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An acoustic field distribution investigation in air requires a small receiving sensor. Needle hydrophones seem to
be an attractive solution, and it has previously been demonstrated that needle hydrophones designed for use in
water can be used in air. The metrology problem is that an absolute sensitivity calibration is needed, because
needle hydrophones are not characterized in air, especially for frequencies below 1 MHz, which is of interest for
air-coupled ultrasound. Conventional, three-transducer/microphone reciprocity calibration requires measure-
ments to be done in the far field. However, when transducer diameter is large and the frequency is high, the
required measurement distance becomes very large: 3 m for a 20 mm source, transmitting at 1 MHz. Large
propagation distance leads to high attenuation and nonlinear effects in air propagation, and distortion and losses
accumulate. Small needle hydrophones have low sensitivity, so that high excitation amplitudes would be
required, which can lead to transducer heating and increase nonlinearity effects. A derivative of the three-
transducer reciprocity calibration method is proposed, where a large aperture transducer is focused onto a hy-
drophone, using hybrid of plane wave and spherical wave reciprocity. Use of a focused source minimizes the
frequency-dependent diffraction effects, and the spherical wave approximation is valid at the focal distance, and
low level excitation signals can be used. Focusing is accomplished using a parabolic off-axis mirror. Calibration is
in transmission, which reduces the complexity of the electrical measurements. The corresponding equations have
been derived for this setup. Calibration of the transducer and needle hydrophone absolute sensitivity is obtained.

has been demonstrated previously [10,11]. However, needle hydro-
phones are not characterized for use in air as calibration is typically

1. Introduction

A common task in acoustic metrology, transducer development and
quality inspection is the measurement of the acoustic field distribution
[1,2]. This task is well documented for high frequencies and water en-
vironments [3]. Nevertheless, when it comes to air-coupled ultrasound,
the problem becomes complicated. Optical interferometry [4] requires
complex and expensive equipment, which is not always available. It is
common to use a 3.15 mm diameter microphone (type 4138 microphone
from Briiel & Kjaer, Neerum, Denmark) [5,6,7,8], but the bandwidth of
such microphones is limited to 140 kHz [9]. Furthermore, the size of the
sensing element of the receiver, according to [3], should be less than
twice the central frequency wavelength of the probe under test, making
such a microphone suitable up to 218 kHz, whereas the required size at
1 MHz would be 0.7 mm. Needle hydrophones are intended for im-
mersion use in water, but offer an attractive alternative for use in air, as

* Corresponding author.
E-mail address: linas.svilainis@ktu.lt (L. Svilainis).

https://doi.org/10.1016/j.ultras.2023.107025

done in water for frequencies above 1 MHz, but air-coupled ultrasound
is usually below 1 MHz [12].

The three-transducer reciprocity calibration in a free field technique
is often used [13,14,15]. The standard [13] for microphones in air
recommends a distance between microphones of more than ten nominal
diameters. The standard for hydrophones used in water is stricter (see
(D.1) on page 62 in [14] for a suitable approximation of spherical
wavefront spreading). In the case of air, a 0.5 mm receiver driven by a
20 mm transmitter at 300 kHz should be separated by a distance of 460
mm. If a 20 mm receiver operates with a 20 mm transmitter, the
required distance is 917 mm; 3 m is required at 1 MHz for a 20 mm
receiver operating with a 20 mm transmitter. Only at such distances is
the field uniform over the calibrated probe surface. The influence of
reflections from surrounding surfaces increases as the distance between
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transducers increases, requiring an anechoic chamber, which is
burdensome. The fundamental problem with having large propagation
distances in air is related to the attenuation and nonlinearity in air [16]:
larger propagation distance lead to higher signal distortion and more
amplitude loss. Another problem is that the size of the hydrophone is
small, and transmission efficiency is low due to a significant transmitter
acoustic impedance mismatch with air, leading to a low amplitude
received signal. The use of a higher excitation amplitude will not solve
this problem, but will make it worse due to non-linearity and transducer
heating. Operation at small distances is desirable to make the experi-
mental setup compact. Because of the aforementioned problems, such
calibration attempts have previously failed for air [10].

