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Abstract

The effect of temperature and electrical drive conditions on the output of lead
zirconate titanate (PZT) transducers is of particular interest in ultrasound
metrology and medical ultrasound applications. In this work, the temperature-
dependent output of two single-element PZT transducers was measured between
22 °C and 46 °C. Two independent measurement methods were used, namely
radiation force balance measurements and laser vibrometry. When driven at
constant voltage using a 50 ) matched signal generator and amplifier using
continuous wave (CW) or quasi-CW excitation, the output of the two trans-
ducers increased on average by 0.6 % per degree, largely due to an increase in
transducer efficiency with temperature. The two measurement methods showed
close agreement. Similar trends were observed when using single cycle excitation
with the same signal chain. However, when driven using a pulser (which is not
electrically matched), the two transducers exhibited different behaviour depend-
ing on their electrical impedance. Accounting for the temperature-dependent
output of PZT transducers could have implications for many areas of ultrasound

metrology, for example, in therapeutic ultrasound where a coupling fluid at an
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increased or decreased temperature is often used.
Keywords: laser vibrometry, metrology, PZT, radiation force balance,

transducer, ultrasound

1. Introduction

1.1. Overview

Accurate knowledge of the output of ultrasound transducers output is es-
sential in ultrasound metrology, as well as in medical ultrasound applications in
order to ensure safety during both imaging and therapy. For example, if an array
of sources is to be used for applications such as transcranial ultrasonic neuro-
modulation [I], their output must be validated to ensure that the amplitude of
acoustic pressure can be estimated at the target location, thereby contributing
to the safety and effectiveness of the delivered treatment [2]. This validation is
usually done experimentally, using techniques such as acoustic holography [3]
where a calibrated hydrophone is scanned through the acoustic field of a source
transducer in order to measure the generated ultrasound pressure field.

Hydrophones are required for absolute measurements of the properties of an
acoustic field and their sensitivity is calibrated according to the IEC 62127-2
[4] standard. A companion standard also specifies the methods for measure-
ments of acoustic fields generated by ultrasound medical equipment in liquids
(IEC 62127-1 [5]). During these measurements, the environment (i.e. liquid)
temperature should ideally match the temperature at which the hydrophone
was calibrated. The electroacoustic properties of hydrophones vary with am-
bient temperature [6] and for this reason, they are usually calibrated close to
the intended application temperature. For most applications, the calibration is
performed at a room temperature of 22 °C £ 3 °C [7]. Although corrections to
hydrophone sensitivity and frequency response values may be applied in order
to adjust the derived transducer characteristics to a different temperature of

interest, these corrections are only known for a small range of temperatures.
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Additional tests must also be undertaken to show the results comply with the
standards [7].

A problem potentially arises when the transducer is then used in an applica-
tion in which the temperature is different from the calibration temperature. An
example of this is again transcranial ultrasonic therapy, where the water used
as a coupling agent between the transducer and the subject can be either cooled
to reduce skin burns or warmed closer to body temperature to improve comfort.
In this case, the transducers may operate at a temperature approximately 5 °C
below [§] or up to 15 °C above the characterisation temperature, and as such,
their output is likely to vary. Additionally, transducer output can change due to
inefficiencies in transduction, where self-heating occurs. Thus a suitable method
must be used in order to investigate the variability of transducer output with

temperature.

1.2. PZT transducers

Piezoelectric ultrasound transducers use the inverse piezoelectric effect to
generate ultrasound waves. A piezoelectric ceramic that is frequently used in
medical ultrasound is lead zirconate titanate (PZT). Piezoelectric materials and
their electromechanical properties can be fully characterised with a set of in-
dependent mechanical, piezoelectric and electrical parameters [9]. The piezo-
electric coupling factor k£ can then be calculated, which is a measure of the
efficiency with which the crystal converts energy from electrical to mechanical.
Note, however, that this does not take into account losses in the system and is
therefore not directly equivalent to transducer efficiency [10]. The piezoelectric
coupling factor depends on the boundary conditions surrounding the element
and the piezoelectric element vibration mode. In the case of a PZT transducer
operating in thickness mode, with lateral dimensions much greater than the
thickness of the piezoelectric layer, the two most relevant piezoelectric coupling

factors are defined as [9]:

d
kt = €33 kl 33 (1)
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where k%, represents lateral clamping and kb, strain-free (unclamped) condi-

tions (k43 < kL3). The parameters in Eq. [1|are defined in Table |1} Of particular

Table 1: Mechanical and piezoelectric coefficients used in the calculation of the piezoelectric

coupling factors [9].

Coefficient  Description SI Units  Constant
piezoelectric stress 9

€31, €33 C/m
coefficient

ds1, ds3 piezoelectric coefficient C/N

D elastic stiffness ) ) o

c33 N/m dielectric displacement D
coefficient

€1, €55, k5 dielectric permittivity ~ F/m strain S, stress T

st s& elastic compliance m?/N electric field £

interest here are the transmission (strain) coefficient d describing the strain
produced per unit of applied electric field, and parameter e relating the me-
chanical and electrical properties of the material. Additionally, a change in
dielectric properties alters the capacitance of a piezoelectric material and thus
the electrical matching criteria of a PZT transducer.

