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Abstract—The spatial distribution of a transduction effi-
ciency over the air-coupled probe surface was proposed
as a convenient tool for the probe integrity inspection.
In this research, a parabolic reflector is used for pas-
sive focusing of the acoustic wave on the surface of
inspected probe. Therefore, no additional transducer is
required for inspection: probe is used for self-inspection.
This approach allows to avoid the expensive focused
transducer and replaces it by the same-type air-coupled
transducers as probe under test. Moreover, the use of the
parabolic mirror for focusing is frequency-independent;
therefore, such approach allows to inspect a wide range
of the probes. Spread spectrum signals were used for excitation to improve the SNR and bandwidth coverage. The
results of the experimental measurements of air-coupled transducer sensitivity map with natural and artificial defects
implemented have been presented. Comparison with previously proposed techniques is given. It was found that
defects presence distorts the focused beam, creating large sidelobes. Therefore, sensitivity map obtained with the
proposed technique is lower quality than with previously proposed techniques. Beam profile measurements using
a miniature microphone have been presented. Aperture-limiting mask has been proposed to reduce the sidelobes
arising due to defects presence and resulting measurements quality has been improved.

Index Terms— Air-coupled ultrasound, aperture mask, beam profile, focused imaging, parabolic on-axis mirror, probe
inspection, sensitivity map, spread spectrum signals, transducer defects.

I. INTRODUCTION

MAJOR challenge in the air-coupled ultrasound is a large
acoustic impedance mismatch between the piezoele-

ment of the transducer and the air [1]. Usual approach to
obtain the sensitivity or bandwidth is the application of the
multiple matching layers [2], [3], [4], [5]. Many new low
impedance matching materials have been proposed [6], [7],
[8], [9]. The next challenge is to assemble these materials into
multilayer stack: layers are very thin, fragile, usually open-
pore, and therefore complex to handle, adjust, and attach [10],
[11]. It is also desirable to confirm every layer has uniform
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adhesion and thickness over whole probe face. Furthermore,
a delamination of layers or electrodes may occur during
probe exploitation [12], [13], [14], [15]. The uniformity of
the transduction over the whole transducer surface will affect
the measurement results [16], [17], [18], [19], [20]. The visual
inspection of the probe surface [21] cannot reveal the delami-
nation or local impedance mismatch effects. The evaluation of
the electrical impedance or transient response [22], [23] can
only detect large, global defects. The measurement of the total
(integral of all surface) transduction [24], [25] is not sensitive
to the local changes and therefore will not reveal the local
deviations. Therefore, it is important to measure the sensitivity
map. A method for probe surface sensitivity map measurement
was proposed in [26] for immersion probes. Sensitivity map is
evaluated using the focused ultrasound beam (higher frequency
than inspected probe). Probe surface transmission map can
also measured using laser vibrometry [19], [20]. However,
the surface of air-coupled probe is fragile and nonreflective;
therefore, any coating or reflecting stickers are not possible.
It is possible to measure the field at some remote plane and
then reconstruct the pressure on the probe’s surface by back
propagation [18], [27]. However, the available size of the
ultrasonic air-coupled microphone [17], [28], [29], [30] limits
the attainable resolution; also, complex back-propagation pro-
cessing is required. Simple solution for the air-coupled probe
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Highlights
• Probe self-evaluation using parabolic on-axis reflector focusing to produce the sensitivity map.

• Focal spot has sidelobes if sensitivity is nonuniform over probe surface therefore imaging quality is reduced.

• Aperture-limiting mask has been proposed to improve imaging quality.

inspection was proposed in [31], where similar frequency
concave-focused transducers were used. Yet, the application
of this method for an air-coupled transducers testing has lim-
itations: 1) complexity to manufacture the wideband concave
piezoelectric surface; 2) high near-range sidelobes; 3) the
focused air-coupled transducers are expensive; and 4) set of
a multiple focused transducers with corresponding frequency
range is required for the probes of different frequencies.
An attractive alternative was proposed in [26], where off-axis
parabolic mirror was used for focusing of the same-type
transducer beam on tested probe surface. Lower sidelobes
are obtained when the parabolic off-axis mirror is used, and
SNR is higher because transmitting and receiving transducers
match. Still, a set of transmitting transducers with correspond-
ing frequency range are required.

