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Accurate measurements of acoustic pressure are required for characterisation of ultrasonic trans-

ducers and for experimental validation of models of ultrasound propagation. Errors in measured

pressure can arise from a variety of sources, including variations in the properties of the source and

measurement equipment, calibration uncertainty, and processing of measured data. In this study,

the repeatability of measurements made with four probe and membrane hydrophones was exam-

ined. The pressures measured by these hydrophones in three different ultrasound fields, with both

linear and nonlinear, pulsed and steady state driving conditions, were compared to assess the repro-

ducibility of measurements. The coefficient of variation of the focal peak positive pressure was less

than 2% for all hydrophones across five repeated measurements. When comparing hydrophones,

pressures measured in a spherically focused 1.1 MHz field were within 7% for all except 1 case,

and within 10% for a broadband 5 MHz pulse from a diagnostic linear array. Larger differences of

up to 55% were observed between measurements of a tightly focused 3.3 MHz field, which were

reduced for some hydrophones by the application of spatial averaging corrections. Overall, the

major source of these differences was spatial averaging and uncertainty in the complex frequency

response of the hydrophones.
VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1121/1.5093306
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I. INTRODUCTION

Accurate measurements of acoustic pressure are essen-

tial for characterisation of ultrasonic sources and for experi-

mental validation of models of ultrasound propagation.1,2

For example, if models of ultrasound propagation are to be

used for treatment planning for applications such as transcra-

nial ultrasonic neuromodulation,3 their accuracy must be val-

idated to ensure that the amplitude and spatial distribution of

acoustic pressure can be accurately known at the target loca-

tion, ensuring that treatments are safe and effective. To begin

this process of validation, an ultrasonic source is experimen-

tally characterised, using acoustic holography for example,4

and supplied as an input to a computational model. The mod-

elled field distribution is then compared to measurements of

the ultrasound field after propagation through water or other

media.5 When comparing the measured and modelled pres-

sure, the uncertainties in both the measurements and the

model should be considered when deciding if the two are in

agreement. Where the model and measurement are not in

agreement, then the likely sources of error should be identi-

fied and reduced. In this study, factors contributing to errors

and uncertainty in the measured pressure are explored.

Currently, the most common method of measuring ultra-

sound pressure fields is by scanning a hydrophone through

the acoustic field of a source transducer using an automated

scanning tank. Acoustic pressure is obtained from the mea-

sured voltage waveforms by deconvolution of the frequency-

dependent sensitivity of the hydrophone over the required

bandwidth.6 Errors in the resulting pressure values can arise

from many sources related to the properties of the hydro-

phone, source, and acoustic field, as well as the processing

of the measured data.

Common commercially available hydrophone types

include piezoelectric probe and membrane type hydrophones

and fibre-optic hydrophones.7 Membrane hydrophone ele-

ment sizes range from 0.2 to 0.6 mm and larger, and they

typically have a uniform frequency response (in magnitude

and phase) over a broad bandwidth.8,9 Piezoelectric probe

type hydrophones are available in a wide range of element

sizes from 40 lm to several mm. Both these and fibre-optic

hydrophones typically have more variable frequency

responses because of diffraction effects around the probe

tip.10–12 Fibre-optic hydrophones have small element sizes

(10 or 100 lm) with bandwidth and noise equivalent pressure

(NEP) depending on the mode of operation.13,14

A suitable hydrophone should be chosen depending on

the measurement conditions. For Polyvinylidene fluoride

(PVDF) hydrophones, sensitivity increases with element

size, but larger element sizes are less omnidirectional and

the measurement is the result of pressure averaged over a

larger area. This can lead to errors such as underestimation

of measured pressure in focused and nonlinear fields and

when sound is incident from large angles.4,15,16 High NEPa)Electronic mail: elly.martin@ucl.ac.uk
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can limit the use of some hydrophones to measurement of

regions of high acoustic pressure.17 Non-uniformity in

hydrophone frequency response causes distortion of nonlin-

ear pressure waveforms, but can be corrected by deconvolu-

tion of the complex frequency response of the hydrophone.

This has been shown by multiple authors to be important for

obtaining accurate acoustic pressure measurements.13,18–20

However, errors can still arise due to uncertainties in the cal-

ibration data, conditioning of the data for the deconvolution

process, and stability of the hydrophone sensitivity and fre-

quency response.21,22

Other factors associated with the source and measure-

ment set-up can also lead to uncertainty in measurements of

acoustic pressure. Fluctuations in electrical impedance and

drive voltage, and changes in water temperature, especially

during long scans, can result in changes in the acoustic out-

put of transducers contributing to variation in repeated mea-

surements.4,23 Other factors which could cause variation in

measured acoustic pressure include alignment and position-

ing errors, for example, non-orthogonality of tank axes or

imprecise motor positions, reflections from the measurement

equipment or the tank or water surfaces, poor water quality,

electrical noise, and environmental vibrations.24

Previously, the repeatability of field measurements and

differences in absolute acoustic pressures measured with dif-

ferent hydrophones have been investigated. One investiga-

tion examined fluctuations in transducer drive voltage during

measurements, as well as long term stability.23 This showed

variations on the order of 1.5% in both drive voltage and

hydrophone voltage over periods of 1 min, and variations of

approximately 5% in acoustic pressure measured over the

course of a one year period with a membrane hydrophone. A

reduction in the variations was achieved by implementing

feedback control on the transducer drive voltage. Other

authors made repeated measurements of a spherically

focused ultrasound field with a piezoceramic hydrophone

over a four year period.17 The coefficients of variation of

peak negative and positive hydrophone voltages were 6 and

4% in a 1.05 MHz field, and 4 and 3% in a 3.3 MHz field.

The same study also examined differences in acoustic pres-

sure measured by a set of probe hydrophones including a

piezoceramic hydrophone plus two fibre-optic and one

PVDF hydrophone, with element sizes ranging from 10 to

400 lm. The measured pressures showed differences of up to

42% between hydrophones after deconvolution of their com-

plex frequency responses, and in general, larger variations in

the measured pressures were observed at higher drive levels.