The temperature dependence of the elastic, dielectric and piezoelectric coef-
ficients of PZT ceramics and films has been investigated in several studies, with
measurements performed on a variety of PZT types ranging from commercially
available PZT-5H [I1], various hard and soft PZT materials such as PZT 52/48
and PZT-500 [12], respectively, to PZT mixtures with varying concentrations

of PbTiO3 [13]. E| All studies reported an increase in transmission coeflicients

IThe designation of soft and hard PZT ceramics refers to the mobility of dipoles (or do-
mains) and hence also to the polarization and depolarization behavior. Briefly, soft ceramics
are created by adding small amounts of a donor dopant leading to a creation of metal (cation)
vacancies, while hard PZTs are doped with acceptor ions thus creating oxygen (anion) vacan-
cies in the crystal structure [I4]. These dopants in turn determine the characteristic features

of the PZT material and thus its application suitability.
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dsy and dz3 with temperature [11], 12 [13] [15] 16 17] as well as egy [13], where
a stronger dependency was associated with a decreasing PbTiO3 content. The
relative dielectric permittivities e7; and eZ; exhibited a very large increase with
temperature [11, 12} 13 [17, 18], while elastic compliance coefficients s} and s&;
followed a weakly increasing trend for soft PZT, but no change was observed
in hard PZT materials [I7]. The piezoelectric coupling factors k11 and ks3 in-
creased for undoped PZT [15], while k%5 was independent of temperature in
a study that also showed kL, decreases for hard PZT whereas for soft PZT it
increases until 0 °C followed by a decreasing trend [I7]. In summary, changes
in temperature have greater influence on the properties of soft PZT materials
[17] than hard PZTs, and their response depends on dopants present [19].
Using the existing literature, it is challenging to predict the precise behaviour
of a PZT transducer at elevated temperatures. The properties of the material
used for the piezoelectric layer have a strong dependence on dopants as well as
the field conditions such as temperature and hydrostatic pressure. These coeffi-
cients also do not represent all the factors influencing the ultrasound transducer
output. For example, the electrical impedance of the transducer and its match-

ing with the signal chain must also be taken into consideration.

1.3. Paper Outline

In this paper, two independent methods are used to investigate the effect
of temperature increase on the output of two hard PZT ceramic transducers.
The first method uses radiation force balances as a recommended technique
for determination of transducer power output as given in IEC 61161 [20]. The
second method, laser vibrometry, is based on optical interferometry, where the
sound pressure is calculated from the measurement of the displacement of an
acoustically reflective membrane (IEC 62127-2 [4]).

The effect of excitation source type on the temperature-dependent trans-
ducer output is investigated using laser vibrometry and electrical impedance
measurements. Three driving conditions are assessed: an impedance-matched

signal generator and amplifier using narrowband (1) single cycle or (2) long
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burst excitation, and (3) a pulser providing a source for broadband excitation.
The methods used are described in Section [2] followed by details on data
analysis and measurement uncertainty calculations. The study findings are pre-

sented in Section Bl and conclusions derived thereof.

2. Methods

2.1. Radiation force balance

2.1.1. Theoretical background

The propagation of ultrasound through a medium leads to a simultaneous
transfer of momentum. If the ultrasound beam is intercepted by a target, the
resulting radiation force on it is proportional to the acoustic power Wy, [211 22].
This principle is exploited by radiation force balances (RFB), internationally
accepted for characterizing ultrasound power [20]. Radiation force F' is typically
determined by measuring the change in weight Am of an initially buoyant target
[23]:

F=Amg (2)

where ¢ is the acceleration due to gravity. For a plane wave incident on a
perfectly absorbing target, the radiation force is given by:

_ Wtot

Cw

F

(3)

where Wi, is the total acoustic power emitted by the transducer and c,, is the
speed of sound of the medium, usually water [24]. For a reflective target, the
force depends on the target geometry and material, and Eq.[3|can be generalised

by multiplying by the right hand side by the factor h
h =1+ Rcos26 (4)

where R is the amplitude reflectivity coefficient of the target surface, and 6 is
the angle between the direction of the incident ultrasound beam and the normal

to the target surface [21I]. For absorbing targets no correction is needed.



A typical RFB setup can be seen in Fig.[I| The transducer-target separation
x in the setup is determined by the target type, but is usually kept at the
minimum distance possible in order to reduce the effects of attenuation and
streaming [2I]. Due to the acoustic absorption of ultrasound in water, the
power loss from the beam increases with the distance and a correction for this
is applied in the form:

Weorr = Wtotezaz (5)
where W, is the corrected transducer power output, W;,; is the measured
power, and « is the absorption coefficient in Np/m at the measurement fre-
quency. Under a plane wave assumption and using the expression for the aver-
age acoustic intensity [9], the acoustic pressure p generated by the transducer
is proportional to:

P X v pwcchorr (6)

where p,, and c¢,, are the temperature-dependent density and speed of sound in

water, respectively [25] [26].

Transducer
Target
~ XI_ T4 Water
VYW
Balance
pan

14,00 mg [ee]

Figure 1: Radiation force balance setup. Transducer is positioned above the suspended target
immersed in a tank filled with degassed deionised water, with the transducer’s beam axis
perpendicular to the target. The tank is placed on the balance pan and the balance readout
sent to a PC so as to track the changes in weight caused by the ultrasound transmitted from

the transducer.
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2.1.2. Measurement setup

The transducers used in this study were two unfocussed PZT transducers
from Olympus (Panametrics NDT, Tokyo, Japan), namely a 1 MHz trans-
ducer (A392S-SU, U8421057) with an active diameter of 1.5” (38.1 mm) and
a 2.25 MHz transducer (A304S-SU, U8421006) with an active diameter of 1”
(25.4 mm). The characterisation of the transducer output power was performed
using the radiation force balance configurations available at the National Phys-
ical Laboratory (Teddington, UK), both utilising a high-performance analytical
balance (AC211S Balance, Sartorius, Géttingen, Germany). Two configurations
were chosen, shown in Fig. 2] The schematic of the two balance configurations
in Fig. [2 can be found in IEC 61161, page 43, Figure F.2 and Figure F.3 [20].
These configurations are used to offset the weight of the water tank for top-pan
load limitations of the balance. The frame holding the target is connected to
the force measuring point on the balance and hence the weight of the tank is

not felt by the balance.

(a) (b)

Figure 2: Radiation force balance (RFB) configurations with a suspended (a) flat absorbing
target; (b) conical reflecting target.

Configuration a) uses a suspended flat absorbing target made of either
HAM A-LF (NPL, Teddington, UK) [27] as shown in Fig. a) or Aptflex F28P
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(Precision Acoustics Ltd., Dorchester, UK) acoustic absorber material, both of
which satisfy the requirements of IEC 61161 [20]. The advantages of using a flat
absorbing target include simplified corrections for non-perpendicular incidence,
as the radiation force is in this case insensitive to small changes in angular
alignment [28], and the reduced distance between the transducer and the tar-
get, thereby reducing the magnitude of the applied corrections for small-signal
attenuation in water, which can be significant at higher frequencies. However,
the absorbed ultrasound will cause the target material to heat up, resulting in
thermal expansion and a change in buoyancy. This in turn may cause the weight
of the target to drift and give rise to errors in the measurement of the radiation
force [28].