Here we explore an idea, proposed for a substitution calibration of
water hydrophones [17]. The use of a focused transmitting transducer
minimizes frequency-dependent diffraction effects, so that the spherical
wave approximation is valid for small focal distances, and low-level
excitation signals can be used. Such an approach results in reduced
harmonic generation, which can arise due to nonlinear propagation in
air. Use of the focused calibration technique in water is not a new idea
[17,18], but there is a problem in applying this to air-coupled ultra-
sound, due to the lower frequency range. The approach of [17,18] uses a
self-reciprocity (reflection from an acoustic, flat mirror) calibration of
the transducer. Frequencies, usually used for air-coupled ultrasound, are
relatively low, so that tonebursts are long, and signals can overlap when
using a pulse-echo configuration, leading to the increased complexity of
the electrical measurements. Another problem is that the design of a
wideband focusing transducer is complicated, and beam quality is poor.
Several matching layers are usually used in the air-coupled transducers
to cope with the large acoustic impedance mismatch between the
transducer and the air, whilst improving the bandwidth [21]. It is more
complicated to manufacture a concave-faced transducer than a flat-
faced one, so the solution proposed here is the use of a parabolic, off-
axis mirror [19,20]. A wideband, flat-faced, air-coupled transducer
[21] is mounted on the off-axis parabolic mirror, to focus the beam onto
the needle hydrophone. Then the electrical transfer impedance [13,14]
between transducer and hydrophone was measured, assuming spherical
wave propagation [17]. Next, the electrical transfer impedance [13,14]
was measured between two transducers of the same type, without using
focusing. The distance between transducers was the same as was set in
the case of focusing, but this time using a plane wave propagation
assumption [22]. The through transmission configuration reduces the
complexity of the electrical measurements, and the signal overlap
problem is reduced. The corresponding equations for the hybrid of plane
wave and spherical wave have been derived for such a setup. The sen-
sitivities for both the hydrophone and the flat beam transducers were
obtained. Finally, it is complicated to have an extremely broadband
transducer if calibration over a broad frequency range is required. It is
proposed to use three transducer types with different frequency ranges,
and then stitch the results together to obtain an extremely broadband
calibration. Applications of the air-coupled transducers are usually in
the near field, and therefore the transmission sensitivity in this paper is
expressed not as ratio of the sound pressure at a reference distance to the
driving current [14], but as the ratio of the sound pressure on the
transmitting transducer surface to the driving current. For validation,
the calibration of the transducers was also carried out, using a derivative
of the substitution technique described in [23], and plane-wave-three-
transducers-reciprocity [22]. Validation of the needle hydrophone
sensitivity was only possible against the immersion (water) calibration,
provided by manufacturer.

2. Equipment and methods

The low sensitivity of the hydrophone is a key challenge, which is
due to the small size and acoustic impedance mismatch and the low
generation efficiency in air. Large pressures can be achieved in water
and the separation distances required are much smaller, meaning that
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Fig. 1. Transducers used in experiments (left: 1 MHz, center: 650 kHz, right:
300 kHz center frequency).
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Fig. 2. Transmission frequency response of the transducers used.

three transducer reciprocity, two transducer reciprocity or interferom-
etry are easier to implement [14]. The pressure levels attainable in the
air are several orders of magnitude lower, but the nonlinearity appears
at much lower pressures for frequencies beyond 100 kHz, and attenua-
tion is much larger. Nonlinearity can be usefully exploited in harmonic
calibration, and beam size variation is not as significant as in our case,
but a calibrated hydrophone/microphone of the same size is required. A
different solution is required, where that are no commercially available
microphones and no primary standard of less than 1 mm in size and
frequency beyond 100 kHz. These are the reasons for developing the
technique described here. The small distance and the large pressure just
at single point are the key elements in the proposed approach.

2.1. Transducers and hydrophones used

Large diameter transducers that are extremely well matched to air
were used to develop sufficient pressure. Three types of air-coupled
transducers (see Fig. 1) with nominal center frequencies of 0.3 MHz
0.65 MHz and 1 MHz and identical encapsulation were used in the ex-
periments. Use of three different frequency ranges facilitated coverage
of the broad frequency range required for hydrophone calibration. Three
transducers of each type were used, labeled as Ty, T2 and Ts, i.e. nine
transducers in total. T; and Ty were used in the hybrid calibration
technique, described in section 2.3. Transducers T3 were used for vali-
dation purposes in three-transducer plane wave reciprocity calibration
[22], as described in section 2.5.

The transducers (designed and manufactured by the Spanish Na-
tional Research Council, CSIC) comprised of a 20 mm diameter piezo-
electric disc element, embedded in aluminum case. More details on the
transducer design can be found in [21]. The transmission frequency
response of these transducers is presented in Fig. 2 (obtained in through
transmission (TT) at 25.4 mm distance at 10 Vpp excitation). It can be
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Fig. 3. Needle hydrophones used in the experiments (left: 0.5 mm, right:
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Fig. 4. Holder for parabolic off-axis mirror focusing.

seen that they have a —20 dB bandwidth of 0.2 MHz, 0.54 MHz and 0.66
MHz, for the nominal center frequencies 0.3 MHz, 0.6 MHz and 1 MHz
respectively. The range of the passband frequencies of the transducers
overlap, so that these three can be used for the calibration of the hy-
drophone in air over a 0.15-1.4 MHz frequency range.

Two needle hydrophones (see Fig. 3) were used in the investigation:
a 0.5 mm diameter sensitive element (NH0500, Precision Acoustics Ltd.)
and 1 mm diameter sensitive element (NH1000, Precision Acoustics
Ltd.).