Another study to assess the agreement between different mea-

surement devices and their suitability for measuring high

intensity focused ultrasound (HIFU) fields compared simula-

tions and measurements of two focused ultrasound fields with

three different hydrophones at a range of drive levels.18

Pressures measured with a coated membrane hydrophone

(0.2 mm element, 100 MHz bandwidth) and a fibre-optic

hydrophone (0.1 mm element, 40 MHz bandwidth) were in

good agreement (within 3%) in one field, but differed by

approximately 30% in the focal region of a more tightly

focused, higher frequency field, underestimating the pressure

compared to simulations. It was suggested that the differences

were due to spatial averaging and bandwidth limitations.

The aim of the current work is to first quantify the varia-

tion in repeated measurements made in our laboratories, and

second to examine the variation in acoustic pressure mea-

sured with a range of different hydrophones in the fields of

several different ultrasound transducers under different driv-

ing conditions.

II. METHODS

Two sets of measurements were conducted to assess (1)

the repeatability of measurements made under nominally

identical conditions, and (2) the reproducibility of acoustic

pressure measurements made with a range of hydrophones

of different types and sizes under a range of conditions. The

aim of the repeatability study was to isolate variations aris-

ing from factors outlined in Sec. I, since each hydrophone is

compared with itself and the acquisition and processing of

waveforms is performed in the same way each time. In the

context of metrological studies, reproducibility of measure-

ments is often assessed by comparing measurements made

by different users in different laboratories. The aim of the

reproducibility study reported here was to capture systematic

differences arising due to the properties of each of the hydro-

phones (including knowledge of the sensitivity), rather than

variations between users or laboratories.

A. Hydrophones

Measurements were made with four PVDF hydro-

phones: a D1602 model 0.2 mm differential membrane

hydrophone, a UT1604 model 0.4 mm membrane hydro-

phone, a 0.2 mm needle hydrophone, and a 40 lm needle

hydrophone with hydrophone booster amplifier (all Precision

Acoustics Ltd., Dorchester, UK). Magnitude and phase cali-

brations of the frequency-dependent sensitivity at normal

incidence were obtained from the National Physical

Laboratory, as detailed in Table I, for all except the 40 lm

needle hydrophone. For this hydrophone, a magnitude cali-

bration was provided by Precision Acoustics on purchase.

The phase response of the hydrophone was calculated from

the measured magnitude sensitivity using the assumption of

minimum phase.25,26 The magnitude and phase of the fre-

quency dependent sensitivity of each hydrophone is shown

in Fig. 1.

B. Sources

Three ultrasound transducers were used to provide a

variety of different field distributions and frequencies. The

first was a single element spherically focusing transducer

with aperture diameter 64 mm and focal length 98 mm

(H151, Sonic Concepts, Bothell, WA). The transducer was

driven at its fundamental frequency of 1.1 MHz, with either

a 4 cycle burst or a 40 cycle burst. The second transducer

was a single element spherically focusing transducer with

aperture diameter 64 mm and focal length 63.2 mm (H101,

Sonic Concepts, as before). It was driven at its third har-

monic of 3.3 MHz with either a 4 cycle burst or a 120 cycle
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burst. For both of these transducers, the input signal was sup-

plied from an Agilent 33522A Arbitrary Waveform

Generator (Agilent, Berkshire, UK), amplified by an E&I

A075 RF power amplifier (Electronics and Innovation Ltd.,

Rochester, NY) and coupled to the transducers via their

matching networks. Transducer drive voltages were moni-

tored at the input to the transducer matching network with a

Tektronix TPP0850 oscilloscope probe and Tektronix

DPO5034B digital phosphor oscilloscope (Tektronix, U.K.

Ltd., Berkshire, UK). The third transducer was a 128 ele-

ment diagnostic linear array transducer (L14-5/38,

Ultrasonix, Richmond, Canada), with an element pitch of

0.3 mm, and elevation aperture of 4 mm. This was connected

to a Sonix MDP ultrasound research scanner (Ultrasonix, as

previously) and driven at a frequency of 5 MHz with a 4

cycle burst (waveform configuration þ-þ-þ-þ-). Sixteen

elements at the centre of the array were driven to create an

approximately square aperture, similar to the aperture typi-

cally used to generate a single scan line in standard B-mode

ultrasound imaging. The focal depth was set to 40 mm.

C. Waveform acquisition and processing

For all measurements, sources were mounted on a two-

axis computer controlled rotation stage (h, /) at a fixed loca-

tion in an automated scanning tank (Precision Acoustics Ltd.,

as before) filled with degassed, deionised water. Hydrophones

were mounted and positioned with a three-axis (x, y, z)

computer controlled translation stage. Waveforms were

acquired, digitised, and stored via the digital phosphor oscillo-

scope, controlled by the scanning tank software, with a sample

rate of 100 MHz, and 32 averages. When the transducers were

operated in quasi-continuous wave (CW) mode (i.e., driven

with a 40 or 120 cycle burst), the hydrophone signal was

acquired in a time window occurring after signals from all

parts of the transducer had arrived, but before reflections from

the measurement equipment had reached the hydrophone.

When the transducers were driven with a short pulse (pulsed

wave, PW), the hydrophone signal was acquired in a time

window that covered both the earliest and latest arrival times

of the pulse from all parts of the transducer. To minimise fluc-

tuations in the hydrophone signals due to vibrations generated

by movement of the hydrophones by the translation stages

during scanning, settle times of up to 5 s were set between

acquisitions (this is especially important when scanning the

membrane hydrophones along the beam axis). All hydro-

phones were allowed to soak for at least one hour before mea-

surements were made in line with the manufacturer’s

recommendations. Water temperature was monitored during

all scans and was maintained at 20 6 1 �C.

Following acquisition, the waveforms were processed as

follows. Steady state signals were cropped to a whole num-

ber of cycles and pulsed waveforms were windowed with a

Tukey window. The data was bandpass filtered with a �6 dB

pass band from 200 kHz to 10 MHz for the 1.1 MHz field,

and from 200 kHz to 30 MHz for the 3.3 and 5 MHz fields.

The filter was a Tukey window with a 200 kHz taper width

which reached the �6 dB cut off 100 kHz into the taper.

Filtering and deconvolution of the hydrophone frequency

response were implemented by first applying the bandpass

filter (Tukey windows) to the double sided Fourier trans-

forms of the waveforms. This was then divided by the com-

plex frequency response of the hydrophones (with phase

conjugation) and inverse Fourier transformed to obtain the

pressure waveforms.