The novelty of technique proposed here is in the use of
an on-axis reflector, using the pulse-echo mode. Then second
transducer is not required: probe is in the self-test mode.
Reflector is manufactured using 3-D print technology, which
reduces the cost of inspection. However, a presence of the
far-range sidelobes reduces the quality of sensitivity map.
In [31] and [32], the far-range sidelobes were reduced by
using the limiting aperture at focal spot. Such approach is not
possible in the proposed case because of bidirectional wave
propagation. Semi-transparent aperture limiter was proposed to
improve the imaging quality. The comparison of the obtained
sensitivity map images, obtained using off-axis and on-axis
parabolic mirror, is presented.

II. SENSITIVITY MAP MEASUREMENT TECHNIQUES

The idea behind all measurements below is that the focused
beam is used for local sensitivity evaluation. The focal spot of
the transmitting transducer is positioned on the surface of the
tested probe and electrical output signal is assumed to be pro-
portional to local sensitivity at that location. Map is obtained
by scanning the focal spot over whole probe’s surface. This
technique was proposed in [26] and [31]. It uses another
(similar or higher frequency) concave-focused transducer to
produce a focused beam. However, it is complicated to find
focused transducer with matched bandwidth. Additionally, the
wideband focused air-coupled transducers are rare, complex
to manufacture [1], [33], [34], [35], and also expensive.
Composite piezomaterials are used aiming for bandwidth [36],
and it is not easy to adhere the composite to the concave
surface. Therefore, far-range sidelobes of the focused beam
are relatively high. The mainlobe area of the focused beam is
small (0.15 mm2 for 1-MHz frequency and 20 mm element
diameter) compared to the probe surface (315 mm2 at 20 mm
diameter, more than 2000 times), which leads to low contrast.
A masking aperture was proposed in [31] to solve this issue.

Fig. 1. Sensitivity map measurement using parabolic off-axis focusing.

Fig. 2. Proposed sensitivity map measurement using the same
transducer and parabolic reflector setup (left) and scanning explanation
(right).

A. Using Another Transducer With Parabolic Off-Axis
Mirror Focusing

This technique was proposed in [32], and it uses unfocused
transmitting transducer. The beam is focused using parabolic
off-axis mirror. The setup is presented in Fig. 1.

The transducer of the exactly same type, as inspected probe,
can be used, providing perfect bandwidth match. Far-range
sidelobes are lower, so the masking aperture is not necessary.
Results are better if masking aperture is applied [32]. This
setup requires a dedicated mount in order to align the trans-
ducer beam with the mirror, and second transducer is still
required.

B. Proposed Technique: Using the Same Transducer
and Parabolic On-Axis Mirror Focusing

The technique proposed here does not require second trans-
ducer, so there is no need of keeping a large set of focused
or the same-type transducers just for sensitivity map measure-
ments. An on-axis parabolic mirror is used as a reflector to
focus the tested probe unfocused beam back on the surface
(Fig. 2, left). Mirror is moved along the x and y plane, shifting
the focused beam along the probe’s surface (Fig. 2, right).

Parabolic on-axis mirrors are not commercially available,
but modern stereolithography (SLA) 3-D printing technology
allows for high surface quality and low-cost manufacturing of
such reflector. There is no need for additional holder: reflector



1134 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 71, NO. 9, SEPTEMBER 2024

Fig. 3. Zoom-in of the pressure field at the focal spot when probe and
mirror axes match (left) and are offset by 10 mm (right).

can be directly mounted on positioning equipment. From the
drawing Fig. 2, it can be concluded that reflector size must be
twice the scanning range in order to capture the whole beam.

III. BEAM FOCUSING ANALYSIS

Beam focusing was analyzed by simulation and field
measurements.

A. Pressure Field Propagation Study by FEM Simulation
for Parabolic On-Axis Mirror

The simulation of ultrasound propagation was carried out
first in order to confirm the focusing and investigate the
beam behavior at various mirror positions. A finite element
method (FEM) simulation using COMSOL 6.1 was carried
out in 2-D case (focusing only along the x-axis). Transducer
transmission was simulated as ideal pressure plane with 20 mm
diameter. Parabolic mirror had a 25.4-mm focal distance. FEM
model used 111 712 quartic (fourth order) elements and 56 305
nodes. Maximum element size was 0.02 mm. Time explicit
solver was used for modeling the acoustic waves, which was
based on a higher order discontinuous Galerkin method with a
time-explicit integration scheme. For the time-explicit method
used, the governing equations are formulated as a first-order
system, in terms of the linearized continuity equation and the
linearized momentum equation. The built-in air material model
was used in this analysis, so the speed of sound c and the
density ρ are defined through the ideal gas law (assuming
adiabatic behavior). Transducer transmission was simulated
as ideal 20-mm long pressure line. Excitation was applied
as Gabor function with 1-MHz center frequency and 60%
bandwidth. The parabolic mirror line boundary conditions
were set as sound hard boundary, and all other lines of model
were set to soft sound boundary.