In configuration b), a suspended air-backed convex cone is used as a re-
flecting target. In this case, the factor h (Eq. {4)) is determined by the direction
and magnitude of the reflected beam assuming 100 % reflectivity. The target
used in (b) is right-angled ensuring the reflected ultrasound is directed per-
pendicular to the beam axis and thus away from the transducer. The main
advantage of using a reflecting target is that it absorbs very little acoustic en-
ergy, so buoyancy changes due to thermal expansion of the target are negligible.
Hence thermal drifts caused by absorption have no effect on the force being
measured.

All measurements were performed in an enclosure with air temperature con-
trol. The tank was filled with degassed deionised water in order to prevent the
occurrence of cavitation which can produce an increase in the attenuation of
ultrasound due to scattering and absorption [29]. The temperature of the air
and water were monitored using K-type thermocouples and logged using a Pico
thermocouple data logger (T'C-08, Pico Technology, St Neots, UK). The water
was preheated to 50 °C, and measurements taken every 2 °C from 46 °C to
room temperature of 22 °C, at the state of thermal equilibrium, i.e. once both
the enclosure air and water temperature were equal.

The PZT transducers were driven by a waveform generator (33600A, Keysight
Technologies, Santa Rosa, CA, USA) connected via a 150 W power amplifier
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(150A100B, AR, Souderton, PA, USA), both matched to an electric impedance
of 50 2. Measurements were made under continuous wave (CW) conditions,
where the transducer was excited by a sinusoidal wave with a frequency set
to the centre frequency of the transducer. The transducer drive voltage was
monitored using a Tektronix TPP0850 scope probe and MSO54 Tektronix 5
series mixed signal oscilloscope (Tektronix, U.K. Ltd., Berkshire, UK) and was
kept constant at a peak positive voltage of 14 V. This was done by adjust-
ing the amplitude on the signal generator from 86 mVpp at a temperature of
46 °C to 80 mVpp at 22 °C for the 1 MHz transducer, and from 72 mVpp at
a temperature of 46 °C to 66 mVpp at 22 °C for the 2.25 MHz transducer.
Ideally, these measurements should be performed by keeping the input elec-
trical power to the transducer constant. However, this requires knowledge of
the temperature-dependent electrical impedance of the transducer, a parame-
ter which is not always readily available. Instead, the drive voltage was kept
constant throughout the RFB measurements as this parameter can be easily
monitored and controlled during experiments [30]. The temperature-dependent
electrical impedance was later measured to give the values of the electrical power
input and the transducer efficiency, as described in Section [2.3

During the RFB measurements, the transducer was switched on for a period
of 10 s and then switched off for a period of another 10 s, with four on-off
transitions for each measurement temperature. This procedure is known to
improve the measurement quality, as well as enable the detection of any issues
related to the transducer output such as instability or self-heating [31]. Data
was acquired and processed by a LabVIEW application written in-house that
accounts for the target type, temperature-dependent speed of sound of water,
performs attenuation corrections given the transducer-target separation distance
and minimises errors arising from drifts in “zero” levels and readout levels of
the balance by extrapolating the change in readings to a common time in the

measurement sequence.

10
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2.2. Laser vibrometry

2.2.1. Theoretical background

Heterodyne vibrometers are used in the primary calibration of ultrasound
hydrophones, reconstructing the displacement signal from the phase modulation
of the laser beam reflected from a vibrating surface using a suitable decoder
[4, 32] [33]. Here, the acoustic pressure generated by a transducer is determined
by directing the ultrasound waves towards a thin reflective pellicle placed within
a water vessel. A thin, acoustically transparent membrane follows the movement
of the surrounding medium and can therefore reveal the particle displacement
induced by an ultrasound field [23]. Provided the pellicle is optically reflective,
its displacement can be directly measured using optical interferometry [4]. As
ultrasound waves are reflected at all boundaries between the water, pellicle and
air multiple times, a model for the acoustic transmission coefficient T' of the
displacement through the pellicle must be used [4, [34]. Assuming a plane wave,
the acoustic pressure p generated by an ultrasound transducer is related to the
time derivative of the time-dependent acoustic displacement £(¢). Taking into
account the acoustic absorption of water, the acoustic pressure inside the water

can be calculated as:

_ pwcw% ax
T o @)

where p,, and ¢, are the temperature-dependent density [25] and speed of sound
[26] of water, respectively, T is the transmission factor of the pellicle while « is
the absorption coefficient in Np/m at the measurement frequency and z is the
transducer-pellicle distance in meters.

In the quasi-continuous excitation case, where the ultrasound waves have a
narrowband frequency content centred around the transducer’s centre frequency,

the particle and thus pellicle displacement can be described with:
&(t) = De'! (8)

where D is the amplitude of the pellicle displacement and w is the angular

frequency. In this case, the magnitude of the acoustic pressure generated by the

11
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transducer can be obtained as [4]:
= PuCuloD) o, (9)
2.2.2. Measurement setup

A schematic of the measurement setup is shown in Fig. (a). The trans-
ducer under test was immersed in a tank filled with degassed deionised water,
the temperature of which was controlled using a thermostat (ECO RE415S Sil-
ver thermostat, Lauda GmbH, Lauda-Konigshofen, Germany) with an in-built
PID controller and J-type thermocouple for feedback. The tank was lined with
absorbers to avoid reflections and the generation of standing waves. The trans-
ducer was positioned with its front face parallel to the water surface. A thin
reflective aluminium pellicle was placed on the water surface. This was done
in order to avoid errors in the displacement measurements caused by the water
surface vibrations arising from environmental sources as well as to increase mea-
surement SNR through higher reflectivity. The pellicle transmission factor was
calculated as described in [35] and was equal to T' = 2. The pellicle thickness
was measured with a micrometer and was 2042 pm. The pellicle was stretched
across a holder design based on embroidery rings, 80 mm in diameter and posi-
tioned approximately 10 mm from the transducer face. The exact distance from
the transducer was determined from the time of arrival of the signals and the
known speed of sound in water [26].