D. Intra-hydrophone repeatability

For each hydrophone, five sets of repeated measure-

ments were made of the field generated by the H151 trans-

ducer with a peak-to-peak drive voltage of 73.4 V, in both

pulsed and quasi-continuous wave modes. This generated

peak focal pressures of approximately 2.7 MPa and 2.9 MPa

in the two modes, respectively, with five harmonics visible

in the focal spectra. Each set of measurements consisted of

axial and lateral line scans through the focus of the field.

Axial line scans were made along the beam axis, from a dis-

tance from 40 to 200 mm with a step size of 0.2 mm. Lateral

line scans were made from �12 to 12 mm with a step size of

TABLE I. Characteristics of the four hydrophones applied to measurement of ultrasound fields in this study. The numbers in brackets denote the frequency

interval of the calibrations.

Hydrophone type Membrane Needle Needle Membrane

Nominal element diameter [lm] 200 40 200 400

Magnitude calibration bandwidth [MHz] 1–40 (1 MHz) 1–30 (1 MHz) 0.1–40 (50 kHz) 0.1 – 1 (50 kHz), 1–40 (1 MHz)

Phase calibration bandwidth [MHz] 1–40 (1 MHz) – 0.1–40 (50 kHz) 1 – 40 (1 MHz)

FIG. 1. (Color online) (a) Normal incidence magnitude and (b) phase sensi-

tivity of the four hydrophones used in this study with calibration uncertain-

ties shown as shaded areas. The phase response shown for the 40 lm needle

hydrophone (40lm N) was calculated assuming minimum phase. M: mem-

brane, N: needle.
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0.2 mm. The measurements were performed over a period of

several weeks, and the transducer and hydrophone were

removed from the tank then remounted and realigned

between each set of measurements, which consisted of scans

with each of the test hydrophones. Each hydrophone was

aligned to the beam axis by alternately scanning along the

two lateral axes through the centre of the �6 dB beam region

until the position of the centre was consistent to within

approximately 20 lm. For each set of measurements, the

transducer beam axis was first aligned with the z-axis of the

scanning tank by repeating this process at two axial distances

to determine any angular offset, which was then corrected by

adjusting the tilt and rotation of the source. For each set of

five repeat measurements for each hydrophone, the mean

and standard deviation of the peak positive and peak nega-

tive pressures were calculated at each scan position. The

mean and standard deviation of each sample point in the

focal waveforms were also calculated. For this calculation,

the waveforms were temporally aligned so the standard devi-

ation reflects only variations in waveform shape and ampli-

tude. The coefficient of variation (the ratio of the standard

deviation to the mean, COV) was calculated at the focus,

defined as the position of maximum pulse intensity integral.

E. Inter-hydrophone reproducibility

For comparison of the acoustic pressure measurements

made by the set of test hydrophones, each of the fields

described in Sec. II B was measured with each of the hydro-

phones. For the two single element transducers, two drive

levels were used for both pulsed and steady state measure-

ments. Errors arising from uncertainties in the frequency

response and from spatial averaging may be greater in non-

linear fields, so for comparison, the lowest drive level was

chosen to generate a linear field, and a higher drive level was

chosen to generate four or five harmonics in the focal spec-

tra. For the 1.1 MHz field, the peak-to-peak drive voltages

were 7 V and 73.4 V. Axial line scans were made along the

beam axis, from a distance from 40 to 200 mm with a step

size of 0.2 mm. Lateral line scans were made from �12 to

12 mm with a step size of 0.2 mm. For the 3.3 MHz field, the

peak-to-peak drive voltages were 4.3 V and 50.0 V for

the steady state measurements and 4.6 V and 50.0 V for the

pulsed measurements. Axial line scans were made along the

beam axis, from a distance from 40 to 90 mm with a step

size of 0.2 mm. Lateral line scans were made from �3 to

3 mm with a step size of 0.05 mm. For the linear array trans-

ducer, the power level was set in a MATLAB script in the con-

trol software of the scanner. The power level can take values

between 0 and 15 and was set at 10. The level was chosen to

produce a nonlinear field with spectral amplitude no greater

than the noise floor (�42 dB) above 30 MHz (the upper limit

of calibration data for the 40 lm needle hydrophone).

Lateral line scans were made at a distance of 40 mm from

the transducer from �5 to 5 mm with a step size of 0.1 mm.

For all comparisons, the 0.2 mm membrane hydrophone

was chosen as the reference hydrophone because of its flat

frequency response and smaller element size. For each of the

other hydrophones, the difference in the peak positive

pressure at each scan point was calculated with respect to the

pressure measured by the reference hydrophone, and this dif-

ference was divided by the spatial peak pressure measured

by this hydrophone

L1ðzÞ½%� ¼ 100� pref zð Þ � ptest zð Þ½ �
max pref zð Þ½ �

: (1)

Here pref(z) is the temporal peak positive or peak negative

pressure measured by the reference hydrophone as a function

of axial position, z, and ptest(z) is the temporal peak positive

or peak negative pressure measured by the test hydrophone

as a function of axial position. The root-mean-square (rms)

of the difference was also calculated for each scan

�rms½%� ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

X
pref zð Þ � ptest zð Þ½ �2

q

max pref zð Þ½ �
; (2)

where N is the number of measurements, i.e., the number of

positions in each line scan. Both quantities were also calcu-

lated for pressure measured as a function of lateral position,

x, where z is substituted by x in Eqs. (1) and (2).

F. Hydrophone effective element sizes

It has been previously shown that the effective element

sizes of ultrasonic hydrophones are larger than their nominal

sizes, particularly at low MHz frequencies.9,27–29 To assess the

impact of this on the measurements, the effective element sizes

of the test hydrophones were determined from their measured

directional response. For these measurements, the hydrophones

were aligned with the beam axis in the far-field of a 39 mm

diameter plane piston transducer. The transducer was driven at

a frequency of 1 MHz with a 14 cycle burst at an amplitude

sufficient to generate multiple harmonics of the driving fre-

quency in the far-field. At the measurement distance (450 mm),

the �6 dB beam width was approximately 25 mm, on the order

of 60 times the size of the largest nominal hydrophone element.

The hydrophones were mounted on a rotation stage with their

elements aligned as close as possible to the centre of rotation,

and waveforms were acquired at 5� intervals between �70�

and þ70�. The measurements were then repeated with each

hydrophone rotated through 90� about its axis of symmetry.

