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Dissemination of the Acoustic Pascal: The Role
and Experiences of a National
Metrology Institute
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Abstract—Hydrophones are pivotal
devices ensuring medical ultrasound acoustic exposures
comply with the relevant national and international
safety criteria. These devices have enabled the spatial
and temporal distribution of key safety parameters
to be determined in an objective and standardized
way. Generally based on piezoelectric principles of
operation, to convert generated voltage waveforms to
acoustic pressure, they require calibration in terms of
receive sensitivity, expressed in units of V-Pa~1. Reliable

hydrophone calibration with associated uncertainties
plays a key role in underpinning a measurement framework

that ensures exposure measurements are comparable

and traceable to internationally agreed units, irrespective

of where they are carried out globally. For well over

three decades, the U.K. National Physical Laboratory
(NPL) has provided calibrations to the user community

covering the frequency range 0.1-60 MHz, traceable to
a primary realization of the acoustic pascal through

optical interferometry. Typical uncertainties for sensitivity

are 6%—22% (for a coverage factor k = 2), degrading
with frequency. The article specifically focuses on the

dissemination of the acoustic pascal through NPL's

calibration services that are based on a comparison with
secondary standard hydrophones previously calibrated

using the NPL primary standard. The work demonstrates
the stability of the employed dissemination protocols

by presenting representative calibration histories on a
selection of commercially available hydrophones. Results
reaffirm the guidance provided within international

standards for regular calibration of a hydrophone in order

measurement

Oscilloscope || comms. cable

=C

Chl ch2 Ch3 cha4

amplifier
RF Out

Voltage

Pressure

- Broadband pulse: 0.1 - 1.6 MHz - | -Noniinear: 1 - 40 MHz
——Broadband pulse: 1 - 20 MHz - Nonlinear: 2 - 60 MHz

i aﬁ;ﬁ[ﬁ“‘lfﬂiﬁ i 'j It

i

0 10 20 30 40 50 60
Frequency (MHz)

0 5w

150 s 40
Frequency (MH7)

YT VI YS—Y7—¥9 — Y Yl —VI6— YIE—va)
—Y2 —¥2 Y6 —Y8 — Y10 — Y13 —YI5 — Y17 —YI9

to underpin measurement confidence. The process by which internationally agreed realizations of the acoustic pascal
are compared and validated through key comparisons (KCs) is also described.

Index Terms— Acoustic pascal, calibration, comparison, hydrophones, primary standard.

I. INTRODUCTION
HE SI system or the International System of Units [1] that

forms the basis of the metric system of measurement is
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the only system of measurement with official status in nearly
every country in the world. Widely employed in science, tech-
nology, industry, and everyday commerce, it ensures global
comparability and traceability in measurement. The SI system
comprises a coherent set of measurement units with seven
base units and 22 derived units that are intimately linked to
the base units. Important quantities related to the safe use of
medical ultrasound [2], [3], [4], such as acoustic pressure and
acoustic power, are two examples of such derived quantities
[51, [6], [7]. Acoustic pressure, or dynamic force per unit
area—represented dimensionally as M-L~'-T~2 —is specified in
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Highlights

o For the first time, the stability in the sensitivity of a number of commercially available ultrasonic hydrophone
designs over typical timescales of a decade is demonstrated, determined using National Physical Laboratory (NPL)’s

secondary calibration services.

« The results demonstrate the stability of the calibrations systems available at NPL for calibrations over the frequency
range of 0.1 to 60 MHz with uncertainties of 6 to 22%, providing traceability to the Sl unit of the acoustic pascal.

« The paper underlines the importance of regular calibration with subtle but significant changes in the frequency-
dependent hydrophone sensitivity, potentially leading to significant errors in acoustic output measurement, if

unnoticed.

pascals and is linked to three SI base units: mass, length, and
time. The original Special Issue on Ultrasound Exposimetry
[8] detailed progress up to that time in developing measure-
ment methods characterizing important exposure parameters.
An excellent case can be made that the major development
in measurement instrumentation that has underpinned the cur-
rent metrological infrastructure that allows users to undertake
measurements in a comparable way has been the membrane
hydrophone [9], [10]. The broadband nature of their response,
the ability to manufacture devices with miniature poled active
elements [11], [12] able to spatially resolve transducer fields
and their well-understood performance [13], has meant that
measurements made using these devices have been embodied
in a range of international and national standards [2], [3], [4],
[10], [14], supporting the regulatory framework [15]. While a
range of hydrophone devices exist [13] and the choice of which
one to use may be dependent upon features of the acoustic field
being characterized, membrane hydrophones have generically
become the gold standard for measurement.

Although the behavior of ultrasonic hydrophones is indeed
well understood and can be modeled [16], [17], their receive
sensitivity cannot be calculated due to manufacturing tol-
erances and uncertainties in key material input parameters.
They must, therefore, be calibrated to allow quantitative
acoustic field measurements to be made. The key quantity of
importance is the hydrophone sensitivity expressed in units
of V-Pa~!. The frequency-dependent sensitivity is defined as
the ratio of the output voltage to the input acoustic pressure
existing at the spatial location of the device in its absence [10].
Deriving the sensitivity of the hydrophone, therefore, depends
on the realization of the acoustic pascal unit. This is carried
out through primary methods of measurement.