The hydrophones have been calibrated in water by the manufacturer,
but only over a range of 1-30 MHz. At 1 MHz, the 0.5 mm diameter
hydrophone has a sensitivity of 0.777 pV/Pa; while the 1 mm diameter
hydrophone has a sensitivity of 1.334 uV/Pa.

2.2. Focusing using parabolic off-axis mirror

The pressure exerted by the transducer, was focused using a para-
bolic off-axis mirror to increase the SNR at the hydrophone location
[20]. In such cases, the spherical wave propagation approximation is
valid at the focal point and frequency-dependent diffraction effects are
minimized [17]. The use of the parabolic mirrors has been reported
previously [19,20,24]. Usually, such an approach is considered prob-
lematic because it requires precise mirror production and the mirrors are
difficult to align, due to the lack of a well-defined propagation axis. A
commercially available, optical grade, off-axis mirror (140AP-1-25-90-
AL type from Standa Photonics) was used, so that the surface quality and
manufacturability did not present an issue. The mirror has 90° off-axis
focusing at a distance of 25.4 mm and a diameter of 25.4 mm, so that
the incoming beam from the transducer with a 20 mm diameter active
element is fully covered by the mirror surface. The mirror and the
transducer were mounted in a specially designed, 3D printed plastic case
(Fig. 4), which minimizes the alignment problems.

An aperture mask (4 mm diameter, 3 mm away before the focal spot,
refer Fig. 4) was used to reduce the effect of sidelobes in the beam [11].
The presence of the aperture also solves the beam location issue. Eight
screws are used in the holder to fix the transducer, which allows for an
easy and quick exchange of the transducers.
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Fig. 5. Three transducers reciprocity calibration setup.

2.3. Three transducers reciprocity calibration using combined plane and
focused wave

The large difference in the transducer and the hydrophone size and
the different field conditions created another problem: the mathematics
required for the sensitivity calculation is missing. The setup involves a
focused measurement (transducer-hydrophone), where spherical wave
reciprocity applies [17], but there is also another, unfocused measure-
ment (transducer-transducer), where plane wave reciprocity applies.
The corresponding equations for the hybrid of plane wave and spherical
wave had to be derived for the proposed setup, which would allow one
to obtain the sensitivities for both the hydrophone and the flat beam
transducers. The three transducers reciprocity calibration was done
using three measurements, where at least one transducer used should be
reciprocal. The electromechanical reciprocity is [22]:

v Erx

Fy

@

Iy
where v is the velocity of the transmitting surface at a driving current
Itx, Egx is the open circuit voltage produced by a force Fp, which is

produced by the sound field on a rigid receiving surface. From this, the
plane wave reciprocity parameter Jp can be derived [22]:

M
Sp

2A
=25, =
pc

Prx

Irx

Erx
Prx

- Y 2 @

where p and c are the density and the sound propagation velocity for the
coupling media (air was used here), A is the active transducer surface
area (obtained using transducer radius a), M is the reception sensitivity,
V/Pa, Sp is the transmission sensitivity, expressed as the ratio of the
sound pressure on transducer surface prx to driving current I7x, Pa/A.
The input impedance Z;, of the amplifier and the transducer impedance
Zr were measured as per [27] and used to convert the voltage registered
by the amplifier Vj, into an open circuit voltage [14]:

Vi (Zin + Zz)

ERX - Zin

3

The hydrophone was used together with a manufacturer-provided
preamplifier, with an output impedance of 50 €, so that no correction
factor was used for these measurements.

The transmission sensitivity can also be expressed in Pa/V, M’:

M = M-|Z;| @

The electrical transfer impedance is the ratio of the received voltage
to the excitation current [13,14]. It was measured in four through-
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Fig. 6. Near field transducer-transducer transmission measurement setup for
plane wave reciprocity measurements.
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transmission configurations (Fig. 5): transducer-transducer (a, b) and
transducer-hydrophone (c, d).

The electrical transfer impedance Z;, and Z; measured in (a) or (b)
configuration was for two of the same types of transducer in the near
field (Fig. 6, distance d between transducer elements was 25.4 mm).
Measurement (b) is optional and can be omitted: it is an additional
measurement used to obtain the hydrophone sensitivity.

The through-transmission configuration reduces the complexity of
the electrical measurements, as there is no need for amplifier input
protection and the excitation circuit does not affect the received signal.
The hydrophone preamplifier output voltage was further amplified by a
fixed 40 dB gain, 0.1-3 MHz bandwidth amplifier SE-RX01-02#3 [25]
(designed and manufactured at Kaunas University of technology, KTU).
A high input impedance (1 MQ) 0.1-3 MHz bandwidth buffer (0 dB
gain) was used for transducer signal reception.

The current of the transmitting transducer was measured simulta-
neously with the receiving transducer output. The current sensor (Fig. 7)
used to measure ITx was made using a miniature N30 ferrite toroidal core
(B64290P37X830, EPCOS), mounted on semirigid coaxial cable, con-
necting the excitation signal path via SMA connectors.