Eight cycles were extracted from each measured waveform

starting once the waveform had reached a steady amplitude

after the ring-up phase. The fast Fourier transform (FFT) of the

waveforms was calculated and the amplitudes of the fundamen-

tal and 3rd harmonic were extracted. To obtain the effective

element size for each hydrophone at the two frequencies, an

optimisation was performed to fit the modelled directional

response to the measured directional responses. The directional

response of the hydrophones was modelled as

Dðk; hÞ ¼ 2J1 ka sin hð Þ
ka sin h

; (3)

which assumes a circular piston in a rigid planar baffle,

where J1 is a first-order Bessel function, k is the wavenum-

ber, a is the element radius, and h is the angle of incidence
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of the beam on the element. The fitting was repeated for

each set of measurements and the effective element size was

obtained from the mean of the two sets of measurements for

each hydrophone at each frequency.

To investigate the impact of spatial averaging over the

effective element sizes of the hydrophones on field measure-

ments, the fields of the H101 and H151 transducers were mod-

elled using the FOCUS MATLAB toolbox using the fast near

field method.30,31 The transducers were modelled as spherical

shells, with aperture diameter 61.4 mm and radius of curvature

63.2 mm for the H101 transducer, and aperture diameter

62.2 mm and radius of curvature 99.1 mm for the H151 trans-

ducer. These parameters were previously derived for the trans-

ducers by fitting the modelled responses to measurement

data.5 The resulting modelled pressure was then averaged

over a disk of varying size corresponding to the hydrophone

effective element sizes. Note, since this particular model does

not include nonlinear propagation, the results were compared

only with the lowest drive level CW field.

III. RESULTS

A. Intra-hydrophone repeatability

Overall, the variations between repeated measurements

were small for all of the hydrophones. The coefficient of var-

iation of the temporal peak positive and peak negative pres-

sure at the focus was less than 2% for all hydrophones under

both pulsed and steady state conditions as shown in Table II.

The peak-to-peak drive voltage measured before and after

each measurement varied by less than 0.4%. The coefficient

of variation of the peak pressures was very similar for the

two drive modes for all of the hydrophones. The 0.4 mm

membrane hydrophone showed the least variation, with

COVs of 0.4 and 0.5% for steady-state and pulsed condi-

tions, respectively. This hydrophone may be less sensitive to

misalignment with the beam axis due to its larger element

size. The largest variations were seen with the 0.2 mm needle

hydrophone with COVs of 1.8 and 1.9%.

Figure 2 shows the mean axial and lateral profiles and

mean focal waveform for each hydrophone for the CW

TABLE II. Coefficient of variation [%] of the peak positive (pþ) and peak

negative (p–) pressure measured at the focus for each hydrophone in the field

of the H151 transducer driven in both steady state mode (CW) and with a 4

cycle burst (PW). M: membrane, N: needle.

Hydrophone

0.2 mm M 40 lm N 0.2 mm N 0.4 mm M

CW pþ 0.9 0.9 1.8 0.4

p� 1.0 1.3 1.4 0.4

PW pþ 1.0 0.7 1.9 0.5

p� 1.1 0.8 1.8 0.5

FIG. 2. (Color online) Measurements of the field of the H151 single element bowl transducer at 1.1 MHz in steady state mode made with the four test hydro-

phones. (a) Mean axial peak positive pressure. (b) Mean lateral peak positive pressure. (c) Mean focal waveform. Solid lines show averaged measurements

(n¼ 5), shaded area denotes the mean 63 standard deviations of the mean. M: membrane, N: needle.
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measurements. The shaded areas on each plot show 63 stan-

dard deviations, which gives the 99.7% confidence interval.

The same is shown for the PW measurements in Fig. 3. For

the CW measurements, outside of the focal region, variations

can be seen in the prefocal and side lobes of the field. These

are more pronounced for the needle hydrophones, while the

measurements made with the membrane hydrophones are

more consistent. The amplitude of the pre-focal maxima and

minima could be affected by errors in the alignment to the

beam axis and by reflections from the hydrophone and

mounts so may vary from measurement to measurement

when the hydrophone is remounted. The field distribution is

simpler when the transducer is driven with a short pulse, as

sound arriving from different parts of the transducer surface

will be at least partially temporally separated and so does

not interfere to create the axial peaks and nulls seen in the

CW field. The COV is less than 2% up until the pressure

decreases at the far end of the profiles where the COV

increases. There is greater variation in the lateral scans,

which is most obvious for the 0.2 mm needle hydrophone,

with the COV rising to more than 10% as the distance from

the beam axis increases. In this direction, the field varies on

a smaller spatial scale than in the axial direction, so small

differences in the hydrophone position in the field between

scans have a greater effect. The NEP obtained for each

hydrophone with the averaging used in measurements was

approximately 6 kPa, approximately 0.2% of the peak focal

pressure. At the low, linear drive level, this is approximately

3% of the peak pressure so may contribute to larger varia-

tions in measurements made at lower drive levels.

B. Inter-hydrophone reproducibility

For the inter-hydrophone comparison, differences

between the peak focal pressure measured by each hydro-

phone and the reference hydrophone (0.2 mm membrane) are

summarised for each transducer, drive level, and mode in

Table III.

1. H151 driven at 1.1 MHz

For the low-level linear measurements in both CW and

PW modes, the focal peak positive pressures agreed closely.

The largest difference in focal pressure compared to the ref-

erence hydrophone was for the 0.4 mm membrane hydro-

phone in PW mode at 3.6%. In the CW mode, the focal peak

pressure measured with the needle hydrophones agreed with

the reference hydrophone to within the three standard devia-

tion level described in Sec. III A. For the 0.4 mm membrane,

the difference is larger than this, but the differences are still

small at 1.6 and 3.0% for the peak positive pressures and 3.0

FIG. 3. (Color online) Measurements of the field of the H151 single element bowl transducer at 1.1 MHz in pulsed mode made with the four test hydrophones.

(a) Mean axial peak positive pressure. (b) Mean lateral peak positive pressure. (c) Mean focal waveform. Solid lines show averaged measurements (n¼ 5),

shaded area denotes the mean 63 standard deviations of the mean. M: membrane, N: needle.

J. Acoust. Soc. Am. 145 (3), March 2019 Eleanor Martin and Bradley Treeby 1275



TABLE III. Temporal peak positive and negative pressures measured at the focus by the 0.2 mm membrane hydrophone and relative differences in the pres-

sures measured by each of the hydrophones. L1 focus gives the relative differences in peak positive (pþ) and peak negative (p�) pressures at the focus [%],

�rms are the rms differences in temporal peak positive pressure as a percentage of the focal peak pressure measured by the 0.2 mm membrane hydrophone. M:

membrane, N: needle.

