymmetric simulation of the LGUS source. (a) Simulation snapshot with the black line representing the sensor mask,
red-yellow line the incoming ultrasound wave, and blue lines the edge waves. (b) Simulated waveforms at 17 ◦C and 50 ◦C for
source–sensor separation distances between 15 mm and 55 mm. The recorded pressure values are arbitrary.

Figure 5. An example of a LGUS signal as recorded by the PA1075 hydrophone (left) at 20 ◦C and the corresponding single-sided
amplitude spectrum (right).

was filled with degassed deionised water as used in the water
absorption peak measurement described in section 2.2. The
water was deionised to reduce the build-up of mineral deposits
on the tank and equipment, stop electrical conduction through
the water and ensure consistent medium properties through-
out the measurements. Degassing reduces the probability of
bubble formation during the experiment [36] and was achieved
by boiling the water.

The hydrophone being calibrated was placed in the holder,
immersed in water and aligned for maximum signal. The
water (and thus hydrophone) temperature was changed in
the range between 17 ◦C to 50 ◦C (depending on the per-
mitted range for the hydrophone being calibrated accord-
ing to the manufacturer), and signals acquired every 1 ◦C
during both heating and cooling. The measurement was
repeated five times, where a measurement constitutes of
data acquisition during both heating and cooling cycles,
thus making a total of 10 data sets for each of the three
hydrophones.

2.7. Data processing

The data acquired using the LGUS method was processed
assuming all frequency components have the same temper-
ature dependencies. The recorded time-domain signals were
processed in MATLAB (R2020a, MathWorks, Massachusetts,
USA) by first averaging the data and removing any DC offset.
An example of the signal recorded by the PA1075 hydrophone
and the corresponding amplitude spectrum are presented in
figure 5 for reference. The spectrum was acquired by apply-
ing a zero-padded fast Fourier transform to the signals and the
single-sided amplitude A(f ) spectrum obtained as a function
of frequency f is shown here for illustration only.

The initial part of the signal corresponds to the initial pres-
sure distribution, which is proportional to the axial distribution
of the absorbed energy in the irradiated volume. The posit-
ive peak of the signal corresponds to the absorbed energy at
the interface between the optical window and the water. The
negative peak is caused by edge waves from the perimeter
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of the excitation beam [17]. This is followed by reverbera-
tions caused by multiple acoustic or light reflections in the
optical window, which were removed during post-processing
by windowing the data. The photoacoustically generated peak
pressure at 20 ◦C was in the order of 25 kPa and was meas-
ured using a calibrated piston hydrophone (PA1075) used in
the validation study. For hydrophones with lower sensitivity,
higher pressures might be required for the calibration. The sig-
nal amplitude spectra as shown in figure 5 indicates the major-
ity of the signal is contained around 1MHz. Equation (2.6) can
thus be simplified as the ratio eα(T)d

eα(T0)d
for a maximum measure-

ment temperature of 50 ◦ and a baseline of 17 ◦C in water is
approximately equal to 1 (0.9997) for a frequency of 1 MHz
and separation distance 25 mm. Thus the change in the meas-
ured peak only needs to be corrected for µa(T) and Γ(T), a
detailed description of which can be found in [31].

2.8. Measurement uncertainty

Measurement uncertainty was evaluated following the guide
to the expression of uncertainty in measurement [37]. The
expanded measurement uncertainty as quoted in the results
section was determined using both Type A (random) and Type
B (systematic) uncertainty evaluations. This is given as the
standard uncertainty multiplied by a coverage factor, k =
2, providing a coverage probability of approximately 95%
(p= 0.95), according to themethods recommended in [37, 38].
Contributions of Type A uncertainties were evaluated at inter-
vals of 8 degrees Celsius (22 ◦C, 30 ◦C, 38 ◦C and 46 ◦C),
while Type B uncertainties arise from several sources not
affected by the temperature changes in the water bath. These
were independently evaluated or quoted from the available lit-
erature, as briefly described in table 1. These included laser
noise, oscilloscope linearity and resolution, and contributions
of uncertainty in the optical absorption coefficient used to cal-
culate the hydrophone sensitivity.