At a handful of National Metrology Institutes (NMlIs),
optical interferometer-based primary standards have been
configured to measure either the local displacement [18], [19]
or local particle velocity [20], [21] to provide traceability to
the SI units of length, through the wavelength of the laser used,
mass, and time. Primary measurement setups are operated
under tightly controlled experimental conditions. Although
hydrophones calibrated on primary standard setups provide
the lowest uncertainties achievable in terms of hydrophone
calibration, in general, their use for direct dissemination of
the pascal to the user community is impractical. Instead,
general dissemination is undertaken through secondary meth-
ods, where hydrophones previously calibrated using a primary
method are used to calibrate test hydrophones through direct

comparison. Secondary methods employed at the National
Physical Laboratory (NPL) are based on a substitution tech-
nique, in which the response of the hydrophone under test and
that of a reference hydrophone are compared when exposed
to the same ultrasound field at the same spatial location. This
calibration technique is lower in the dissemination chain as
the test hydrophone is now traceable to the SI units only
via hydrophones calibrated on the primary standard. As a
result, the test hydrophone inherits both the inherent uncer-
tainties of the secondary approach as well as the uncertain-
ties of the primary method. However, secondary approaches
maintain efficiency in terms of the work and resources (in
terms of time and cost) needed to accomplish a calibra-
tion while still providing end users with access to traceable
calibrations.

This article describes the range of methods used at NPL
that has enabled the dissemination of the acoustic pascal to
the worldwide user community for approaching four decades
(Fig. 1). The article is organized as follows: Section II pro-
vides more details on how the acoustic pascal is realized at
the primary level and Section III details how comparability of
the primary-level realizations at the world’s NMlIs is assured.
Section IV describes secondary calibration methods employed
at NPL, Section V describes the bulk of hydrophone types
that NPL calibrates, with Section VI providing typical results
of a selection of devices. This demonstrates the stability of the
calibration protocols employed but examples are also provided
of changes in hydrophone sensitivity which the calibration
techniques at NPL have been able to detect.

It should be noted that in addition to the frequency-
dependent sensitivity response of a hydrophone, there are other
key device-specific characteristics that affect performance.
These include quantities derived from relative measurement
techniques such as noise equivalent pressure and directional
response (from which the effective element diameters are
derived) [22]. These properties affect not only the end appli-
cation of the hydrophone, but also the uncertainties achievable
from their calibration. The robustness of hydrophones in
withstanding damaging effects of cavitation at high-intensity
therapeutic ultrasound (HITU) pressures is an important con-
sideration when measuring such fields. It should additionally
be noted that the sensitivity response referred to in this article
only refers to the magnitude part of the complex frequency
response of the hydrophone. The phase component of the
frequency response is essential when measuring broadband
ultrasound signals using a hydrophone with a nonuniform



RAJAGOPAL et al.: DISSEMINATION OF ACOUSTIC PASCAL: ROLE AND EXPERIENCES 103

{ Patients and clinicians ]

pu
Users: equipment manufacturers and
research organisations

t

NPL hydrophone calibrationservices

NPL primary
standard

Fig. 1. Schematic representation of the way in which the acoustic pascal
in water, as realized at NPL using the primary standard, is disseminated
to the user community.

frequency response. In such cases, to accurately recover a
broadband pressure signal, a temporal deconvolution of the
measured hydrophone voltage signal is performed by using
its complex-valued frequency response. This need is currently
recognized in the revision to the IEC 62127-1 standard [10].
Fiber-optic hydrophones based on Fabry—Perot interferometry
or reflectance at the tip of a cleaved fiber [23], [24] have not
been considered in this article as they are very rarely calibrated
at NPL.

More information on topics such as hydrophone designs,
directivity calibrations, signal processing techniques for
spatiotemporal deconvolution, considerations when using
hydrophones for HITU, and how to choose a hydrophone
for a given application is covered in a tutorial article pub-
lished within this Spotlight Issue and the references contained
therein [13].

Throughout this article, unless otherwise stated, all uncer-
tainties (including error bars shown in the various figures)
are expressed as combined (random and systematic) expanded
uncertainties for a confidence interval of 95% (coverage factor
k = 2). At NPL, the uncertainty analysis is carried out con-
sistent with the ISO/IEC document: Guide to the expression
of uncertainty in measurement [21].

Il. REALIZING THE ACOUSTIC PASCAL

The unit of acoustic pascal [kg:m~'-s72] is realized at
a handful of global NMIs using a primary measurement
standard (or primary standard) that provides direct traceability
to fundamental units of measurement, that is, the SI. Free-
field hydrophone calibrations obtained on the primary standard
are also sometimes referred to as “absolute” calibrations and
hydrophones calibrated on the primary standard can be known
as reference, transfer, or secondary standard hydrophones.
According to the International Vocabulary of Metrology [25],
a primary standard is defined as a measurement standard
established using a primary reference measurement procedure
in which the derived measurement has no relation to another
measurement standard for a quantity of the same kind. This is
to say that the derived hydrophone sensitivity does not make
reference to another hydrophone, regardless of its transduction
mechanism.
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Fig. 2. General layout of the secondary standard hydrophone calibration
setup. The details of various parts of the calibration setup identified by
their corresponding numeric are listed in Table |. RF-radio-frequency
(signal). Comms. Cable—General-purpose interface bus communica-
tions cable.