It served as the primary winding of the current transformer, and the
secondary winding was made using 10 turns of 0.3 mm diameter, PTFE-
coated multicore wire. A 1 Q shunt resistor was placed in parallel with
the secondary winding, which translated into a 10 mQ shunt in the
primary winding. The shield of the cable was connected only to the input
connector, coming from the pulser. The same type of amplifier (SE-
RX01-02) with 20 dB gain was used to amplify the current signal. A
dedicated ultrasonic signal acquisition system [25] was used both to
digitize the amplifier output (10 bit analog-to-digit converter (ADC),
100 MHz sampling rate), and to drive the pulser (binary code sets at 100
MHz sampling rate). The transducers were excited by a half bridge to-
pology pulser (SE-TX01-02) [26], using bipolar, +/-5V rectangular
tonebursts (in the 0.15-0.45 MHz range for 300 kHz transducer; in the
0.35-1 MHz range for the 650 kHz transducer; and in the 0.45-1.4 MHz
range for the 1 MHz transducer; the total duration was 100 ps). A low
excitation voltage was used to avoid transducer heating and distortions.
The acquired signals were transferred to a host PC, using a high speed
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Fig. 8. Transducer holder and hydrophone positioning setup.

3
i i

Voltage (V)

o
- W e

5 100 150 200
t (us)
Fig. 9. Toneburst signal registered (black) and SWC result (red) plotted over

region used for SWC calculation. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Diffraction correction for 20 mm piston to 20 mm piston Grr at 25.4

mm distance.

USB 2.0 interface. The tilting of the transducer holder and hydrophone
was done using a commercially available kinematic stage (5PM131-2
type from Standa Photonics see Fig. 8). Positioning was done using a
computer-controlled 3D positioning system (10 pm resolution for x and
y, and 5 pm resolution for z axis) [25].

The amplitude and the phase of the registered current and voltage
signals were estimated using the Sine Wave Correlation (SWC) tech-
nique [27], using the gated part of the signal (shown in red on Fig. 9).

SWC can be regarded as continuous time Fourier transform at single
frequency, or as a lock-in amplifier. Thanks to its narrow bandwidth, it
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Fig. 12. Reciprocity evaluation as electrical transfer impedance Z;; and Zy;
mismatch (<5% criteria).

can deliver high SNR, and is immune to front ringing caused by the
signal’s rectangular envelope.

Assuming plane wave propagation [22] and using Irx and Egx
derived from (2), the electrical transfer impedance measured in Fig. 5
(a) or (b) configuration can be expressed as:

ERXI

Zp = = SpMyGrre ™2y = = SpM;Grre™™ )
Iy, Iy,

where My is the reception sensitivity of transducer To, Sp; is a plane
wave transmission sensitivity for transducer T;, Grr is the diffraction
correction for piston-piston-like wave propagation and the exponential
term is the acoustic wave attenuation o (Np/m) in air over a distance d.

The diffraction correction for piston-piston propagation Gy is shown
in Fig. 10, with the range applicable to each transducer type indicated by
color, and it was calculated using the expression described by (18) in
[28], by paraxial expansion.

The attenuation coefficient a (Np/m), can be obtained as described
in Annex B in [13]. Attenuation in air over a distance of 25.4 mm is
presented in Fig. 11.

Calibration is only possible if transducers T; and Ty are reciprocal.
Reciprocity can be evaluated as the electrical transfer impedance Z;,
and Zy; mismatch. According to [14], Z;2 and Zz; should match each
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Fig. 13. Focused transducer-hydrophone transmission measurement setup for a
spherical wave reciprocity measurements.
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Fig. 14. Focusing gain G for 20 mm transducer at 25.4 mm distance.

other to within 5 %. Fig. 12 is used to present the mismatch for all 3
transducer types used.

It can be concluded that Z;5 and Z5; do match within 5 %, and the
only mismatch observed is for the out of band measurements, at the
edges of the passband, where the SNR is low.

The electrical transfer impedance Z;y and Zzy measured in config-
urations (c) or (d) was obtained when the transducer (T to get Z;y and
T, for Zoy) was mounted on the parabolic mirror, and the beam was
focused on the needle hydrophone tip (Fig. 13). Hydrophone tip distance
from the transducer axis d was 25.4 mm, which corresponds to the focal
distance of the parabolic mirror. The distance from the transducer piezo
element to the hydrophone axis, d, was 16 mm. It can be accounted for
as an additional attenuation for the 16 mm distance. Diffraction over
this distance was negligible, therefore this was not accounted for.