3. Validation

3.1. Principle of self-reciprocity

In order to validate the results obtained using the above-
described LGUSmethod, the self-reciprocitymethodwas used
[15]. The method was adapted to include a relative measure-
ment of the hydrophone’s sensitivity over a wide temperature
range. As outlined in section 1.2, this method uses the theory
of acoustic transduction and propagation to generate a known
acoustic pressure field by using the hydrophone being calib-
rated as both a transmitter and receiver. Here, a reciprocal
coefficient for plane waves Jp is defined as the ratio of the free-
field sensitivity M and the transmitting current response S of
the hydrophone:

M
S

=
UI
p2

=
2A
ρc

= Jp. (3.1)

Table 1. Uncertainty sources and their contributions (k = 1),
expressed as a percentage (%). Sources correlated with temperature
are labelled with†.

Source of
uncertainty

Standard
uncertainty
(%) Description

Type A 2.5a Random/repetitions.
Laser shot-to-shot
noise

0.08 Evaluated from laser power
output measurements over 300
averages.

Laser stability RMS 1.50 From laser specifications.
Laser photodiode 0.46 From [10]
Distance dependence
of the field†

1.48 Evaluated from k-Wave
simulations by taking the
percentage difference in
amplitude at 18 ◦C and 50 ◦C

Oscilloscope
linearity and
distortion

1.00 From oscilloscope specifications.

Oscilloscope
resolution

0.40 From oscilloscope specifications.

Hydrophone
preamplifier linearity

1.00 From specifications.

Signal-to-noise 0.10–0.50a Calculated as ratio of noise at
zero level to signal peak.

Water temperature† 0.40 From thermocouple
specifications.

Optical absorption
coefficient†

1.00 Random/repetitions.

a Depending on hydrophone

Jp is known from the hydrophone specifications, where A=
r2π is the effective radiating surface, and the medium prop-
erties ρ (density) and c (speed of sound). A measurement of
the input current I and received voltage U leads directly to the
determination of acoustic pressure p, and thus S and M.

3.2. Measurement setup

In order to validate the LGUS method using self-reciprocity,
the 5 mm piston hydrophone was used in the setup shown in
figure 6. The hydrophone was held in a retort clamp connected
to a manual rotation stage (RP01, Thorlabs Inc. Newton, NJ,
USA) enabling precise tilt adjustments. The stage offers 360 ◦

of continuous rotation with a scale that is engraved in 1 ◦ incre-
ments along the outer circumference of the rotating platform.
The hydrophone was immersed in a tank filled with degassed
deionised water with electrical conductivity of 0.75 µS at
19 ◦C. The hydrophone was positioned perpendicularly above
a reflecting target (98% reflectivity). The reflector satisfied the
requirements set in K.5.5 of IEC 62127-2:2007 [2], including
a diameter sufficient to encompass the entire ultrasonic beam
and positioned at a distance from its surface of at least 1.5
times the near field distance, given by N1 = a2/λ where a is
the effective radius of the ultrasonic transducer, and λ is the
ultrasonic wavelength in water at its frequency of operation.
The separation distance used in this case was thus 80 mm.

8
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Figure 6. Self-reciprocity measurement setup with the schematic representation (a) and a photograph (b). The hydrophone is positioned
perpendicularly above a reflecting target and the input as well as reflected signals are monitored by a current probe connected to an
oscilloscope.
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Figure 7. Input current to the hydrophone (top) and the reflected signal waveform (bottom) as monitored by the current probe connected to
the oscilloscope.

The water (and thus hydrophone) temperature was changed in
the range between 18 ◦C to 48 ◦C using the thermostat with
an external temperature feedback as described in the previous
section.

The hydrophone was excited by a 10 V peak-to-peak 10-
cycle tone burst with 2 ms burst period at the hydrophone’s
centre frequency of 14 MHz provided by an arbitrary wave-
form generator (33 250A, Keysight Technologies, Santa Rosa,
CA, USA). The input signal was monitored using an oscil-
loscope (MSO54, Tektronix Inc. Beaverton, OR, USA). The
oscilloscope was set to 1000 averages, 6 kpts record length,
1.25 GS s−1 sample rate and 480 ns div−1 horizontal scale. An
uncalibrated current probe (6027, Pearson Electronics, Palo
Alto, CA, USA) was used to measure the input current to the
transducer, as well as the reflected signals. The probe has nom-
inally no impedance losses and has a conversion of 1 A = 1 V.
The hydrophone was rotated and tilted in order to maximise
the received signal. The input current (t= t0) to the hydro-
phone was kept constant with temperature and was 10 A peak-
to-peak. The temperature-dependent reflected signals received
after a delay (t= tdelay) were low in amplitude so were ampli-
fied 5× and low-pass filtered (20 MHz) before the connection
to the oscilloscope. The peak-to-peak amplitude of reflected
signals at 22 ◦C was 0.14 V.