The results of the focused field for case when mirror and
transducer axis match and when mirror axis is offset by 10 mm
to the left from transducer axis are presented in Fig. 3.

The field propagation and formation of the focal spot can
be studied using the supplementary files ParabFoc_center.avi
and ParabFoc_10 mm_offset.avi. It can be noted that focal spot
always remains at parabolic mirror axis. The focus is inclined,
when reflector and transducer axes are offset, but the size of
the focal spot remains approximately the same. The expected
focal spot size d at −6 dB [29] can be estimated as follows:

d =
1.4λ F

D
=

1.4Fc
f D

. (1)

At frequency f = 1 MHz, ultrasound velocity c = 343 m/s,
piezoelement diameter D = 20 mm, and focal distance
F = 25.4 mm, d is 0.6 mm. It must be noted that it is

Fig. 4. Schematic (left) and photograph (right) of the focused beam
profile measurement.

the transducer element diameter D, not the reflector diameter
and the wavelength define the focal spot size. Despite it is
tempting to reduce the focal distance in order to achieve better
resolution, focal distance cannot be smaller than the transducer
diameter in order to keep small angle of the rays coming into
transducer surface. Otherwise, these rays will be completely
reflected from transducer surface and improvement in focal
spot size will not be achieved.

The size of the focal spot obtained from FEM simulation
was 0.56 mm. Such mismatch can be explained by large edge
wave effect due to uniform excitation. Results suggest that sen-
sitivity map can be measured with 0.6-mm resolution. This is
more than required for possible defects location. Wavelength in
air at 1 MHz is 0.34 mm. The influence of the defect becomes
pronounced when it occurs on more than 10% fraction of
the transducer surface or is more than several wavelengths.
One of the most common defect types is the delamination.
Usually, it is much larger than 0.6 mm and results in significant
sensitivity drop. Another type of the defects is the lack/loss of
the glue. Similar type is the foreign body or air bubble trapped
between the layers or inside the matching layer. In such case,
defect can be very small, but it will be detected only when its
size is more than one wavelength.

B. Focused Beam Measurement by 0.5-mm Ultrasonic
Microphone

Parabolic on-axis mirror with focal distance 25.4 mm
and diameter 40 mm was manufactured using the SLA 3-D
print technology. Field produced by 1-MHz center frequency
air-coupled probe (designed and manufactured by the Span-
ish National Research Council, CSIC, Madrid, Spain [37])
transmitting into on-axis mirror was investigated. Probe had a
20-mm-diameter piezoelement, embedded in aluminum case.
Reflector and the probe were mounted on manual x , y, and
z positioning and kinematic tilt stages for alignment. Beam
at the focal spot was measured using a miniature microphone
with 0.5 mm diameter of the sensitive area. The microphone
was built using the technique described in [28], connected to
40-dB preamplifier with an input impedance of 5 k� and a
passband of 90 kHz–3 MHz.

The microphone was hung on two crossing flosses fixed into
the rectangular frame (Fig. 4). Frame was attached to a 3-D
positioning system.

Microphone was positioned at focal plane and probe was
offset from this plane by 10 mm. Probe was excited using the
±100 V rectangular, 0.75–1.4-MHz frequency, 50-µs duration
chirp pulses. The waveform of the excitation signal, registered
on transducer input, is presented in Fig. 5, left.
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Fig. 5. Excitation signal in time (left) and its spectrum comparison with
received by test probe (right).

Fig. 6. Measured focused beam profile (left) and cross section (right)
for reflector and probe axes aligned over 20 × 20 mm area.

Fig. 7. Measured focused beam profile (left) and cross section (right)
for reflector and probe axes aligned over 5 × 5 mm area.

The spectra of the binary sequence used to drive the pulser
input are presented in Fig. 5, right as blue curve. The red
curve is for signal, received by the ultrasonic microphone.
The excitation signal was produced by providing the binary
logic level sequences to pulser input. These sequences were
stored in buffer memory and clocked out at 100 MHz rate.
Signals received were digitized using acquisition system, using
10-bit 100-MHz ADC. The acquired waveforms were filtered
using a matched filter. Binary sequence, used to drive the
pulser, was used as a reference signal. Both measured and
reference signal were transformed into frequency domain.
Measured signal was samplewise multiplied with the complex
conjugate of the reference signal in the frequency domain.
Result was transformed back into the time domain. The cross
correlation processing provided pulse compression, so SNR
was increased. Peak amplitude of the cross correlation function
was used as local sensitivity value. Beam profile was measured
using 200 × 200 steps with 100 µm step to cover 20 × 20 mm
area and 100 × 100 steps with 50 µm step to cover 5 × 5 mm
area. Measured beam profiles when mirror and transducer axes
match are presented in Figs. 6 and 7. The gray scale is dB of
the peak pressure.