CW PW

Difference Pressure [MPa]
Difference [%]

Pressure [MPa]
Difference [%]

metric 0.2 mm M 40 lm N 0.2 mm N 0.4 mm M 0.2 mm M 40 lm N 0.2 mm N 0.4 mm M

H151 L1 focus pþ 0.22 2.9 0.2 �1.6 0.23 1.5 3.5 �3.0

1 MHz L1 focus p� 0.21 2 �0.7 �3 0.22 1.7 2.7 �3.6

�rms axial 3.7 1.5 0.9 1.0 1.5 1.2

�rms lateral 1.6 1.9 1.6 1.2 0.9 1.6

L1 focus pþ 2.7 6.4 1.7 �0.3 2.9 6.3 10.7 0.5

L1 focus p� 1.9 �0.4 5.6 �2.4 2.0 �0.4 13.9 �1.6

�rms axial 3.4 0.9 0.3 1.9 3.6 0.2

�rms lateral 1.5 0.8 0.9 1.2 1.9 0.3

H101 L1 focus pþ 0.27 48.1 26.6 �18.7 0.22 37.0 29.3 �15.0

3.3 MHz L1 focus p� 0.26 46.5 26.2 �18.4 0.21 38.7 28.8 �14.3

�rms axial 12.3 6.7 4.4 9.0 7.2 3.5

�rms lateral 24.5 5.3 4.6 10 13.9 4.9

L1 focus pþ 3.6 37.3 54.6 �21.8 2.7 31.3 46.6 �16.0

L1 focus p� 2.7 20.1 46.5 �17.9 2.1 23.0 41.6 �13.9

�rms axial 9.4 11.9 4.3 7.4 10.1 3.5

�rms lateral 19.9 9.3 4.5 7.9 14.4 4.7

L14-5 L1 focus pþ 0.77 2.5 5.9 �2.1

5 MHz L1 focus p� 0.48 �12.4 6.9 �3.3

�rms lateral 1.8 4.0 2.8

FIG. 4. (Color online) Measurements of the field of single element bowl transducers in steady state mode made with the four test hydrophones. For H151 at

1.1 MHz: (a) Axial peak positive pressure and (b) L1 error at each scan point. (c) Lateral peak positive pressure and (d) L1 error at each scan point. (e) Focal

waveforms and (f) spectra. For H101 at 3.3 MHz: (g) Axial peak positive pressure and (h) L1 error at each scan point. (i) Lateral peak positive pressure and (j)

L1 error at each scan point. (k) Focal waveforms and (l) spectra. M: membrane, N: needle.
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and 3.6% for the peak negative pressures in CW and PW

modes, respectively. The rms differences over the lateral and

axial profiles are less than 2% for all except the CW axial

profile measured by the 40 lm needle hydrophone. In this

case, there are differences of 10%–15% in the amplitude of

the prefocal maxima, which increases the rms difference to

3.7%. These differences may be due to the more omnidirec-

tional response of the needle hydrophone. Closer to the

transducer, waves are incident from a greater range of

angles, so the lower sensitivity of the larger hydrophones at

large angles of incidence may result in lower pressure ampli-

tudes in these regions. At the higher drive level, there were

larger differences in the focal pressure as shown in Figs. 4

and 5. Again, the largest differences are seen in the prefocal

lobes for the 40 lm hydrophone. There are larger differences

in focal pressure between the needle hydrophones and the

reference hydrophone, up to 10.7 and 13.9% (pþ, p–) for the

0.2 mm needle hydrophone for the PW mode. It is not clear

why the difference in focal pressure is so much greater for

this hydrophone in PW mode compared to CW mode. The

pressure amplitude is slightly higher and there is energy visi-

ble at higher frequencies in the spectrum of the short pulse

so the increased amplitude measured at those frequencies

could have a greater effect on the focal pressure amplitude.

2. H101 driven at 3.3 MHz

For the 3.3 MHz field, there are large differences in the

profiles measured by the different hydrophones. The peak

focal pressures vary by up to 55% and there are differences

in the amplitude and position of maxima and minima in both

the lateral and axial profiles (see Figs. 4 and 5). At the lower

drive level, both needle hydrophones measured higher focal

pressures than the reference hydrophone. The highest pres-

sure was measured by the 40 lm needle hydrophone (CW:

þ48.1%, PW þ37%), and the lowest by the 0.4 mm mem-

brane (CW: �18.7%, PW �15.0%). At the higher drive

level, the highest pressure was measured by the 0.2 mm nee-

dle hydrophone (CW: þ54.6%, PW þ46.6%). The differ-

ences between the 0.4 mm membrane hydrophone and the

reference hydrophone are similar for both drive levels. In

addition to differences in the pressure at the focus, in the

CW axial profiles, the amplitudes of the pre and post focal

maxima measured by the membrane hydrophones are about

25% lower than for the needle hydrophones, and the minima

are higher. In the lateral profiles, the distance from the beam

axis to the minimum at the edge of main beam is greater for

the membrane hydrophones and the amplitude of the side-

lobes are approximately 35%–50% lower. For the 40 lm

needle hydrophone, larger differences were observed in the

CW measurements than in the PW measurements and these

were larger at the lower, linear drive level in contrast to the

differences seen for the other hydrophones and drive condi-

tions. Magnitude only calibration data was obtained for this

hydrophone, measured in 1 MHz steps, and the phase

response was subsequently calculated from the magnitude

response using the assumption of minimum phase. As can be

FIG. 5. (Color online) Measurements of the field of single element bowl transducers in pulsed mode made with the four test hydrophones. For H151 at

1.1 MHz: (a) Axial peak positive pressure and (b) L1 error at each scan point. (c) Lateral peak positive pressure and (d) L1 error at each scan point. (e) Focal

waveforms and (f) spectra. For H101 at 3.3 MHz: (g) Axial peak positive pressure and (h) L1 error at each scan point. (i) Lateral peak positive pressure and (j)

L1 error at each scan point. (k) Focal waveforms and (l) spectra. M: membrane, N: needle.

J. Acoust. Soc. Am. 145 (3), March 2019 Eleanor Martin and Bradley Treeby 1277



seen from Fig. 1, both the magnitude and phase response

vary significantly over the frequency range. The unknown

frequency response between the measured steps together

with the estimated phase response leads to greater uncer-

tainty, likely to have greater impact on deconvolution of the

frequency response from nonlinear and broadband pulses.