Various techniques have been explored for calibrating
hydrophones [6], [18], [21], [26], [27], [28]. Optical inter-
ferometers are capable of measuring broadband and finite
amplitude distorted ultrasound fields several megapascals in
amplitude. The general arrangement consists of a thin plastic
membrane (pellicle) made of polyethylene terephthalate film
(1-5-um thick) coated with a layer of gold (<25 nm in
thickness) on one side, stretched over an annular ring [29].
The acoustic field from the source transducer is incident on the
uncoated side, and the interrogating laser beam (beam waist
~50 pum) from the interferometer is reflected from the gold-
coated surface. The laser interferometer is used to measure
the motion of the pellicle as it moves in sympathy with the
acoustic wave [29]. For a pellicle positioned in the transducer
far-field, the sinusoidal acoustic displacement d [m] can be
related to the acoustic pressure amplitude p under conditions
approximating to an acoustic plane wave

p = pcod (1)

where o [rad-s™'] is the angular frequency and p [kg-m~3]
and ¢ [m-s~!] are the temperature-dependent mass density and
speed of sound in water, respectively. The optical interferom-
eter can, therefore, be used to measure the acoustic displace-
ment at a spatial location in the field (thereby realizing the
acoustic pascal); hydrophone calibration involves positioning
the device to be calibrated at exactly the same point in the
field and measuring its output voltage. Optical interferometers
have been used to calibrate hydrophones at NPL in the
frequency range of 100 kHz-60 MHz [18], [30], [31], [32].
Primary calibration of hydrophones typically requires acoustic
displacements to be measured from a few tens of nanometers
to a few tens of picometers. At NPL, the primary standard
is used to calibrate several secondary standard membrane
hydrophones with uncertainties that increase from typically
3% to 18% over the frequency range 100 kHz—60 MHz with
the lowest uncertainty achieved in the range 0.5-20 MHz.
These secondary standard hydrophones are then used to dis-
seminate the acoustic pascal through the suite of services
described in Section IV.



104 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 70, NO. 2, FEBRUARY 2023

I1l. INTERNATIONAL PERSPECTIVE

In terms of ensuring measurement comparability, it is clearly
critical that the equivalence of primary realizations of units
of technological significance at NMIs is validated. One of
the central objectives of the mutual recognition arrangement
(MRA) drawn up by the International Committee of Weights
and Measures (CIPM) and signed by representatives of Mem-
ber States of the Bureau International des Poids et Mésures
(BIPM) is to establish degrees of equivalence of the national
measurement standards maintained by NMIs [33]. Under-
pinning the basis for mutual recognition of calibration and
measurement certificates issued globally, this provides gov-
ernments and other parties with a secure technical foundation,
which supports wider agreements related to international trade,
commerce, and regulatory affairs (CIPM-MRA 2003) [34].
The BIPM is an international organization established by the
Metre Convention, through which Member States act together
on matters related to measurement science and measurement
standards.

Degrees of equivalence of national measurement standards
are established through international comparisons known as
key comparisons (KCs) organized by various consultative
committees of the CIPM such as the Consultative Committee
for Acoustics, Ultrasound and Vibration (CCAUYV). For the
area of ultrasound exposimetry at medical ultrasound frequen-
cies, these KCs address measurement of acoustic power using
reference sources of ultrasound power circulated to NMIs [35]
as well as the realization of the acoustic pascal in water using
reference hydrophones. The latter involves circulating stable
and well-characterized reference hydrophones between partic-
ipating Laboratories. Frequency-dependent sensitivity values
are compared using a strict KC protocol that involves NMIs
declaring their full uncertainty budgets before participating in
the KC. Taking place periodically over an eight—ten-year time
frame, the frequency span of the last hydrophone KC was
0.5-20 MHz [36]. It involved the participation of four NMIs
(NPL, PTB-Germany, NIM-China, and NMI-Japan) wherein
NPL, PTB, and NMI-Japan provided calibrations using optical
interferometry, and NIM-China provided calibrations using
two-transducer reciprocity. Comparison results are used to
derive degrees of equivalence between the NMIs. These sup-
port the CIPM MRA whose primary outcome is internationally
recognized (peer-reviewed, validated through KCs, and finally
approved) calibration and measurement capabilities (CMCs) at
the NMI level which are publicly available in the CIPM MRA
database (KCDB) [33]. BIPM defines a CMC as “the highest
level of calibration or measurement normally offered to clients,
expressed in terms of a confidence level of 95%, sometimes
referred to as best measurement capability.” The CMC tables
enable parties interested in securing access to the calibration
capability for various physical and chemical quantities to
compare uncertainties and calibration scope declared by NMIs.