3.3. Data processing

The recorded time-domain signals were processed in
MATLAB (R2020a, MathWorks, Massachusetts, USA) by
first averaging the data and removing any DC offset. An
example of the measured input current and reflected voltage
signal at 22 ◦C is shown in figure 7. Only the stable middle
part of the tone burst was used for analysis and the amplitude
information for each time series extracted by taking the
peak-to-peak amplitude of the signal. This method has
sufficient accuracy for the signal-to-noise ratios obtained in
the experiment.

The reciprocal coefficient for plane waves Jp depends on
temperature due to themedium properties. This was calculated
for water using the values as given in Jones and Harris (density
[39]) and Marczak (speed of sound [22]). The acoustic pres-
sure was then calculated using equation (3.1) as:

p=

√
UI
Jp

. (3.2)

The apparent value of the free-field voltage sensitivity M∗

can then be calculated as M=
∣∣∣Up ∣∣∣. Here, an ideal reflector is

assumed as well as lossless transmission through the medium.
In order to account for these, a correction factor k can be
applied as defined in IEC 62127-2:2007 Annex K.11 [2],
equation K.25. As the method used in this chapter was adap-
ted to include a relative measurement across a wide range of
temperatures, the factors contributing to the correction factor
are reduced to include only the temperature dependent para-
meters, which are the amplitude reflection coefficient at the
water/reflector surface RRT and the acoustic attenuation α(T).
The correction factor is then calculated as:

k(T) =

√
1
RRT

exp(2dα(T)) (3.3)

where d is the distance between the hydrophone and reflector,
while α is the amplitude attenuation coefficient for ultra-
sound in pure, degassed water at 14 MHz. The correc-
ted free-field sensitivity Mcorr was then normalised to the
value at 22 ◦C to yield the relative variation in sensit-
ivity with temperature. Combined with the known hydro-
phone sensitivity at room temperature, this can be used
to calculate the hydrophone’s absolute sensitivity at a
temperature T.

The expanded uncertainty was taken as the summation
in quadrature of the uncertainty in hydrophone calibration
and the overall systematic uncertainty of ±1.5 dB in voltage

10
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Figure 8. Relative change in hydrophone sensitivity with temperature as measured using the LGUS method (blue dots) and self-reciprocity
(orange circles). The uncertainty bars represent the expanded uncertainty (p = 0.95) and were calculated as described in table 1 and
section 3.3 for the results acquired with the two methods, respectively.

sensitivity level as given in Clause K.8 of IEC 62127-2:2007
[2]. This was calculated as the ratio:

uc(T) =
−1.5dB(re1V/µPa)

20log(M(T))
(3.4)

where M(T) is the absolute temperature-dependent hydro-
phone sensitivity, thus yielding an expanded uncertainty of
5.2%.

4. Results and discussion

4.1. Validation using self-reciprocity

In order to validate the results obtained with the novel LGUS
method, the variation in sensitivity of the 5 mm piston hydro-
phone was measured using both approaches. The measure-
ments were performed at temperatures between 18 ◦C and
48 ◦C in steps of 2 ◦C using the self-reciprocity method,
while for the LGUS method temperatures up to 50 ◦C were
reached and data acquired every 1 ◦C. The relative values
of free-field hydrophone sensitivity were obtained by norm-
alising to temperature of 22 ◦C. Figure 8 shows the relat-
ive variation in sensitivity of the 5 mm piston hydrophone
as measured using the self-reciprocity (orange diamonds) and
LGUS (blue dots) approach. Both methods exhibit a small
decreasing trend in the hydrophone sensitivity with temper-
ature from 18 ◦C to 48 ◦C (50 ◦C in case of LGUS method),
with trends of −0.19% per ◦C (R2: 0.89) and −0.20% per ◦C
(R2: 0.92) (calculated using the slope of the weighted least-
squares regression fit) for self-reciprocity and LGUS method,

respectively. The results show good agreement and are posi-
tioned within the uncertainty bars of both measurements, thus
endorsing the validity of the results obtained with the LGUS
method.