3. L14–5 driven at 5 MHz

The beam profiles and focal waveforms and spectra

measured by each of the four test hydrophones in the 5 MHz

linear array field are shown in Fig. 6. The differences in

focal pressure measured by the different hydrophones (rela-

tive to the reference hydrophone) are moderate: �2.1 and

�3.3% for the temporal peak positive and peak negative

pressures for the 0.4 mm membrane, 2.5 and �12.4% for the

40 lm needle hydrophone, and 5.9 and 6.9% for the 0.2 mm

needle hydrophone. The shape of the focal waveform mea-

sured by the 40 lm hydrophone is slightly different to the

others with the temporal peak pressure on the fourth cycle

rather than the third as for the other waveforms. The peak

negative pressure is also lower for this hydrophone, and

differences can be seen in the spectrum of the waveform

where the relative amplitude of the harmonics increases with

frequency compared to the other hydrophones.

C. Hydrophone effective element sizes

The effective element sizes of the hydrophones obtained

from fitting to measurements of their directional responses at

1 and 3 MHz are shown in Table IV. For all hydrophones,

the effective element sizes are larger than their nominal

sizes, by up to ten times at 1 MHz and four times at 3 MHz.

These element sizes are consistent with those previously

measured for similar hydrophones. For needle hydrophones,

the increase in effective element size at low frequencies is

likely due to diffraction around the needle and other edge

effects.27 For membrane hydrophones, the increase is likely

to be due to the propagation of Lamb waves in the mem-

brane.8,32 Beard et al.27 measured the effective element size

of a similar 0.2 mm needle hydrophone as approximately

600 lm in diameter at 1 MHz and 300 lm in diameter at

3 MHz. Yoshioka et al.28 measured the effective element

size of a similar nominal 0.4 mm diameter membrane hydro-

phone at 5 MHz as 0.9 mm (average diameter), and

Radulescu et al.29 and Wilkens and Molkenstruck9 also mea-

sured effective element sizes larger than their nominal sizes

for a range of membrane and probe-type hydrophones. There

are also other models that include effects other than spatial

FIG. 6. (Color online) Measurements of the field of the L14-5 linear array

transducer driven with a short pulse at 5 MHz made with the four test hydro-

phones. (a) Lateral peak positive pressure, (b) L1 error profile, (c) focal

waveforms, and (d) spectra. M: membrane, N: needle.

TABLE IV. Effective element sizes determined from measurement of direc-

tional response of the test hydrophones at 1 and 3 MHz. M: membrane, N:

needle.

Hydrophone
Effective element diameter [lm]

1 MHz 3 MHz

40 lm N 470 175

0.2 mm N 620 330

0.2 mm M 1700 675

0.4 mm M 1550 750

FIG. 7. (Color online) Measured and modelled (a) axial and (b) lateral pro-

files through the focus of the field generated by the H101 transducer driven

in CW mode at 3.3 MHz. Profiles were modelled using the transducer

parameters and measured effective element sizes. Measured profiles are nor-

malised to the 0.2 mm needle measurements, modelled profiles are normal-

ised to the 0.33 mm element data. M: membrane, N: needle.
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averaging in the directional response, which result in effec-

tive element sizes closer to nominal values.33

The effects of spatial averaging on the 3.3 MHz field

when using different hydrophones is shown in Fig. 7. The

3.3 MHz field used in this study is tightly focused with a

�6 dB beam width of approximately 0.6 mm. This is on the

order of the element sizes of the hydrophones, leading to sig-

nificant spatial averaging effects for all hydrophones except

for the 40 lm hydrophone, for which the decrease in focal

pressure is predicted to be approximately 3% compared to a

point sensor. The 40 lm hydrophone was omitted from the

comparison due to the apparent inconsistency in its behav-

iour. The measured axial and lateral beam profiles were nor-

malised to the maximum of the 0.2 mm needle hydrophone

profile (the smallest element size), and the modelled profiles

were normalised to the maximum of the modelled profile

given by the effective element size of the 0.2 mm needle

hydrophone.

The relative decreases in focal pressure and smoothing

of the axial and lateral profiles seen for the membrane hydro-

phones relative to the 0.2 mm needle hydrophone are similar

to those predicted by the modelled profiles. The beam width

increases and sidelobe amplitude decreases in both the mea-

sured and modelled profiles as the element size increases.

These results are consistent with the significant spatial aver-

aging effects previously observed in measurements of a

nominally identical transducer driven at 3.32 MHz when

compared to the modelled field.34 In an investigation of the

effects of spatial averaging including nonlinear propagation,

modelled data was averaged over the effective hydrophone

element area at increasing drive levels. It was shown that

when there is significant nonlinearity in the field, averaging

over the high frequency value of the effective element size

(usually close to the nominal element size) agrees well with

measured data, at least for the peak positive pressure, where

there is a strong dependence on the high frequency compo-

nents of the wave.

The beam width of the H151 1.1 MHz field is approxi-

mately 3 mm and the effects of spatial averaging are less vis-

ible. For the 1.1 MHz field, the model shows that spatial

averaging leads to decreases in pressure of less than 2% for

the needle hydrophones and leads to a drop of about 10% in

the amplitude of the focal pressure compared to a point sen-

sor for the membrane hydrophones. This could explain the

differences observed between these measured profiles

although they are not as large as predicted by the model.

In IEC 621272 and IEC 62556,24 it is recommended that

the effective element radius of the hydrophone should be

less than a quarter of a wavelength at the acoustic working

frequency, which is approximately 350 lm at 1.1 MHz and

113 lm at 3.3 MHz. It also gives the following relationship

for calculating the maximum effective hydrophone radius

when this is not practical:

ahyd ¼
k

8 atx

z2 þ a2
tx

� �1=2
; (4)

where k is the wavelength at the acoustic working frequency,

atx is the transducer aperture radius, and z is the distance

between the source aperture and hydrophone. This means

that at the geometric focal distance, the maximum effective

element radius should be less than 560 lm for the H151

transducer at 1 MHz, and 130 lm for the H101 transducer at

3.3 MHz. For the 1.1 MHz field, the effective element sizes

of both membrane hydrophones exceed this limit, and for the

3.3 MHz field, all hydrophones except the 40 lm needle

hydrophone exceed the limit if the effective element size at

the acoustic working frequency is considered. Note, IEC

62556 does not explicitly state that the maximum effective

hydrophone radius should relate to the acoustic working fre-

quency, only that it is dependent on frequency. However,

given the results presented here which show spatial averag-

ing effects for those hydrophones exceeding these maximum

effective radii, it appears that for fields with little or no non-

linearity, the effective hydrophone radius at the acoustic

working frequency is the most relevant quantity.