The pellicle displacement caused by the ultrasound waves emitted from the
transducer was interrogated using a laser vibrometer (Polytec OFV-5000 vi-
brometer and OFV-505 laser, Waldbronn, Germany). This was positioned on
a 2-axis motorised stage above the tank, with its beam (A = 633 nm) directed
perpendicular to the pellicle using a mirror (BB1-E02P, Thorlabs, Inc., Newton,
NJ, USA). The vibrometer was coupled with a displacement decoder (Polytec
DD-300, Waldbronn, Germany) with a scaling factor of 50 nm/V. Signals were
filtered using a Butterworth high-pass filter with a cutoff frequency of 0.5 MHz,
and low-pass filter with a cutoff frequency of 10 MHz (3945 multichannel filter,
Krohn-Hite, Brockton, MA, USA). The filter bandwidth was chosen to capture

12
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all of the energy emitted from the transducer. The signal was displayed and
averaged (100 averages) on an oscilloscope (9304A, Teledyne LeCroy, Chestnut
Ridge, USA) and logged using an in-house LabVIEW program.

(a) (b)

Vibrometer 0.6 ‘ : (i),
= 02 A
R T ——
S

\| \J«
RC Pellicle o ‘v“ n@

\ 0 il / M 5 10 15 20

. Time (us)
T T T 0.6 N T |
- l (i1)
PZT - 1
202 B 1
transducer & o N\~
S .02 W
Water 04 U - "
5 10 15 20
Time (us)

Figure 3: Laser vibrometry setup. (a) Transducer is positioned in a water tank with tem-
perature control and J-type thermocouple (TC); thin reflective aluminium pellicle placed on
water surface; laser vibrometer positioned on 2-axis motorised stage, with its beam directed
perpendicular to pellicle using mirror. (b) Examples of displacement signal readouts for two

scan positions (scan line: blue dashed line, scan position: red cross).

During the measurements, line scans were taken across the centre of the
transducer face, with 41 points in 1 mm increments. Examples of voltage signal
readouts for two scan positions are shown in Fig. Bb). It can be seen that the
pellicle displacement just outside the projection of the edge of the transducer
case onto the pellicle (i) has a lower amplitude than the displacement induced
at the centre of the transducer face (ii). These line scans were later combined
into 2D plots using MATLAB.

Scans were made at temperatures from 46 °C to 22 °C in steps of 2 °C
and repeated using different transducer drive settings in order to measure the

relative displacement of the pellicle and assess how the relative pressure gener-

13
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ated by the transducer changes with temperature. The scans were made once
the thermocouple readings were stable for a minimum of 5 minutes, and the
transducer was switched off between scans at different temperatures to prevent
self-heating.

The transducers were driven with three types of excitation signals: broad-
band pulsed wave (PW), single cycle sinusoidal wave (sine pulse) and a long
burst sinusoidal wave at the transducer’s centre frequency as a quasi-continuous
(qCW) case. Although laser vibrometry measurements are usually performed
using PW, using long burst excitation made the comparison with the radia-
tion force balance measurements possible. In the PW case, the transducer was
driven using a pulser receiver (5800PR, Olympus, Tokyo, Japan) with a pulse
repetition frequency set to 80 kHz, pulse energy of 100 uJ and pulse width of
200 ns. The pulser has a voltage output of 400 V, resulting in a large pellicle
displacement amplitude and thus high signal-to-noise ratio (SNR). The max-
imum pellicle displacement was within the linear measurement range of the
interferometer, with the linearity error for the decoder below 1 %.

For the sinusoidal excitation, the transducers were driven by a signal gen-
erator (33522A, Agilent Technologies, Santa Clara, CA, USA) connected via a
75 W power amplifier (A075, E&I, Rochester, NY, USA) and were excited by
a single-cycle sinusoidal wave or a 10-cycle toneburst at the centre frequency of
the transducer. The transducer drive voltage was adjusted in order to achieve an
appropriate signal-to-noise ratio for the measurement. It was monitored using
an oscilloscope (9304A, Teledyne LeCroy, Chestnut Ridge, USA) and remained
constant throughout all measurements with a value of 14 V peak-to-peak (Pk-
Pk) for the 2.25 MHz toneburst, 25 V Pk-Pk for the 2.25 MHz sine pulse, and
35 V Pk-Pk for both the sine pulse and toneburst for the 1 MHz transducer.

2.2.3. Data analysis
Figure [4 shows 2D plots of the pellicle displacement recorded for the three
types of transducer excitations for the 1 MHz transducer (top row) and 2.25 MHz

transducer (bottom row). For the PW and sine pulse excitations, it can be seen

14
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Figure 4: 2D plots showing the pellicle displacement for 1 MHz and 2.25 MHz transducers
and three excitations: pulsed wave (PW), single-cycle (sine pulse) and long burst sinusoidal

wave (QCW), respectively.

that the ultrasound wave has two parts, namely a direct wave from the face of
the transducer arriving at time ¢ = z/c,, followed by edge waves arriving at
a subsequent time ¢t = /a2 + 22 /cw, where a is the transducer radius and z is
the distance of a point on the transducer axis from the transducer, here corre-
sponding to the transducer-pellicle separation. These edge waves are caused by
the presence of laterally propagating plate waves that originate from the rim of
the transducer and radiate into the surrounding fluid [9]. Here, the edge and
direct waves are clearly separated in time so that no interference occurs, and
the edge waves were gated out in the data analysis. In the qCW case, on the
other hand, the calculation suggests the edge waves arrive at t = 12 us, thus
overlapping with the direct wave. This can be seen in the 2D plot presented
for the 1 MHz transducer. However, as the edge waves have comparatively low
amplitude these were not considered to affect the result.