The pressure produced at the focal spot prx can be calculated from
the transmitted pressure prx using linear focusing gain Gr [17,29]:
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Prx = é—fprx = Grprx (6)
cd
where f is the probing frequency.
The frequency response of the focusing gain is presented in Fig. 14.
It must be noted, that the pressure derived in (6) is the peak pressure
on the beam central axis, py. The transducers used have a large aperture
of 20 mm, and therefore the focused beam is narrow. At 0.3 MHz, the
beam diameter is 1.7 mm, at 0.65 MHz it is 0.8 mm and at 1 MHz it is 0.5
mm. The normalized pressure distribution [29,30] for the focal spot can
be approximated as:
p_ 2 ()

=) @)
Po k%

where J; is the Bessel function of the first kind, k = 2xf/c is the wave-
number, r is the radial distance on the focal plane and d is the focal
distance.

The average registered pressure p, is the integral of (7) over the
hydrophone sensing element’s surface [31-34,39]. If the hydrophone
size is larger than the beam size, the measured pressure will be

3D
positioning
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underestimated (refer to Fig. 15 for p, / pg over a range of frequencies).
The beam size effect can be expressed as p, / pp and can be addressed as a
beam size correction factor Ggs = p, / po. While this is negligible for the
0.3 MHz and 0.65 MHz transducers, for the 1 MHz transducers the beam
size effect causes an amplitude change of —14 dB. A nominal hydro-
phone diameter [41,42] was used in the calculations, and the accuracy
of the results can be improved by estimating the actual effective hy-
drophone sensitive element size [33,34,40].

Finally, the electrical transfer impedance for the transducer-
hydrophone through transmission measurements can be expressed as:

= Err = SpMyGysGre )

®

2 = Sp My GpsGre )z,
X1 Irxz

Using (2), (5) and (8), hydrophone reception sensitivity is:

v [2Cme e d Loy
Hl GESB—Za(der‘,)AprZIZ m2

Reception sensitivities of the transducers Ty and T are:

2Gre=*c-d*ZyZon
Gés e—2a(d+da) A /)f2 7o\

220 Ziy | 2AZpZow
chZHGT,—e*M"‘2 pcZyyGrre=®

Transmission sensitivities of the transducers T; and T, are:

pelinZiy
Spi = 4| oRo g
o 2AZ,;Grre—ad

The air density was always assumed 1.205 kg/m?, and the ultrasound
propagation velocity in air was estimated from the temperature
measured during experiment (20-25 °C range) as [43]:

10)

Pl Zoy

—_— 11
2AZ|HG7767WI ( )

YR T
c= V—Zﬁ 12)

where T is the absolute temperature, y is the adiabatic index, M is the
molecular mass of the gas, and # is the universal gas constant, y
approximately equal to 20.05 mK~/%s~!, when M is 0.02897 kg/mol, y
is 1.4000 and R is 8.31446261815324 J-K~'-mol .

2.4. Effective transducer element size estimation using focused beam scan

The effective transducer element diameter is required in order to
obtain the diffraction correction and the focusing gain, using the

|
|
| Pulser |
Beam / '
,_| ———————— : Out USB
aperture N Transducer N
Acquisition
Transducer system
under X
investigation » Preamplifier In

-

Fig. 16. Probe sensitivity map imaging setup.
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parabolic off-axis mirror. The effective size of the active element can be
estimated by locating the zeros along the z axis [38]. However, posi-
tioning on the symmetry axis for air-coupled transducers is problematic:
the field is not homogeneous and signal peaks are very sharp.

A transducer sensitivity map [11,44] was used, in order to evaluate
the effective element size. Measurement of the sensitivity map was based
on the electrical output of the receiving transducer focused on the tested
probe’s surface. Scanning the focal spot along x and y coordinates
produced the 2D sensitivity map Prx(erx,yTx)-

The simulated pressure distribution pgim(xrx,yrx) for the focal spot
was calculated using the sensitivity map, Prx(xrx,yTx):

e = (@~ (e + 5. as

TTotym = \/(dix,”,, + (XRX - xTXn‘m)z + (ny - yTXn.m)z) a4
Kot P,

Psim(Xrx, Yrx) = Z <Z (rTiTXM) ) (15)
n m Olnm

Then the normalized pressure distribution obtained by (7) was fitted
to a normalized, simulated pressure distribution ps, by varying the
transducer radius a. The diameter, providing the best fit was considered
as the effective transducer diameter.

The measurement setup for sensitivity map acquisition is presented
in Fig. 16. The transducer under investigation was fixed with its active
element oriented upwards, and another transducer of the same type was
mounted on the off-axis parabolic mirror (as in Fig. 4). The mirror and
transducer holder were attached to an x-y-z positioning stage. The x and
y coordinates were used for scanning (50x50 grid with 0.5 mm step) and
the z coordinate was used for focal spot placement on the transducer
surface being investigated.

Transducer was excited by a half bridge topology pulser SE-TX01-02
[26], using a bipolar +/-10 V rectangular toneburst of 100 ps duration.
The reception preamplifier gain was 35 dB.