D. Spatial averaging corrections

IEC 62127 defines a method for applying corrections to

the measured spatial peak pressure to compensate for spa-

tial averaging.2 Assuming the radial field distribution close

to the axis can be modelled as a quadratic function, a cor-

rection is applied based on the ratio of the measured peak

positive pressure at one or half the hydrophone radius from

the beam axis to the on-axis pressure. The correction factor

is given by

Ksa ¼ ð3� bÞ=2; (5)

where b is the ratio of the signal at one hydrophone radius

from the axis to the signal on axis. Ksa is valid for b> 0.8,

which in this case applies only to the two needle hydro-

phones based on their effective radii. For the membrane

hydrophones and all hydrophones where there is nonlinearity

in the field, the correction factor is given by

K0sa ¼ ð3� 2b0Þ; (6)

where b0 is the ratio of the signal at half the hydrophone

radius from the axis to the signal on axis.

To examine the impact of spatial averaging corrections,

the corrections given in Eqs. (5) and (6) were calculated and

applied to the measured and modelled 3.3 MHz field data.

The temporal peak positive pressure measured by the

0.2 mm hydrophone and the relative differences in the pres-

sure measured by the membrane hydrophones, before and

after correction for spatial averaging, are shown in Table V

for both the CW and PW measurements. The spatial peak

pressure modelled for the 0.2 mm hydrophone, normalised

by the spatial peak pressure predicted for a point sensor, and

the relative differences in the pressures modelled for the

other hydrophones before and after correction for spatial

averaging are also shown.

For the measured data, in both the CW and PW cases,

the spatial averaging correction increases the temporal peak

pressure measured by the 0.2 mm needle hydrophone by

approximately 9.5%. For the membrane hydrophones, the

application of the correction reduces the relative differences
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from 21 to 7% and from 35 to 20% for the 0.2 and 0.4 mm

hydrophones, respectively. The changes are similar for the

PW case. For the modelled data, the correction has a very

similar effect for the 0.2 mm membrane hydrophone mea-

surements, reducing the difference relative to the 0.2 mm

needle hydrophone from 23 to 8%. For the 0.4 mm mem-

brane hydrophone, the relative difference was smaller before

correction compared to the measurements, and the applica-

tion of the correction reduces this further from 29 to 12%.

The modelled data predicts that before any correction

for spatial averaging, the 0.2 mm needle hydrophone under-

estimates the pressure by 8% compared to a point sensor.

After application of the spatial averaging correction, the dif-

ference in the predicted peak pressure amplitude reduces to

less than 1% relative to a point sensor. This suggests that the

application of spatial averaging corrections is effective for

this hydrophone.

The application of spatial averaging corrections introdu-

ces further uncertainty in the pressure measured by the

hydrophones. For b0 > 0:92, the uncertainty on the correc-

tion is estimated to be 10%. This is the case for the correc-

tions calculated for the needle hydrophone. For comparison,

the uncertainty in the magnitude sensitivity at 3.3 MHz is

9% for this hydrophone. For the membrane hydrophones, the

calculated correction factors are between 28 and 35% and

have larger associated uncertainties. The disparities still

remaining after application of spatial averaging corrections

to the membrane hydrophones, both in measurement and

modelling, and the large uncertainties associated with the

corrections, suggest that for these hydrophones the correc-

tions are not fully effective. The standard states that where

the �6 dB beam width is less than 1.5 times the effective

hydrophone diameter, it is important that a smaller hydro-

phone is used. This is the case for both membrane hydro-

phones in this situation, and this recommendation is

supported by the data shown here.

IV. DISCUSSION

For all hydrophones, the coefficient of variation of the

spatial and temporal peak positive and peak negative

pressures was less than 2%. This is comparable with the vari-

ation in repeated measurements performed in other similar

studies.17,23 Three standard deviations of the mean gives the

99.7% confidence interval, so almost all measurements can

be expected to lie within this range. Except for the measure-

ments of the field of the H151 transducer at 1.1 MHz at the

lowest drive level, the differences between the pressures

measured with the needle and membrane hydrophones were

greater than three times the coefficient of variation. This sug-

gests that the differences were not due only to random uncer-

tainties arising from changes in hydrophone sensitivity or

source output, or from alignment of the source and hydro-

phone. The differences were slightly larger when the field

contained some nonlinearity, which may be due to uncertain-

ties in the frequency response of the hydrophones both in

terms of the absolute value and the variation with frequency.

The uncertainties on the calibrations of the hydrophones

used in this study ranged from 6 to 15% for magnitude sensi-

tivity and was on the order of 5 to 30 mrad for phase sensi-

tivity across the calibration bandwidths. It should be noted

that the uncertainty in the phase sensitivity provided with the

calibration was estimated from the random uncertainties

only, and that the true uncertainty will therefore be larger.

For the 40 lm needle hydrophone, the uncertainty on the

magnitude sensitivity is larger in practice due to its non-

uniform frequency response in combination with calibration

data obtained only in steps of 1 MHz, likely leading to errors

in the values assumed between these steps. In addition, the

phase sensitivity was calculated from the minimum phase

theorem for this hydrophone. While it has been demonstrated

that this approach agrees well with the directly measured

phase, there can be larger differences at the upper and lower

frequency ends of the calibration data.26 Additionally, it is

not trivial to determine how uncertainty in magnitude and

phase sensitivity propagates through the deconvolution pro-

cess to uncertainty in the resulting pressure waveforms.22,35

Considering the uncertainty in magnitude sensitivity only,

which is more valid for the linear field conditions, for the

1.1 MHz and 5 MHz fields, it appears that the differences in

the peak pressures measured by the different hydrophones

are in most cases well within the calibration uncertainties.

The two membrane hydrophones measured very similar

pressures at both drive levels in these fields, possibly due to

their similar construction and their similarly flat frequency

responses.