In order to extract the relative change in pressure generated by the trans-
ducer as a function of temperature, the data was processed in the following
manner. For long burst (qCW) excitation i.e. a narrowband signal with fre-

quency content centered around the transducer’s centre frequency, a windowed

15

Displacement (nm)

Displacement (nm)



270

275

280

285

290

295

and zero-padded FFT was applied to the displacement signals spatially confined
to the 10 mm centre region of the transducer. The amplitude information for
each time series was extracted by taking the amplitude of the Fourier spec-
trum and the transducer centre frequency (using extractAmpPhase function in
k-Wave [36]). The mean amplitude of the 11 measurement points and their
standard deviation at each measurement temperature were then used to calcu-
late a relative change in pressure generated by the transducer between 22 °C to
46 °C, as defined in Eq. [0 Here, a minimal change in beam shape is assumed,
e.g., due to changes in the relative arrival time of the edge waves which depends
on the speed of sound in water that changes by 3 % from 22 °C to 46 °C.

In the pulsed wave and single-cycle sinusoidal wave excitation measurements,
the frequency content of the signals reflects the transducers’ broadband re-
sponse. In order to encompass all the information carried by the signals, the
time derivative of the data was calculated using a second-order accurate central
difference scheme (using gradientFD function in k-Wave [36]). The peak par-
ticle velocities were obtained as the maximum absolute value from the 10 line
scans corresponding to the 10 mm centre region of the transducer. The mean
and standard deviation were used in the calculation of the acoustic pressure

generated by an ultrasound transducer as defined in Eq. [7]

2.3. Electrical measurements

Transducer electrical impedance measurements were performed using an
impedance analyser (4294A, Agilent Technologies, Santa Clara, CA, USA).
These measurements provided the electrical power values required to investigate
how the radiated power from the transducer would change if the input electrical
power was constant with temperature. This is reported as the temperature-
dependent change in transducer efficiency ¢, defined as the ratio of the radiated
acoustic power to electrical power. The electrical impedance measurements also
enabled the assessment of how the pressure radiated from the transducer is
altered by changes to the electrical signal supplied to it from a source of spe-

cific impedance. The reflection coefficients and the relevant energy transmission
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coefficients were calculated using the measured impedance data, as described
below.

During the measurements, the transducers were immersed in a water bath
lined with absorbers, the temperature of which was controlled using a ther-
mostat (ECO REA415S Silver thermostat, Lauda GmbH, Lauda-Koénigshofen,
Germany). The impedance analyser was calibrated using the Short-Open-
Load (SOL) technique [37] and measurements taken for a frequency range from
0.5 MHz to 5 MHz at temperatures between 22 °C and 46 °C.

Electrical power P to the transducer was calculated as:

V2
P = %TS cos (arg(Z)) (10)
where Viasg is the RMS voltage which was kept constant at 10 V (corresponding
to a peak positive voltage of 14 V), | Z| is the modulus of the measured complex
impedance and arg(Z) was calculated as a 2-argument inverse tangent of the
real and complex part of the measured impedance [3§].

In order to assess how the electrical drive system could affect the temperature-
dependent transducer output, reflection coefficients R were calculated assuming
an interface between the transducer (Zr) and a source with a fixed characteristic

impedance (Z¢):
Zo —Zr

—. 11
Zo+ Zr ( )

R-|

The coefficients were calculated for temperatures between 22 °C and 46 °C,
using the measured transducer impedance values Z at the corresponding tem-
perature. Two cases were investigated, with fixed characteristic impedances Z¢
of 50 +0j 2 and a complex impedance of 2 — 11j. The 50 €2 case was considered
for scenarios when using a drive system where function generator and amplifiers
have input and output impedances of 50 €2, and where all interconnecting cables
behave as 50 €2 transmission lines. In contrast, the output impedance of a pulser
is likely to be a low real impedance plus capacitance but will not be constant.
This variation is difficult to quantify as it arises from the avalanche discharge

of a capacitor bank in the output stage of the pulser, which may vary on a
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nanosecond timescale. The complex impedance 2 - 11j is chosen as a represen-
tative value. Energy transmission coefficients were calculated as T, = 1 — R,,

where R, = R?.

2.4. Uncertainty evaluation

Measurement uncertainty was evaluated following the guide to the expression
of uncertainty in measurement [39]. The expanded measurement uncertainty
quoted in the results section was determined using both Type A (random) and
Type B (systematic) uncertainty evaluations and is given as the standard un-
certainty multiplied by a coverage factor, k=2, providing a coverage probability
of approximately 95 % (p=0.95), according to the method recommended in
[39, 40]. Type B uncertainties arise from several sources, which were indepen-
dently evaluated or quoted from the available literature, as briefly described in
Table in Appendix A. The combined standard uncertainties of quantities
derived from the measured data were obtained according to the expression of
propagation of uncertainty in measurement for uncorrelated input quantities
[40].

An uncertainty budget for determination of ultrasound power output using
radiation force balances was calculated according to IEC 61161 [20]. Type A
uncertainty for each target type and measurement temperature was assessed
from the four on-off transition differences. Type B uncertainties arise from sev-
eral sources which were independently evaluated at different frequencies. Some
of these include the linearity and resolution of the balance system, target im-
perfections, setup misalignment, acoustic streaming, environmental influences,
temperature variations, oscilloscope resolution and the linearity of the amplifier
[20, (39, [41].

For the laser vibrometry measurements, uncertainty budget calculations were
performed as described in [33]. Type A uncertainty for each transducer drive
setting and measurement temperature was assessed from the pellicle displace-
ment amplitudes of scan points across the transducer face. Sources of type B

uncertainties that were taken into account included pellicle properties, vibrom-
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eter noise, decoder linearity, electrical load correction, distance dependence and
repeatability of the acoustic field, oscilloscope resolution and the linearity of the
amplifier [33] [39].

Sources of uncertainty considered for the electrical measurements included
the errors in real and imaginary parts of the measured complex impedance,

VNA uncertainty, and water and transducer temperature.

2.5. Statistical analysis

In order to confirm the significance of the observed trends in the results
obtained from both methods, weighted least-squares (WLS) regression was used
[42]. Here, an additional scale factor (i.e. weight) was included in the fitting
process, where the weight is the inverse of the square of the variance of the data

point.