2.5. Three transducers reciprocity calibration using plane wave

The transducers T; and Ty can also be calibrated using a third
transducer T3 [22], instead of the hydrophone. This calibration can be
used for validation purposes of the results obtained using the technique
described above. Equations (10) and (11) are applied because the plane
wave reciprocity is valid. The electrical transfer impedance Z;y and Zoy
will be replaced by Z;3 and Z,3, respectively:

Erx31 Erx32
3 =
Irx Irx>

(16)

where Egrys; is the received voltage on the transducer T3 output, when
the transmitting transducer is T; and Erxs2 is the received voltage on the
transducer T3 output, when the transmitting transducer is Ts. In this
setup, the parabolic mirror focusing was not used, and all measurements
were carried out at a distance of 25.4 mm (Fig. 6), so that impedances
Z12 and Z; could be used from the previous measurements.

3. Results and discussion

Two transducers of each frequency (0.3 MHz 0.65 MHz and 1 MHz),
labeled as T; and Ty were used together with needle hydrophones of 0.5
mm and 1 mm diameter, using the hybrid calibration technique,
described in section 2.3. The result of this calibration were the hydro-
phone reception sensitivities My, My and transducer T; and T
reception sensitivities M, M2 and transmission sensitivities Sj, So.

For validation purposes, the transducers T; and To were also cali-
brated using a third transducer T3, using three-transducer plane wave
reciprocity. The result of this calibration were the transducer T; and Tz
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Fig. 17. Sensitivity map of the 300 kHz transducer (left) and focused beam
profile obtained using this map (right).
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Fig. 18. Sensitivity map of the 650 kHz transducer (left) and focused beam
profile obtained using this map (right).
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Fig. 19. Sensitivity map of the 1 MHz transducer (left) and focused beam
profile obtained using this map (right).

reception sensitivities M, Mz and transmission sensitivities S, Sa.

Transducers T; and Ty were also calibrated by using the substitution
technique presented in [23], where a calibrated reference hydrophone
was used. Since the hydrophone was calibrated for water, it was
immersed in water. The signal from the air-coupled transducer was sent
through the water interface. With air and water parameters available,
the transmission over the air-water interface was compensated [23].
The result of this calibration were the transducer T; and Ty reception
sensitivities M3, M, and transmission sensitivities Sj, Sa.

3.1. Effective transducer element diameter

The effective transducer element diameter, used in the calculations,
was estimated from the sensitivity map, as described in section 2.4. The
sensitivity map of each transducer type was measured at the center
frequency. The images shown in Fig. 17 correspond to the 300 kHz
center frequency transducer. Fig. 17 right is the cross-section of the
simulated pressure psim/po distribution (equations (13)-(15), label
“Sim”) comparison to fitted theoretical p/po (equation (7), label “Teor™).

The sensitivity is not uniform, which could be due to the thickness
variation of the matching layers [35], as it is difficult to maintain precise
matching layer thickness during fabrication. The effective sensitive
element size was estimated to be 20.2 mm.

The images shown in Fig. 18 are for the 650 kHz center frequency
transducer. The dark spot where sensitivity drops (see Fig. 18) is due to
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Fig. 20. Current of the transmitting transducer (left) and voltage of the
receiving transducer (right) at 25.4 mm distance.
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Fig. 21. Received voltage for 0.5 mm (left) and 1 mm (right) hydrophone.
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Fig. 22. Reception sensitivity for 0.5 mm (left) and 1 mm (right) hydrophone.

the soldering point of the signal electrode. The effective sensitive
element size was estimated to be 18.7 mm.

The images on Fig. 19 are for the 1 MHz center frequency transducer.

At the soldering point, the sensitivity drops, which is again seen as a
dark spot. Matching layer defects can be seen at the edges of the image.
The effective sensitive element size was estimated to be 19.6 mm.

There was some variation of the effective element size over the range
of frequencies used. Nevertheless, the values evaluated at higher than
the center frequency were used for the Gy, G4, diffraction correction
factors (the focused beam size correction and focusing gain calculation).
The effect of the element size on the diffraction correction factor is
small, at a maximum of 1.42 dB (see Fig. 10), so that the technique can
be simplified by using the nominal element size of 20 mm in the case
presented.

3.2. Hydrophone sensitivity using hybrid technique

The current measured for the transmitting transducer and the cor-
responding received voltage in (a) and (b) configurations (transducer-
transducer, refer Fig. 5) are presented in Fig. 20.

The excitation current (left), differs by more than 10 times between
the transducers: for the 300 kHz transducer, it is around 10 mA max,
while it is 35 mA and 110 mA for the 650 kHz and 1 MHz transducers,
respectively. Meanwhile, the voltage received (right), varies in the
opposite way to the current measurements: it is around 400 mV for the
300 kHz transducer, 80 mV for the 650 kHz transducer and 60 mV for
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Fig. 23. Stitched hydrophone reception sensitivity for 0.5 mm (left) and 1 mm
(right) hydrophone.
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Fig. 24. Calibrated reception sensitivity in water (magenta) comparison to air
(black) for 0.5 mm (left) and 1 mm (right) hydrophone (dots-manufacturer
calibration certificate data). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

the 1 MHz transducer. This is expected, since the piezo element thick-
ness is smaller for a higher center frequency, so the piezoelectric
capacitance should be larger.