IV. DISSEMINATION METHODS AT NPL

At NPL, secondary hydrophone calibration involves two
methods employing multiple frequency intercomparison tech-
niques (nonlinear distortion and broadband pulse). Together,
these techniques can cover the range of 100 kHz—60 MHz. The

comparison techniques are conceptually simple to understand:
positioning the device under test and any reference device
at exactly the same point in the acoustic field sequentially
and comparing their output signals. However, a strict protocol
is followed to ensure that the effects of short-term drifts in
the calibration, for example, generated by fluctuations in the
transducer output, are identified. An important feature of the
calibration services is the use of two reference hydrophones
whose calibration is traceable to the primary standard, which
mitigates against changes in the reference hydrophone sensi-
tivity in between primary calibrations. Reference hydrophones
are calibrated regularly on the primary standard and must
meet criteria related to stability over time and use. To ensure
stable calibration conditions, the second reference hydrophone
is used to assess if the results obtained using the first reference
measurement are correct (the likelihood of both changing
by the same amount being remote), thereby validating the
test or user hydrophone results acquired between the two
reference hydrophone acquisitions. This is done by deter-
mining the frequency-dependent ratios of the output volt-
ages derived from the two secondary standard hydrophones
and comparing them with historical values for these ratios.
The nonlinear method generates calibration data with coarse
frequency increments of 1 MHz (1-40 MHz) and 2 MHz
(2-60 MHz). The broadband pulse method generates data
with higher frequency resolutions. The standard increment
for commercial services is 50 kHz over the frequency range
100 kHz—20 MHz. The hydrophone—transducer separation is
chosen to ensure that the —6-dB beamwidth at each frequency
within the calibration frequency range is at least three times the
effective sensitive element size, to minimize spatial averaging
errors. In both methods, four independent measurements are
carried out, at different transducer—hydrophone separations,
which results in four different frequency spectra. The actual
transducer-hydrophone separation is maintained via fixed
time-of-flight.

A. Calibration Setup

A general overview of the secondary standard hydrophone
calibration setup is shown in Fig. 2 and the details of the
various items of the setup are listed in Table I. The spe-
cific information related to nonlinear and broadband pulse
methods is covered in Sections IV-B and IV-C, respectively.
The dimensions of the polymethyl methacrylate water tank
are 125 x 35 x 47 cm (length x width x height). The
tank is filled with fresh deionized water (electrical conduc-
tivity, o < 1.5 uS - cm™!). The water quality degrades grad-
ually over time as contaminants present on surfaces such as
hydrophones, mounting structures, and operator hands (due to
device handling) are transferred to the water. Therefore, the
water is replaced every two weeks or sooner if o approaches
close to 5 uS-cm~! [10]. The dissemination and primary
standard facilities are resident in temperature-controlled labo-
ratories and calibrations using both are carried out typically in
the range of 19 °C-21 °C. Outside of this range, temperature-
dependent sensitivity corrections may need to be applied [18],
[31].
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TABLE |
DETAILS OF EQUIPMENT USED IN THE SECONDARY STANDARD
HYDROPHONE CALIBRATION

LD. | Equipment Nonlinear Broadband Pulse
Distortion
i. Plane piston @ = i. Plano-concave 0.1-
50 mm, 1 MHz / 1.6 MHz custom
Precision transducer [37], @ =
Acoustics Ltd., 40 mm / Precision
UK. Acoustics Ltd, UK.
ii. Plane piston ii. Planar and broadband
1 Transducer V397, 0= V306, 2 =13 mm,
29 mm, 2.25 MHz / Olympus
2.25 MHz: / Keymed, Essex, UK.
Olympus iii. Planar and broadband
Keymed, Essex, V313, =6 mm, 15
UK. MHz / Olympus
Keymed, Essex, UK.

Various membrane type hydrophones including
GEC Marconi. For example, see ref [13].
Spirit-in-glass thermometer IP39C / G. H. Zeal

2 Hydrophone

3 Thermometer

Ltd., UK.
4 Power 150A100B / AR UK Ltd., Milton Keynes, UK.
amplifier
5 Waveform 33250A / Keysight Technologies, Wokingham,
generator UK.
6 100 MO P5100A / Tektronix Inc., Bracknell, UK.

scope probe
7 Oscilloscope

TDS7104 / Tektronix Inc., Bracknell, UK.
0.1 — 100 MHz custom broadband amplifier for

Small signal

8 amplifier hydrophone signals / Cooknell Electronics Ltd,
Weymouth, UK.
Desktop GX1 Optiplex installed with custom acquisition
9 and analysis software written in LabVIEW® /
computer

Dell Inc., Round Rock, USA.

All electrical equipment is turned on for at least 1 h before
starting measurements to ensure that their thermal equilibrium
is reached for stable operation. Similarly, the transducer,
reference, and user hydrophones are all left immersed in the
water tank to ensure they are completely wetted, that is, free
of surface bubbles and have reached thermal equilibrium with
the water.

The transducer is excited using a tone burst (nonlinear
distortion method) or pulse signal (broadband pulse method)
generated by the combination of a waveform generator and
power amplifier at a pulse repetition rate (PRR) of 200 Hz.
To ensure that the transducer is excited under nominally
identical conditions, the transducer drive voltage at the output
of the power amplifier is monitored using a scope probe with
an input impedance of 100 MQ. If the transducer voltage drifts
by more than 1% from the voltage level recorded for the first
reference hydrophone measurement, then the amplitude of the
signal to the power amplifier for the subsequent user and
second reference hydrophone measurements is accordingly
adjusted on the waveform generator.