The differences in the measurement of the 3.3 MHz field

for the H101 transducer were larger, up to 55%. However,

the pressure measurements in the broadband field of the

L14–5 linear array transducer were all within 9%, suggesting

that the differences observed in the 3.3 MHz fields were not

solely due to uncertainties in the frequency responses of the

hydrophones. The differences observed here were compara-

ble to the variations observed by Wear et al.19 when measur-

ing broadband ultrasound pulses with a range of membrane

and probe type hydrophones. In that study, the same model

of transducer was used and at a similar drive level. There

were differences of up to 30% in the focal peak positive

pressure measured by the test hydrophones, which for at

least one of the hydrophones was thought to be partially due

TABLE V. Temporal peak positive pressures measured at the focus by the

0.2 mm needle hydrophone and modelled for the 0.2 mm and relative differ-

ences in the pressures measured and modelled by the 0.2 and 0.4 mm mem-

brane hydrophones, before and after correction for spatial averaging. The

pressure modelled for the 0.2 mm needle hydrophone is normalised to the

spatial peak pressure amplitude predicted for a point sensor. M: membrane,

N: needle.

Pressure [kPa]
Difference [%]

0.2 mm N 0.2 mm M 0.4 mm M

CW Measured 342 20.9 35.2

Corrected 374 7.0 19.9

PW Measured 288 22.5 34.0

Corrected 316 8.3 18.2

Normalised pressure Difference [%]

CW Modelled 0.92 22.9 28.9

Corrected 0.99 8.4 12.4
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to spatial averaging effects. The field of this transducer is

tightly focused, with a �6 dB beam width of 0.6 mm, and in

the current study, the largest hydrophone element size was

0.4 mm. The observed differences in measured pressure are

consistent with the simulated effects of spatial averaging for

these hydrophones.

The application of spatial averaging corrections as

defined in IEC 62127 reduces the differences in the temporal

peak pressure measured by the different hydrophones. For

the 0.2 mm needle hydrophone, after the application of spa-

tial averaging corrections, the spatial peak pressure was

within 1% of that predicted for a point sensor, showing that

for this hydrophone, the correction is effective. However, for

the membrane hydrophones, which had the largest element

sizes, differences from 7 to 8% remained after correction of

the measured and modelled data for the 0.2 mm membrane

hydrophone and differences from 12 to 20% remained for

the 0.4 mm membrane hydrophone relative to the 0.2 mm

needle hydrophone. This suggests that the spatial averaging

corrections are not completely effective in this case. It is rec-

ommended in the standard that when the hydrophone ele-

ment diameter is greater than two thirds of the �6 dB beam

width, which is true for the membrane hydrophones in this

field, a smaller hydrophone should be used.

For the L14-5 field at 5 MHz, the effective element sizes

of the hydrophones are smaller than at 1 and 3 MHz, and the

�6 dB beam width is approximately 2.5 mm, so spatial aver-

aging effects should be small. The field is broadband, with

energy up to 30 MHz in the spectrum. As shown by Wilkens

et al.,34 due to the contribution of high frequency harmonics

to the peak pressure in nonlinear fields, spatial averaging

effects are likely to be consistent with the high frequency

value of the hydrophone effective element size, which usually

approaches the nominal hydrophone element size. This effect

and the broadness of the beam in this case are consistent with

the smaller differences observed between the measurements

of this field with the different hydrophones. The waveforms

and profiles measured by the different hydrophones agree

well, with some differences seen in the focal waveform shape

and spectrum of the 40 lm hydrophone. This may be

explained by the increased uncertainty in the frequency

response of this hydrophone, which was non-uniform but

measured only in steps of 1 MHz with phase calculated using

the minimum phase theorem rather than directly measured.

The differences observed here are comparable to the differ-

ences in acoustic pressure measured in a broadband 3 MHz

field (�6 dB beamwidth �3 mm) by eight probe and mem-

brane hydrophones, with element sizes ranging from 10 lm to

1 mm reported by Wear et al.19 After deconvolution of their

complex frequency responses, the coefficient of variation of

the measured peak positive and negative pressures were 8 and

9%. The variations were attributed to spatial averaging

effects, hydrophone positioning, and calibration uncertainties,

which were quoted as 10% for one of the hydrophones.

V. CONCLUSION

It has been shown that repeatable measurements can be

made with a variety of hydrophones in a 1.1 MHz spherically

focused ultrasound field with a beam width of 3 mm. The

stability of the hydrophones and sources, together with care-

ful alignment, enable repeatable measurements, with peak

pressures expected to lie within 3% of the mean. Obtaining

reproducible and correct absolute acoustic pressure measure-

ments was shown to be more challenging. Differences

between the pressures measured with different hydrophones

were greater when the fields contained some nonlinearity

compared to those observed in linear fields. The greatest dif-

ferences were shown to be due to spatial averaging in a

tightly focused field (frequency 3.3 MHz, �6 dB beam width

�0.6 mm). The effective element sizes of all hydrophones

were shown to be larger than their nominal values.

Application of spatial averaging corrections to the needle

hydrophone measurements reduced the resulting underesti-

mation of the pressure and the discrepancy between these

measurements.

The membrane hydrophones used in this study are often

considered as reference hydrophones due to their stability

and uniform frequency responses. However, it has been

shown that at low frequencies, their effective element sizes

are far larger than their nominal element sizes. This should

be taken into consideration when evaluating their suitability

for measurement of pressure varying on a small spatial scale.

IEC 62127 states that when the ratio of the beam width to

effective element size is less than 1.5, as is the case for these

hydrophones in tightly focused fields, a smaller hydrophone

should be used, as the uncertainties in the spatial averaging

corrections will be large. The results suggest that accurate

quantitative characterisation of nonlinear focused ultrasound

fields requires hydrophones with small element sizes in addi-

tion to the application of spatial averaging corrections for

most commercially available PVDF hydrophones. Fibre-

optic hydrophones with small element sizes could be more

suitable in these cases, providing their frequency response is

stable and well characterised. Alternatively, it may be neces-

sary to apply deconvolution of the full complex angular fre-

quency response of the hydrophones.36 In general, the results

of this study suggest that, in the cases tested at least, spatial

averaging is the largest source of measurement error, and

when spatial averaging is not significant or appropriate spa-

tial averaging corrections are applied, broadband fields can

be measured with differences of less than 10% with a range

of hydrophones, as long as their complex frequency response

is known over the required bandwidth and in steps that cap-

ture variations on the correct scale.
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