4.2. LGUS measurements

Once the approach to hydrophone calibration using a LGUS
source was validated for the 5 mm piston hydrophone, two
membrane hydrophones were also characterised. Figure 9
shows variations in sensitivity of the 1.0mm bilaminar mem-
brane hydrophone (a) and 0.2 mm differential membrane
hydrophone (b) for temperatures from 17 ◦C to 37 ◦C in steps
of 2 ◦C, as well as the piston hydrophone (c) for temperatures
between 18 ◦C and 50 ◦C, normalised to 22 ◦C. The uncer-
tainty bars represent the expanded uncertainty (p= 0.95) eval-
uated as in section 2.8.

The sensitivity of the membrane hydrophones demon-
strated a small variationwith temperature, with a positive trend
of approximately 0.08% per ◦C (R2: 0.04) for the bilaminar
membrane hydrophone and 0.35% per ◦C (R2: 0.048) for the
differential membrane hydrophone over the temperature range
studied. The relatively low R-square values suggest that there
may not be a significant change in sensitivity within this tem-
perature range. Additionally, the temperature dependence of
sensitivity for the 5 mm piston hydrophone was found to be
approximately −0.20% per ◦C (calculated using the fit slope,
R2: 0.92) which is consistent with the observations repor-
ted in Kelley[8] regarding a reduction in normalised pulse-
echo amplitude when the PVDF sensor is exposed to elevated
temperatures.
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Figure 9. Relative change in sensitivity of the 1.0 mm bilaminar
membrane hydrophone (a), 0.2 mm differential membrane
hydrophone (b) and 5 mm piston hydrophone (c). All plots are
normalised to 22 ◦C. Uncertainty bars represent the expanded
uncertainty (p= 0.95). The dotted lines represent the weighted
least-squares (WLS) regression fit.

5. Summary and discussion

The knowledge of the variation in hydrophone sensitivity with
temperature is important in order to reduce uncertainties in
measurements made at temperatures different from those used
for hydrophone calibration. In this work, a novel method for
characterising the relative variation in hydrophone sensitivity
with temperature was presented. A selection of hydrophones
for medical applications was calibrated across the temperat-
ure range from 17 ◦C to 50 ◦C. The hydrophones exhibited
a low temperature dependence within the measurement range
consistent with the limited experimental data existing within

the literature. Previous measurements were limited to a smal-
ler temperature range where the presence of random noise may
have affected the observed slope. Whilst this does not provide
a definitive conclusion on the variation in hydrophone sens-
itivity with temperature due to the limited number of devices
tested in the study, it facilitates further studies on their beha-
viour by introducing a new measurement method. The dif-
ferent variation in sensitivity with temperature for different
hydrophone types originates from the different temperature
dependency of the dielectric constants for PVDF and water [4]
but is also influenced by other factors such as electrical imped-
ance andmatching. The hydrophone geometry andmechanical
features also make an important contribution, making model-
ling very difficult. As such, a direct measurement of the vari-
ation in hydrophone sensitivity is required. The LGUSmethod
was validated using self-reciprocity as described in [15] and
extended to include a relative measurement across a range of
temperatures. This showed good agreement between the res-
ults obtained with both methods, thus endorsing the validity of
results obtained with the new method.

Although temperature-dependent characterisation of
hydrophone sensitivity can be achieved using the described
self-reciprocity method, the LGUS method is offers greater
flexibility by allowing the characterisation of membrane
hydrophones with small element sizes, which are typically
unsuitable for the self-reciprocity approach due to limited
energy transmission, as well as non-electrical transducers.
The LGUS method uses the fundamental properties of water
and provides the relative variation in hydrophone sensitivity
with temperature, which can then be combined with the stand-
ard calibration at room temperature to determine absolute
values. The experimental setup presented in this work serves
to demonstrate the proposed method, highlight its underlying
principles and showcase its capabilities within the limitations
of the chosen configuration. Further modifications to the setup,
such as changing the laser or incorporating optical lenses,
have the potential to broaden the bandwidth of the LGUS
source and enable data analysis in the frequency domain. This
advancement would also enable exploration of the frequency-
dependent nature of hydrophone sensitivity variation with
temperature, opening avenues for future investigations.
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