With the Fig. 20 and Fig. 21 data available, the hydrophone sensi-
tivity was calculated using (9) (see results in Fig. 22).

The good match between the sensitivity of the hydrophone mea-
surements obtained using the T; and Tp transducers can serve as
confirmation of the validity of the experiment setup. The mean value
between results using T; and Ty was taken (color lines in Fig. 23). It
should be noted, that the sensitivity results obtained using different
frequency range transducers overlap, but the response is not smooth.
The explanation for such variability could lie in the diffraction effects
and microstreaming caused by the acoustic pressure. The reception
sensitivity is affected by SNR, so that at the edges of the passband of the
transmitting transducer, the sensitivity is artificially increased. Results
of different frequency ranges, obtained using different center frequency
transducers were stitched together (black line in Fig. 23), using the
received signal strength Egx as a weighting factor.

In [10] it was concluded by simulations, that the hydrophone
response in air and water are identical over the frequency range 50 kHz
to 5 MHz. The same authors in [36] claim that the membrane
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Fig. 25. Wavenumber scale plot of calibrated reception sensitivity in water
(magenta) comparison to air (black) for 0.5 mm (left) and 1 mm (right) hy-
drophone (dots-manufacturer calibration certificate data). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 26. Simulation results for reception sensitivity in water (magenta) and air
(black) for 1 mm membrane (left) and epoxy-backed (right) 1 mm hydrophone.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

hydrophone, when calibrated in water can be applied to measurements
in air without any loss of accuracy, if they are operated below their
lowest resonant frequency. However, our case is different: i) the needle
hydrophone has an epoxy backing, which is not the same material, as the
wave propagation environment, ii) the wavelength is comparable to the
transducer diameter and iii) the manufacturer’s calibration certificate
data is only from 1 MHz with 1 MHz steps. Therefore, a straightforward
comparison to the water sensitivity results from the manufacturer’s
calibration certificate is not possible.

Hydrophones were calibrated in water using the standard technique:
three transducers reciprocity in a free field [14]. Calibration was carried
out at distance of 300 mm, using two 2 MHz transducers C2P10N-E
(from Doppler Electronic Technologies Inc.). Results are presented in
Fig. 24 on the frequency scale and in Fig. 25 on the radius-wavenumber
product scale. It should be noted that the estimated sensitivity in water
(solid magenta line) for a 0.5 mm hydrophone is lower than that indi-
cated by the manufacturer’s calibration certificate (dots). This hydro-
phone was used for several years extensively in various liquids, so such
degradation could be expected. Therefore, the manufacturer’s calibra-
tion data for the 0.5 mm hydrophone should be ignored in this case. An
estimated sensitivity for the 1 mm hydrophone matches the manufac-
turer’s calibration certificate data, except for the resonant peak at 1.2
MHz, which can also be seen on the air calibration data (red circles). One
more resonance, probably related to hydrophone construction, can be
noted around 3 MHz.

An important point should be noted: air-coupled calibration covers
the frequency range close to low frequencies, close to the preamplifier
cutoff frequency (0.1 MHz according to the manufacturer’s datasheet),
so that sensitivity peaking at low frequencies is reduced. Now the sen-
sitivities in water and air can be compared, and it can be observed that
the sensitivity in air is higher by 40-30 % for the 0.5 mm hydrophone,
and higher by 40-60 % for the 1 mm hydrophone. This contradicts [10]
and [36] claims that those should be equal. Simulation of a membrane
and an epoxy-backed hydrophone was carried out using the finite
element method (FEM) in the OnScale Cloud Engineering Simulation
platform. The membrane hydrophone was simulated as a 1 mm diam-
eter, 40 pm thick PVDF film. The epoxy-backed needle hydrophone was
simulated as the same PVDF film attached to a 3 mm thick, 1 mm
diameter epoxy filling. The parameters of the PVDF and backing mate-
rial were as follows: cpypr = 2300 m/s, ppypr = 1780 kg/ms,
Qpvpr@imiz = 20 and Cherg = 2800 M/, phekg = 2800 kg/m?, a@immz =
20 dB/MHz/cm, respectively. The simulations were run in air (at t =
20 °C, Pyir = 101.325 kPa, pyir = 1.204 kg/m3 and c,ir = 343 m/s) and
water (at t = 20 °C, pwtr = 1000 kg/m3 and ¢y = 1496 m/s). Simulation
results are presented in Fig. 26 (left: membrane, right: epoxy-backed
case).