The signal amplifier shown in Fig. 2 is a small signal
amplifier present between the output of the hydrophone and
the oscilloscope. It has a voltage gain of x5, high input
impedance, output impedance matched to 50 Q, and —3-dB
bandwidth ranging from 100 kHz to 100 MHz. This amplifier
is always present in the measurement chain and is used
to improve the signal-to-noise ratio of hydrophone signals.
For GEC Marconi type and hydrophones without an inbuilt

amplifier, the small signal amplifier acts as a voltage buffer
amplifier transforming the electrical impedance at the input of
the hydrophone to the same as the input of a voltage measuring
device such as the oscilloscope. For such hydrophones, a load-
ing correction is applied by knowing the input impedances
of the hydrophone and buffer amplifier, and the sensitivity is
quoted as end-of-cable open-circuit sensitivity. The necessary
equations for calculating loading corrections are mentioned in
Annex C of the IEC 62127-2 standard [6].

B. Nonlinear Distortion

In this technique, broadband ultrasonic fields are produced
by the nonlinear propagation of quasilinear single-frequency
tone burst acoustic waves over a large distance [38]. To cover
the frequency range of 1-60 MHz, two plane piston nar-
rowband transducers are used (see Table I), with their center
frequencies at 1 and 2 MHz. The transducer is excited with
a tone burst signal consisting of 15 cycles at a peak-to-
peak voltage of approximately 150 V. The minimum time-of-
flight (transducer—hydrophone) propagation delays at a water
temperature of 20 °C for 1 and 2 MHz transducers are 400 us
(equivalent to a distance of 593 mm) and 220 us (or 326 mm),
respectively. The acoustic pressure profile perpendicular to the
transducer beam-alignment axes is broad enough such that the
spatial-averaging corrections are negligible. An integer number
of cycles (usually 5) from the constant amplitude region of the
tone burst indexed at the same time offset for reference and
user hydrophones is used for analysis. Harmonic frequencies
at the integer multiples of the fundamentals obtained by
Fourier transform (magnitude components) of the selected tone
burst signals are used for comparisons. The maximum useable
harmonic frequency for 1 and 2 MHz transducers is 40 and
60 MHz, respectively, which is based on the signal-to-noise
and beamwidth, in conjunction with the upper-frequency limit
of NPL’s current primary standard capability. Typical acoustic
pressure amplitudes generated for the calibration are 1-2 MPa.
Here, coplanar-type broadband reference hydrophones are
used with active element diameters in the range of 0.1-0.5 mm.

C. Broadband Pulse

The broadband pulse method provides calibration data at
higher frequency increments and covers the frequency range of
0.1-20 MHz [37]. Three single-element, planar, and broadband
transducers are necessary to cover this frequency range. The
useable bandwidth of the transducers employed overlaps to
provide increased confidence in the calibration data. The
transducers are excited using a single-cycle sine wave at
a peak-to-peak voltage of approximately 200 V. The first
transducer, which has a relatively flat transmit response in
the mid-frequency range of 0.1-1.6 MHz, is driven at both
500 kHz and 1 MHz. The second and the third transducers
are driven at 2 and 9 MHz, respectively. The minimum time-
of-flight transducer-hydrophone propagation delay at a water
temperature of 20 °C for the first transducer is 200 us (or
296 mm) and it is 120 us (or 178 mm) for the second
and the third transducers, respectively. In contrast to the
method exploiting nonlinear distortion (see Section IV-A),
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TABLE Il
BEST ACHIEVABLE EXPANDED UNCERTAINTIES (U) FOR COMMERCIAL
HYDROPHONE CALIBRATIONS AT NPL

Nonlinear Broadband
Frequency range U (%) Frequency range U (%)
1 MHz — 8 MHz 6 0.10 MHz — 0.20 MHz 15

9 MHz - 12 MHz 7 0.25 MHz — 1.00 MHz 9
13 MHz - 16 MHz 8 1.05 MHz — 8.00 MHz 9
17 MHz — 20 MHz 11 8.05 MHz — 12.00 MHz 10
21 MHz — 30 MHz 12 12.05 MHz — 16.00 MHz 11
31 MHz — 40 MHz 15 16.05 MHz — 20.00 MHz 12
42 MHz - 50MHz 18
52 MHz — 60 MHz 22

peak-positive acoustic pressures generated using the broad-
band pulse technique are less than 250 kPa. The sampling
frequency of the oscilloscope is fixed at 250 MS-s~'. The
record length of the waveform is adjusted to provide the
user-desired frequency increment. The magnitude components
of the Fourier transform of the recorded reference and user
hydrophone waveforms truncated over the useable frequency
range for each transducer are employed for voltage signal
comparisons. At least one of the two reference hydrophones
is of Marconi bilaminar design with a 1 mm active element
diameter. The bilaminar membrane presents a good signal-to-
noise ratio of up to 20 MHz and its shielded nature means that
it is typically less prone to electrical pick-up [39]. At frequen-
cies below 0.1 MHz, the acoustic wavelength is significant
in relation to the dimensions of characteristic construction
features of the device (needle dimensions or the size of the
supporting ring for a membrane) [30] and reflections may be
important with the free-field assumption not being valid. This
has been recently studied for needle hydrophones [40].

Currently available transducer technologies do not allow
this technique to extend to frequencies beyond 20 MHz as
it is difficult to generate planar acoustic fields relative to the
maximum diameter of hydrophone used in biomedical ultra-
sound with an acceptable signal-to-noise ratio. Recently, the
use of laser-generated ultrasound sources has shown significant
promise in this regard [41].