3. Results and discussion

3.1. Continuous wave measurements

8.1.1. Comparison of RFB targets

First, a comparison between the two radiation force balance configurations
utilising an absorbing and reflecting target was performed as shown in Fig. [5]
These measurements were done using the 2.25 MHz PZT transducer. It can be
seen that the results for both RFB targets are in good agreement and exhibit
an increasing trend in the transducer radiated power with temperature from
22 °C to 46 °C, corresponding to approximately 1.4 % increase per degree
Celsius. The expanded measurement uncertainty in the radiated power for the
absorbing target was around 5 % over the whole temperature range, while for
the reflecting target it varied between 4 % and 8 %. These were mostly due
to temperature variations and drifts in baseline levels and readout levels of the
balance caused by the rapid evaporation rate of water which meant the weight
experienced by the balance was continuously decreasing. The results obtained in

these measurements show that the absorbing target in this case does not suffer
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from increased measurement errors as previously described in Section Due
to various advantages of using this configuration, all subsequent radiation force

balance measurements utilised the absorbing target only.
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Figure 5: Power radiated from the 2.25 MHz transducer at temperatures between 22 °C
and 46 °C as determined using the radiation force balance configurations with (a) absorbing
target and (b) reflecting target. Error bars represent the expanded uncertainty (p = 0.95).
The dotted lines represent the weighted least-squares (WLS) regression fit.

3.1.2. Comparison of RFB and laser vibrometry results

Figure [6] shows the temperature dependence of the relative pressure radiated
from the 1 MHz and 2.25 MHz transducers driven with a continuous sinusoidal
wave (or qCW), as determined from the radiation force balance measurements
utilising the absorbing target and laser vibrometry. The measured quantities,
namely radiated power in RFB and pellicle displacement in laser vibrometry,
were transformed to radiated pressure using equations [6 and [0} respectively, in
order to allow the intercomparison between the two techniques. The values for
the temperature-dependent density and speed of sound of water were obtained
from Jones [25] and Marczak [26], respectively. The results are presented for
temperatures between 22 °C to 46 °C, and are normalised to the values at 22
degrees Celsius, and trends described with a linear equation (R? > 0.9).

The results from RFB and laser vibrometry measurements for both trans-

ducers are in good agreement and exhibit an increasing trend in the transducer
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Figure 6: Temperature-dependent pressure radiated from the (a) 1 MHz and (b) 2.25 MHz
transducer as determined from the radiation force balance measurements (blue circles) and
laser vibrometry (orange squares). The results are presented for temperatures between 22 °C
and 46 °C, normalised to 22 °C. Error bars represent the expanded uncertainty (p = 0.95).
The dotted lines represent the weighted least-squares (WLS) regression fit.

output with temperature when driven at constant voltage. Both transducers
show consistent variation with temperature, corresponding to approximately
14 % increase between 22 °C and 46 °C (or 0.6 % per °C).

The expanded measurement uncertainty in the radiated acoustic power for
the 1 MHz transducer (Fig.[6|a)) was around 12 % over the whole temperature
range, while the combined standard uncertainty of the pressure is 6 %. For
this measurement the Aptflex F28P absorbing target was used. This has a
lower limit for the suitability of application of 1 MHz thus explaining the larger
uncertainties observed. The combined standard uncertainty of the pressure
calculated from radiation force balance measurements using the HAM A-LF
target for the 2.25 MHz transducer (Fig. [6(b)) is around 2.5 %. As for the
results obtained using laser vibrometry, the expanded measurement uncertainty
in the measured displacement and the combined standard uncertainty of the
calculated pressure was around 3 % across the entire temperature range for

both transducers.
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8.1.3. Transducer efficiency

Using the impedance analyser, the complex impedances of the two PZT
transducers were measured for temperatures between 22 °C and 46 °C. This
was used to calculate the electrical power delivered to the transducer driven
at a constant RMS voltage of 10 V (Eq. , corresponding to a peak positive
voltage of 14 V. The power radiated from the transducer when driven with a
constant voltage as measured using the radiation force balance was then scaled
by the electrical power input to provide a measure of the temperature-dependent

change in transducer efficiency. These results are presented in Fig. [7]
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Figure 7: Temperature-dependent (a) radiated power with constant drive voltage, (b) electri-
cal power to the transducer, (c) efficiency of the 1 MHz (blue circles) and 2.25 MHz (orange
squares) PZT transducer between 22 °C and 46 °C. Error bars represent the expanded un-
certainty (p = 0.95). The dotted lines represent the weighted least-squares (WLS) regression
fit.

The measured resistance of the 1 MHz transducer decreased by 30 %, while
its reactive impedance increased by 22 % within the measurement range. The
2.25 MHz transducer’s resistance and reactive impedance increased by 9 % and
7 %, respectively. When keeping the input peak positive voltage constant at
14 V, the radiated power (Fig. [{a)) from the 1 MHz transducer (shown in
blue) increased by 28 %, while for the 2.25 MHz transducer (shown in orange) it
increased by 40 %. The corresponding electrical power inputs to the transducer
(Fig. [(b)) increased by 32 % (1 MHz) and 25 % (2.25 MHz). Scaling the

radiated power with the temperature-dependent electrical power input to the
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transducer provides the transducer efficiency (Fig. c)), here used as a measure
of how the acoustic power radiated from the transducer would change if the
input electrical power was constant with temperature. The efficiency of the
1 MHz transducer increased from 86 % at 22 °C to 96 % at 46 °C, while for the
2.25 MHz transducer it increased from 45 % to 50 %. Across both transducers,
this corresponds to a relative increase in efficiency of approximately 0.5 % per
°C.