From the simulation results, it can be seen that the sensitivity in air is
higher by 70 % (if resonant peaks are ignored). From these calibration
and simulation results, it can be concluded, that the sensitivity in air,
even when normalized by wavenumber, differs from that in water.
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Fig. 27. Transducer plane wave transmission sensitivity for T1 (left) and T2
(right). Label “TTT” — plane wave three transducer, “TTH0.5 mm” — proposed
technique using 0.5 mm hydrophone, “TTHImm” — proposed technique using 1
mm hydrophone, “Ref” hydrophone calibration according to [23].
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Fig. 28. Transducer reception sensitivity for T1 (left) and T2 (right). Label
“TTT” - plane wave three transducer, “TTHO.5 mm” — proposed technique using
0.5 mm hydrophone, “TTHImm” - proposed technique using 1 mm hydro-
phone, “Ref” - reference hydrophone calibration according to [23].

Therefore, if a hydrophone is to be used in an air-coupled configuration
it should be calibrated in air.

3.3. Transducer sensitivities using three techniques

It should be noted, that the effects discussed above cancel each other
out in a transducer sensitivity estimation, (10) and (11), because Z;y and
Zoy are present in both the numerator and the denominator. Therefore,
the transducer transmission sensitivity (Fig. 27) and the reception
sensitivity (Fig. 28) obtained by the proposed technique, matches well to
the results obtained using the plane wave [22,37] and substitution [23]
calibration approaches.

It should be noted that there are some differences in the substitution
technique [23] calibration results (“Ref” label in Fig. 28). The reason is
that a 35 V excitation was used in the substitution technique [23],
instead of the 5 V excitation voltage used in this work, so that the
transducer was liable to heating, and therefore the resonance fre-
quencies shifted towards a lower frequency value. Another reason is that
a 35 V excitation is enough to generate an ultrasonic wave amplitude
that will experience a significant nonlinearity in air. Some of the energy
also will have leaked to higher harmonic frequencies.

There is a good match between the proposed technique results using
the 0.5 mm diameter hydrophone (“TTH0.5 mm” label), the 1 mm hy-
drophone (“TTHImm” label) and the plane wave, three transducer
technique (“TTT” label).

4. Conclusions

A new hybrid technique involving plane wave and spherical wave
reciprocity for needle hydrophones and unfocused transducers calibra-
tion in air was proposed in this paper. The proposed calibration setup is
compact with a basic distance requirement of 25.4 mm, and is low cost,
with a parabolic mirror costing an order of magnitude less than a
focused transducer. Effects of beam diffraction, large attenuation and
nonlinearity are avoided, due to the short acoustic signal path used. A
convenient technique was proposed for the estimation of the effective
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Table A1
Material properties used in simulation.
Material Property Value
Epoxy Density Pbekg 2800 kg/m?
Velocity Chekg 2800 m/s
Attenuation @ 1 MHz Opekg 20 dB/MHz/cm
PVDF Density PPVDF 1780 kg/m>
Velocity CpVDF 2300.62 m/s
Quality factor @ 1 MHz Qpvpr 20
Stiffness (constant electric field) Cn 9-10° N/m?
Ciz 6-10° N/m>
Ci3 6.5-10° N/m?
Co 9-10° N/m?
Ca3 6.5-10° N/m?
Cs3 8.3-10° N/m?
Caq 2.10° N/m?
Css 2.10° N/m?
Ces 1.5-10° N/m?
Piezoelectric stress coefficients el5 0.2 C/m?
e24 0.2 C/m?
e31 -0.1C/m?
e32 -0.1C/m?
e33 0.177 C/m?
Dielectric constants ex 9
ey 9
€, 8.4
Air Density Pair 1.204 kg/m®
Velocity Cair 343 m/s
Water Density Pwir 1000 kg/m®
Velocity Cuwtr 1496 m/s

size of the transducer active element by building a surface sensitivity
map. The sensitivity map was built using the parabolic mirror’s
focusing. The effective element size can be estimated for every fre-
quency, individually.

Wave amplitude estimation using the sine wave correlation tech-
nique (SWC) also extracts the phase information, which can be used for
more accurate diffraction correction factor calculations, or sensitivity
phase calibration.

At first glance, the proposed setup might look complex, using an off-
axis mirror, employing an effective transducer diameter estimation
process and requiring a precise 3D positioning system. However, the off-
axis mirror is readily commercially available, and can be mounted as
shown in Fig. 4, quickly and easily. The effective transducer diameter
estimation step can be omitted, and the nominal diameter can be used.
Furthermore, the contribution from diffraction is small, at 1.4 dB
maximum, so that diffraction correction can be omitted altogether.
When it comes to a precise 3D positioning system, any calibration setup
has similar requirements [13,14], only at a much larger scale.

To conclude, the nonlinearity, attenuation, impedance mismatch and
small hydrophone size mean that the compact setup proposed for a
hydrophone calibration in air is a technically robust and cost-effective
way to perform the measurements described.
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Appendix A. . Material properties used in simulation

Material properties used in simulation are provided here. PVDF piezo
element was loaded by propagation material (water for water case or air
for air case) when membrane hydrophone was simulated. Meanwhile,
for needle hydrophone case, front face was loaded PVDF piezo element
was loaded by propagation material and backing used high density
€poxy.
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