Good agreement between the various calibration methods
is exhibited, with random (Type A) uncertainties derived from
a set of four repeat measurements being typically less than
3% expanded uncertainty for both the techniques described in
this section. The best achievable expanded uncertainties for
each frequency range and method are described in Table II.
Fig. 3 shows an example of an NPL-calibrated hydrophone
using the two methods covering the range of 0.1-60 MHz.
The sensitivities in the overlapping frequency range, con-
sidering their respective expanded uncertainties, demonstrate
good agreement between the broadband pulse and nonlinear
distortion calibration methods.

V. TYPES OF COMMERCIAL HYDROPHONES

Worldwide, there are relatively a few manufacturers of high-
quality hydrophones appropriate for use in the characterization
of acoustic fields. This perhaps reflects the limited market size,
but also the manufacturing difficulties in fabricating devices
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Fig. 3. Variation in sensitivity of a probe hydrophone with a nominal
active element diameter of 0.085 mm using the broadband pulse and
nonlinear calibration methods in use at NPL over the frequency range of
(a) 0.1-60 MHz and (b) 0.1-20 MHz shown for the purpose of clarity.

that approach the performance of an ideal hydrophone with
regard to key performance features such as high sensitivity,
small element size, stability, broadband, and uniform fre-
quency response. Fig. 4 shows some of the typically available
commercial devices.

The most common piezoelectric material used to manu-
facture high-quality hydrophones is based on polyvinylidene
difluoride (PVDF) polymer. One of the main advantages of
PVDF over other materials employed such as devices based on
piezo-ceramics is the close acoustic impedance match to water.
Earlier studies indicate that PVDF devices are additionally
more stable than ceramic types [42]. Fig. 5 illustrates typical
sensitivity curves for some of the hydrophones pictured in
Fig. 4.

The hydrophones NPL calibrates are ultimately applied
to quantify the acoustic output of clinical instrumentation.
Aspects of their performance affecting the acoustic output
measurement uncertainties are also clearly pertinent to how
the devices are calibrated and the specific choice of calibration
technique as covered in Section IV. IEC standard 62127-3 [22]
recommends technical characteristics to be considered when
using hydrophones for ultrasonic fields up to 40 MHz. These
relate to the following:

1) The frequency response of the hydrophone.

2) The directional response: The frequency-dependent
angular sensitivity gives rise to an effective active ele-
ment radius, which deviates significantly from a geo-
metrical radius below 5 MHz [43], [44], [45].

3) Effective radius: The effective radius of the element
dictates spatial-averaging corrections during calibration
and can be frequency-dependent [43], [44].
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Fig. 4. Typical commercially available hydrophones. (A) Precision
Acoustics Ltd. (PA), Dorchester, U.K., 0.2-mm-diameter differential-type
membrane hydrophone (MH). (B) Onda Corporation, Sunnyvale, CA,
USA, 0.2-mm side dimension backed MH. (C) PA 0.4-mm-diameter MH.
(D) GAMPT mbH, Merseburg, Germany, 0.2-mm-diameter differential-
type MH. (E) Acertara Acoustics Laboratory, Longmont, CO, USA,
0.4-mm-diameter MH. (F) and (G) PA 0.2- and 0.5-mm diameter nee-
dle hydrophones (NH). (H) Onda Corporation, 0.2-mm-diameter NH.
(I) Onda Corporation, 0.2-mm probe or generally known as “Capsule”-
type hydrophone. (These are only some examples and do not cover the
range of all available devices.)
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Fig. 5.  Sensitivities of typical commercially available hydrophones.
(These are only some examples and do not cover extensively the range
of all available devices.)

4) Environmental aspects: The temperature of the
water and its electrical conductivity are the main
environmental factors that will affect both the
hydrophone’s performance and the calibration results.

Membrane hydrophones are often preferred because they
exhibit both broadband and smooth frequency response. How-
ever, at low frequencies (<5 MHz), these hydrophones will
present large sidelobes in their directional response due to
the radial propagation of Lamb waves [46]. In contrast,
probe (or needle) hydrophones do not have the directional
response so strongly accentuated. The strong directionality of
all hydrophones makes the acoustic alignment of these devices
a crucial factor during calibration.

TABLE IlI
MAIN CHARACTERISTICS OF PIEZOELECTRIC
POLYMER/CERAMIC HYDROPHONES

Hydrophone Application - Application —
type advantages disadvantages
Membrane - Less pulse distortion | - Bulky design
- Uniform sensitivity - Coherent reflections,
- Stability affecting continuous-wave
- Robustness measurements.
- Higher bandwidth - Strong directional response
- Cost
Needle/Probe - Access to device - Soaking issues
- No strong - Strong frequency
directional response dependent sensitivity at low
- Cost frequencies
- Suitable for - Fragile
continuous wave

All the parameters listed above directly affect the calibration
uncertainties (Type B systematic), which need to be quantified
and applied in the overall uncertainty estimation [38].

Table IIl  summarizes the main characteristics of
hydrophone types with regard to their application and
the calibration techniques typically applied by NPL to
determine their frequency-dependent sensitivity.