The expanded measurement uncertainties in the measured resistance and
reactive impedance were both approximately 1 % for the 1 MHz transducer,
while for the 2.25 MHz transducer these were around 5 % and 1 %, respectively.
The expanded measurement uncertainty in the radiated power and the electrical
power input to the transducer were 12 % and 2 % for the 1 MHz, while for the
2.25 MHz transducer these were around 5 % and 6 % over the whole temperature
range, respectively. The propagated uncertainty of the transducer efficiency was
around 14 % for the 1 MHz transducer and 11 % for the 2.25 MHz transducer.
Error bars in Fig. [7[c) are omitted for clarity.

3.2. Investigation of excitation source types using laser vibrometry

The effect of excitation source type on the temperature dependency of trans-
ducer output was investigated using laser vibrometry. The temperature-dependent
plots for the measured displacements, as well as calculated particle velocities and
pressures can be found in Appendix B. Figure[§|shows the generated pressure ra-
diated from the transducers obtained for temperatures between 22 °C to 46 °C,
calculated using Eq. [7] for broadband pulses and Eq. [9] for narrowband pulses.
All results are normalised to values at 22 degrees Celsius, and trends described
with a linear fit.

The results for the 1 MHz transducer exhibit similar increasing trends for
all excitation types, corresponding to an average increase of 15 % from 22 °C to
46 °C. The uncertainty in the measured displacement, and the propagated un-
certainty of the calculated pressure presented in Fig. [§|for the 1 MHz transducer

was around 3 % for PW and qCW case, and 4 % for single-cycle excitation, and

23



1 MHz 2.25 MHz

y =0.007369 * T + 0.847201 y =0.001289 * T+ 0.988314
R2: 0.898020 1.1} R2:0.151854
0.73 % perdeg C 0.13 % per deg C

N
)
a

S
N

-
.
3
-
o
o

PW

N

o

o
N

Normalised pressure (a.u.)
N
Normalised pressure (a.u.)

-

¢ data t data
WLS fit . WLS fit

20 30 40 50 30 40 50

Temperature (BC) Temperature ( C)

o
©
(5]

154

©

3}
N
=}

N
)
a

y =0.007806 * T + 0.808118 y =0.004962 * T + 0.891214
R2: 0.949319 R2: 0.893962
0.80 % perdeg C 0.50 % per deg C

N

N
-
(9]

sine
1.05

data 0.95 data
WLS fit WLS fit

20 30 40 50 20 30 40 50

Temperature (BC) Temperature ( C)

N
o
(3]

pulse

-

Normalised pressure (a.u.)
N
Normalised pressure (a.u

-

154
©
)
[=}
©

N
)
a
N
N

y =0.006056 * T + 0.861304 y =0.006361 * T + 0.861093
R2: 0.969751 R2:0.906117
0.61 % per deg C 0.64 % per deg C

N
N

N

o

1.15

N
_\

qCW

=)
o

1.06

Normalised pressure (a.u.)
N
N

Normalised pressure (a.u.)

-
N

data data
WLS fit WLS fit
0.95 0.95

20 30 40 50 20 30 40 50

Temperature ( C) Temperature ( C)

Figure 8: Relative change in pressure generated from two PZT transducers excited by a pulsed
wave (PW), single-cycle (sine pulse) and long burst (qCW) sinusoidal wave excitation. The
results are presented for temperatures between 22 °C and 46 °C, normalised to 22 °C. Error
bars represent the expanded uncertainty (p = 0.95). The dotted lines represent the weighted
least-squares (WLS) regression fit.

24



460

465

470

475

480

485

was consistent across the entire temperature range.

In the case of the 2.25 MHz transducer, the results for narrowband excitation
are similar to the 1 MHz transducer and show an increase in generated pres-
sure of approximately 12 % over the temperature range from 22 °C to 46 °C.
On the other hand, when using a pulser there is no clear trend in the tem-
perature dependence of the generated pressure radiated from the transducer.
These measurements were repeated using different configurations including sev-
eral pellicle types, measurements of water surface and direct transducer surface
measurements through an anti-reflective glass window. All configurations dis-
played similar results, thus providing confidence in the measurement results.
The uncertainty in the measured displacement, and the propagated uncertainty
of the calculated pressure for the 2.25 MHz transducer, varied between 3.5 %
and 7 % for PW, and 4 % to 8.5 % for sine pulse excitation, while in qCW case
it was consistent around 3 % across the entire temperature range.

One possible explanation for the observed difference in results between the
three transducer excitations for the 2.25 MHz transducer was investigated by
considering the electrical impedance properties of the two PZT transducers.
Firstly, the resistive versus reactive impedance plots (Fig. E[) of the transducers
were analysed. The plot for the 2.25 MHz transducer exhibited a behaviour
atypical from the IEEE standard 178 on piezoelectricity [43]. This standard im-
plies transducers normally exhibit a resistive vs. reactive loop, as was observed
for the 1 MHz transducer (a) but not for the 2.25 MHz transducer (b). This
would indicate the latter to have a non-standard electrical impedance matching.

Secondly, the effect of temperature change on the electrical input to the
transducer, its impedance and the changes to the electrical signal supplied to it
from a source of specific impedance were investigated. The energy transmission
coefficients were calculated for the interface between the PZT transducer and
an excitation source with a fixed characteristic impedance of (i) 50 + 0j, corre-
sponding to a signal generator and amplifier, and a (ii) complex impedance of
2 - 11j, representative of a pulser. The results for the 2.25 MHz transducer are

presented in Fig. [10] for temperatures between 22 °C and 46 °C.
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At the interface between the 2.25 MHz transducer and a source impedance of
50 + 0j, the energy transmission coefficient increases with temperature by 12 %
within the measurement range from 22 °C to 46 °C. This indicates more energy
is arriving at the transducer at higher temperatures, which is an effect observed
in the laser vibrometry result for the transducer driven with a signal generator
and amplifier (sine pulse and qCW case). In the case of a complex source
impedance, however, there is very little relative change (1 %) in the energy
transmission coefficient as a function of temperature and thus no changes in
the transducer output are observed in the laser vibrometry measurements. This
hypothesis is supported by a similar analysis for the 1 MHz transducer, where
the energy transmission coefficient was calculated to significantly increase for
both driving conditions. It should be noted, however, that transducer output
is dependent on numerous different variables not investigated in this study and

these finding should thus not be considered absolute.