VI. PERIODIC CALIBRATIONS AND DEVICE STABILITY

While all hydrophone model types have characteristic fre-
quency responses, their sensitivity cannot be known a priori,
and hydrophones of nominally the same type can have dif-
ferences in sensitivity by up to 100%. While 1-D analytical
models for membrane hydrophones have been developed [16],
[17], the significant uncertainties in input parameters mean
that they can only be used to identify qualitative trends such
as how design characteristics affect its frequency response. For
this reason, for traceable measurements of acoustic field char-
acteristics, each hydrophone must be individually calibrated.
Most hydrophone manufacturers provide calibration data with
their devices. These calibrations must be traceable through
an unbroken chain of comparisons back to national standards
maintained by an NMI, where the manufacturer’s reference
hydrophone is calibrated. Many modern hydrophones are
coupled with integral or external amplifiers with the output
signal terminated into a 50-Q electrical impedance. Additional
amplification stages are also common components of the mea-
surement configuration. The calibration is normally performed
on the combination, and a variation in any one component will
require a new calibration.

It is worth remarking that the hydrophone’s sensitivity is
strictly valid only at the time of calibration and for the
laboratory conditions in which the hydrophone is calibrated.
The calibration certificate is not a guarantee that the device
will perform in the same way in the future. However, two
consecutive calibrations with comparable results can be reas-
suring to the user that their device has performed consistently
during the interval between calibrations. For this reason, the
IEC standard 62127-3 [22] recommends annual calibration of
hydrophones as appropriate in most cases. However, to provide
continued confidence in the performance of the device, it is
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Fig. 6. Historical calibrations obtained from the nonlinear method (see
Section IV-B) of a 1-mm diameter bilaminar membrane hydrophone over
a period of 20 years, with data from 20 to 40 MHz only available from the
year (Y) 12 onward. In Y11, the hydrophone was not returned to NPL for
calibration.

clearly good practice to perform internal checks in a reference
acoustic field before each use.

Typically, membrane hydrophones are very stable devices
and, generally, very resilient. In our experience as a calibration
laboratory, we have seen scratched or dented membranes,
those that have suffered the loss of metallic coatings of both
hydrophone and preamplifiers, without changes in sensitivity.
IEC standard 62127-1 [10] recommends that when a single
layer, electrically unshielded PVDF membrane hydrophone
is used, the electrical conductivity of the water should be
less than 5 uS-cm~'. For those devices that are regularly
calibrated at NPL, the stability in the derived frequency-
dependent sensitivity is both an indication of the continuity
in the working condition of the device but also the stability of
the calibration protocols employed to disseminate the acoustic
pascal through secondary standard hydrophones. Fig. 6 shows
the calibration results from the nonlinear method (described
in Section IV-A) for a bilaminar membrane with a 1-mm-
diameter active element, which has been calibrated on an
annual basis almost continually for 20 years.

The normalized sensitivities (relative to historical averages)
for selected frequencies of 1, 5, 10, 15, and 20 MHz are shown
in Fig. 7. The root mean square (rms) variation iS approx-
imately 4.5% for all frequencies. In Y11, the hydrophone
was not returned to NPL for recalibration. But in Y12, there
was a 5%—10% increase in sensitivity relative to Y10 with a
weak dependence on frequency. The rms value for the datasets
before and after Y11 is approximately 3.1% at all frequencies.
Though this suggests there was a step change in the overall
sensitivity of the hydrophone, the two sensitivities from Y10
and Y11 are within their respective expanded uncertainties.
The historical sensitivity data in Fig. 8 also shows that stability
is a consistent characteristic among different models and
manufacturers. While membrane hydrophones are generally
considered more durable, probes can also show stable sensi-
tivity over extended time periods.

Despite the demonstrated potential stability of hydrophones,
issues do arise. Catastrophic failure (i.e., a complete absence
of the electrical output signal) is only one of the possible issues
and in other cases, a hydrophone can change its sensitivity and
continue to produce output signals. It is, therefore, important
that a calibration system is sensitive enough and the quality
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Fig. 7.  Historical calibrations normalized to the historical average
of selected frequencies from Fig. 6. Error bars representing relative
uncertainties on each trace are not shown for clarity. The rms variation
in the calibration trend is 4.5% for all frequencies, which is within the
expanded calibration uncertainty at each frequency (refer to Table I1).
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Fig. 8. Normalized sensitivity at 10 MHz for different commercial

hydrophones. The horizontal axis represents the time from the first
calibration. For each hydrophone, values were normalized to the average
value computed from all calibrations for that hydrophone.

regime put in place is robust enough to be able to detect these
changes, which can sometimes be quite subtle. A series of
examples of sensitivity changes are reported in Fig. 9.

Fig. 9(a) shows a hydrophone whose sensitivity shifted
downward by approximately 20% while still maintaining the
same frequency response shape. This device continued to
provide a good signal-to-noise ratio and a realistic waveform
shape, but using the previous values of sensitivity will invari-
ably result in an underestimation of the pressure parameters.
Fig. 9(b) shows a hydrophone whose sensitivity changed
only at high frequencies. This will result in an error in the
estimation of the peak positive pressure of high-frequency
pressure pulses. Fig. 9(c) shows a hydrophone whose fre-
quency response changed only within a frequency band, in the
example between 9 and 13 MHz. These variations might be
difficult to spot but have significant effects if the measured
acoustic wave has components within this frequency range.
Fig. 9(d) shows a hydrophone whose frequency response has
changed both in magnitude and shape. The changes will result
in a different waveform, which cannot be reconciled with
previous measurements from the same ultrasound device. It is
interesting to observe that the sensitivity at 2 MHz has not
changed, so a spot check at that frequency would have resulted
in a pass test.
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Fig. 9. Four example scenarios in which the sensitivity of a hydrophone
was changed between two consecutive calibrations, performed one
year apart. Red traces and corresponding error bars refer to the
latest calibration and blue traces correspond to the preceding calibra-
tion. (a) Hydrophone whose sensitivity shifted downward by approx-
imately 20% while still maintaining the same frequency response
shape. (b) Hydrophone sensitivity changed only at high frequencies.
(c) Hydrophone whose frequency response changed only within a
small frequency band between 9 and 13 MHz. (d) Hydrophone whose
frequency response has changed both in magnitude and shape. Refer
to the main text for more details.

VII. DISCUSSION

In this article, the experiences of the U.K. NMI, NPL, in dis-
seminating the standards for acoustic pressure through the
realization of the acoustic pascal measured by a hydrophone,
are shared with the user community. To the authors’ knowl-
edge, it is the first time that data on the long-term stability
of a wide range of commercially available hydrophones have
been published. At NPL, the realization of the acoustic pascal
to the highest accuracy achievable is based on a primary
standard utilizing a displacement sensing laser interferometer
providing direct traceability to the fundamental base units of
measurement, that is, the SI. Confidence in the primary stan-
dard is crucially established by deriving degrees of equivalence
between global NMIs through KC exercises. The applications
of biomedical ultrasound extend well beyond the frequency
range of the last KC, which was from 0.5 to 20 MHz. This
was the second KC in the Ultrasound area, which was extended
down to 0.5 MHz to overlap with the primary standard
capabilities of the Underwater Acoustics area [47]. Currently,
NPL is looking to extend the lower frequency limit of its
optical primary standard down to 100 kHz. Therefore, there
is a need to establish degrees of equivalence from a lower
limit of 100 kHz up to at least 40 MHz, which aligns with the
requirements of current IEC standards [6], [10], [22]. NPL
services that have disseminated the pascal have spanned a
duration of almost four decades. Over this time, the primary
standard has seen several evolutions [18], [29], [30], [31], [32]
and in parallel, dissemination techniques have been developed
and validated in order to respond to user requirements for
frequency range coverage, frequency resolution, and the cal-
ibration of relative phase. The examples given in terms of
the stability of various commercially available devices also
demonstrate the stability of the comparison methods employed
to disseminate the acoustic pascal. They also point to the

ability of the techniques described in Section IV, to detect
small and subtle changes in hydrophone frequency response.

It is clear from the incorporation of hydrophones in a range
of international and national standards that these devices play
a pivotal role in the traceability of the acoustic pascal in var-
ious biomedical applications. However, they remain artifacts
and not primary standards in themselves and as such there
are a number of key performance characteristics [13], [22]
of which its stability is really central to ensuring accurate
measurements are made each and every time a hydrophone is
used. The historical calibration data shared in this article for
a range of example hydrophone models provide confidence
in their long-term stability (see Fig. 8). The recommenda-
tion of IEC standard 62127-3 [22] for annual calibration of
hydrophones traceable to national standards appears to be
appropriate in most cases for the reference devices described
in this article. Although this is good practice, there may
be instances where the hydrophone sensitivity could change
in-between periodic calibrations at an NMI. If the in-house
quality regime only involves single-frequency checks, then,
in some cases, it may not reveal the complete change in
device behavior [see Fig. 9(d)], which could lead to errors in
the performance evaluation of biomedical ultrasound devices.
In our experience, in only in few cases were users (primarily
equipment manufacturers) aware of performance changes to
their hydrophones before sending them to NPL. Therefore,
it is of utmost importance to have a robust in-house quality
regime such as multiple frequency stability checks in reference
broadband acoustic fields and also by maintaining multiple
hydrophones of different designs, which may be calibrated at
staggered intervals at NMIs.

Looking to the future and to meet the requirements of
increasingly broadband hydrophones being developed, the
dissemination of hydrophone calibrations up to 100 MHz will
become more important as this is presently under consider-
ation in the future editions of IEC standards 62127-1 and
62127-2. PTB has already developed its primary standard to
satisfy the anticipated increase in the upper limit of traceable
calibrations [21]. NPL has made some progress in this regard
with the development of a 100-MHz bandwidth planar laser-
generated ultrasound source for hydrophone calibration [41].
Similar to PTB, NPL’s new interferometer is based on a
600-MHz bandwidth laser vibrometer together with the laser-
generated ultrasound source will be evaluated in extending
its traceable frequency range from its current upper limit
of 60 MHz. NMI-China and NMI-Japan have also extended
their primary standards based on optical interferometry up to
at least 40 MHz [19], [20], [26]. Taking into consideration of
the latest development across NMlIs, there will be a need to
extend the frequency range of future KCs, underpinned by the
availability of high-quality, stable reference hydrophones.
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