4. Summary and Discussion

The temperature-dependent output of two single-element unfocused PZT
transducers (with centre frequencies 1 MHz and a 2.25 MHz) immersed in water
between 22 °C to 46 °C was investigated. When driven using a continuous
wave (CW) or quasi-CW excitation with constant input voltage using a signal
generator and amplifier matched to 50 €2, the pressure radiated from the two
transducers increased by approximately 0.6 % per °C over the measurement
range. This was primarily due to an increase in transducer efficiency, which
exhibited a relative increase of approximately 0.5 % per °C.

Two independent measurement methods were used for the study, namely, ra-
diation force balance (RFB) and laser vibrometry. For the RFB measurements
using CW excitation, close agreement was observed using both absorbing and
reflecting targets. Additionally, close agreement was observed between RFB
measurements using an absorbing target and CW excitation, and laser vibrom-

etry using a reflective pellicle and quasi-CW excitation.
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Additional measurements using laser vibrometry and a single-cycle sine pulse
excitation with a matched signal chain showed similar trends to the quasi-CW
case. However, when driven with a pulser (which is not electrically matched),
the two transducers exhibited different behaviour depending on their electrical
impedance. For the 1 MHz transducer, the output using the pulsed excitation
was similar to the CW case. However, for the 2.25 MHz transducer, the output
did not show a strong temperature dependence. These results can largely be
explained by differences in the electrical impedance of the 2.25 MHz transducer
(which is closer to the impedance of the pulser), which results in a negligible
relative change in energy transmission coeflicient with temperature.

In general, the output of PZT transducers will depend on temperature. It
is thus recommended that for applications where PZT transducers are used at
temperatures significantly different from the characterisation temperature, a
measurement of the transducer output is performed using one of the described
methods and correction for this effect taken into account. Moreover, the re-
sults for the pulsed case suggest the measurement of the temperature-dependent
transducer output must be done using the electrical drive system relevant to the
target application. Note, air-backed transducers (e.g., as commonly used in ul-
trasound therapy) and transducers without an acoustic matching layer were not
investigated in this study, although similar trends might be expected given the
temperature-dependent changes in the properties of PZT observed in previous
studies as discussed in Sec. [[.2

Regarding the two measurement approaches used in the study, they each
have advantages and disadvantages. Radiation force balances are affordable
and more readily available in ultrasound measurement laboratories. They are
straightforward to setup and use, however, this approach may not be appro-
priate for all transducers. RFBs have relatively low sensitivities and can only
detect powers above 10-20 mW ([20], [44], [45]). Consequently, not all excita-
tion regimes can be used during these measurements. Additionally, RFBs can
only measure the total output power of a transducer (no spatial information is

given on the produced field). Laser vibrometry on the other hand requires more
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expensive and specialised equipment, as well as a complex setup. However,
it can be used for all excitation regimes, and also captures the time domain
displacement, allowing spatial information about the acoustic field (including
edge waves) to be captured. The frequency range for the RFB is limited by
the design of the acoustic target, while the frequency range for the laser vi-
brometry is limited by the digitiser and decoder. In practice, both techniques
cover the frequency range of interest to medical ultrasonics. Both methods
as implemented for this study are limited to measuring unfocused transducers
driven at moderate acoustic power levels under which the wave propagation is
linear. However, methods to extend RFB measurements to much higher power
levels and highly focused fields have previously been described [46, [47], and
measuring the temperature-dependent output of such transducers would make

for interesting future work.
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Appendix A.

Table A.1: Uncertainty sources and their contributions, expressed as a percentage (%).

Source of uncertainty

Radiation force balance

Type A

Balance system including target sus-
pension

Linearity of the balance
Resolution of the balance
Extrapolation to the moment of
switching the ultrasonic transducer
Target imperfections

Transducer misalignment

Water temperature

Finite target size

Plane-wave assumption
Environmental influences

Transducer temperature

Target type

Difference between turn-on and turn-
off value

Excitation voltage measurement

Laser vibrometry

Type A

Vibrometer noise

Photodiode of vibrometer

Electrical load correction
Repeatability of acoustic field
Distance dependence of the field
Transmission factor of pellicle
Decoder linearity

Oscilloscope resolution

Oscilloscope linearity and distortion
Oscilloscope temperature and time de-
pendance

Alignment and time delay
Transducer misalignment

Water temperature

Finite target size

Plane-wave assumption

Environmental influences

Electrical impedance
Type A for R
Type A for X
Transducer temperature

Water temperature

Standard uncertainty (k = 1),

values in %

o

.00

(=]

.06
.24
12

o o

70
14
12
44
17
30
14
15
76

e e e e o0 o0

Between 3.00 % and 8.50 %, depending
on the transducer excitation mode
02

27

58

15

15

07

% for qCW, 5 % for PW

10

29

03

SR S i e i i

10
14
12
44
17

25

S

00
00
14
.12

e oo

Description

Random /repetitions

Measured in-house

Measured in-house
From balance specifications

Measured in-house

Measured in-house
Measured in-house
Calculated from
Measured in-house
Measured in-house
Measured in-house
Measured in-house
Measured in-house

Measured in-house

Measured in-house

Random/repetitions

Interpolated from [33]
Interpolated from [33]
Interpolated from [33]
Measured in-house
Interpolated from [33]
Interpolated from [33]

From decoder specifications
Table 1 in [48]

From oscilloscope specifications
Table 1 in [48]

Measured in-house
Measured in-house
Calculated from [26]
Measured in-house
Measured in-house

Measured in-house

Random
Random
Measured in-house

Calculated from
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Appendix B.

Figures and show the measured displacements, calculated parti-
cle velocities and generated pressures radiated from the 1 MHz and 2.25 MHz

transducer, respectively.

PwW sine pulse qCW
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Figure B.1: 1 MHz transducer. Temperature-dependent change in displacements measured

using laser vibrometry as well as calculated particle velocities and generated pressures.
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Figure B.2: 2.25 MHz transducer. Temperature-dependent change in displacements measured

using laser vibrometry as well as calculated particle velocities and generated pressures.
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