The estimated beam size at −6 dB is 0.74 mm along the
x-axis and 0.76 mm along the y-axis. This is close to the

expected 0.6 mm, and expansion is due to 0.5-mm-diameter
microphone. It can be seen that far-range sidelobes
are approximately −30 dB, while near-range sidelobes
are −15 dB.

IV. EXPERIMENTAL SENSITIVITY MAP MEASUREMENT

The measurement of the sensitivity map of the same
1-MHz center frequency air-coupled probe was carried out
in order to compare the performance of the off-axis and
on-axis focusing influence. Both setups use the same focal
distance, 25.4 mm, and the same-type (size) transducer was
used in off-axis mirror setup to have the comparable expected
resolution. Preamplifier bandwidth was 200 kHz–3 MHz and
gain programmable in 7–47 dB range. The input impedance
was set to 50 � in order to improve the recovery time. The
on-axis imaging used Fig. 2 setup, and the off-axis imaging
used Fig. 1 setup. Preamplifier had input protection; for Fig. 2,
pulser was connected using signal expander in order to ensure
pulse-echo mode. For off-axis imaging, optical grade off-axis
90◦ focus mirror was used (14OAP-1–25-90-AL type from
Standa Photonics, Vilnius, Lithuania). Transmitting transducer
was mounted in 3-D printed off-axis mirror holder [32].
Excitation used bipolar ±20 V rectangular, 0.75–1.4-MHz
frequency, 50-µs duration chirp pulses, produced by bipolar
pulser. These sequences were stored in buffer memory and
clocked out at 100 MHz rate. Spread spectrum excitation was
used to improve the SNR and bandwidth coverage. Sensitivity
map was measured using 200 × 200 steps with 100 µm
step to cover the 20 × 20 mm area. Signals received were
digitized using acquisition system, using 10-bit 100-MHz
ADC. The acquired waveforms were filtered using a matched
filter. Binary sequence, used to drive the pulser, was used
as the reference signal. Both measured and reference signals
were transformed into frequency domain. Measured signal
was samplewise multiplied with the complex conjugate of
the reference signal in the frequency domain. There is an
interfering signal, produced by mirror edge in some on-axis
imaging cases. Therefore, the pulse compression result was
gated before the peak amplitude rectification. The position of
the gate was selected using the waveform obtained close to
the center at defect-free position. Usually, it was located at
x = 0 mm and y = 0 mm. The peak position of the cross
correlation function at this location defined the center of the
gate. Gate width was 4 µs. The peak amplitude of the cross
correlation function within the gate was used as the sensitivity
value.

V. SENSITIVITY MAP OBTAINED BY THE PROPOSED
TECHNIQUE: ON-AXIS MIRROR

Three defect arrangements were used with on-axis mirror
sensitivity map measurements.

1) Defect free (only natural defects).
2) Strip defect (a 4-mm-wide, 0.1-mm-thick tin strip was

placed on the transducer surface).
3) Triangle defect (40-µm-thin copper foil, type 3003310A,

Würth Elektronik eiSos GmbH, Waldenburg, Germany,
glued on 0.3-mm-thick cardboard placed on the trans-
ducer surface).
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Fig. 8. Sensitivity map obtained using on-axis mirror (left) comparison
to off-axis mirror (right) when only natural defects are present.

Fig. 9. Sensitivity map obtained using on-axis mirror (left) and off-axis
mirror (right) when artificial strip defect is introduced.

A. Simplified Setup

Two types of on-axis mirrors were used: the SLA-printed
plastic and a CNC-manufactured aluminum mirror. Both
mirrors had reflecting surfaces polished after manufacturing.
Results were the same; therefore, only the results obtained by
the plastic mirror are presented in order to indicate that less
costly mirror production quality is acceptable.

Sensitivity map measurement results are presented in Fig. 8.
Some natural defects can be seen, which probably have

been caused by the air bubbles trapped in the matching
layer. The lower left part is probably due to the matching
layer delamination. Defects cannot be confirmed by visual
inspection, because the surface looks intact. The quality of
the on-axis image is significantly different from the off-axis.
Ripples appearing on the sensitivity map can be explained
by the interference of the focused beam mainlobe and side-
lobes. The area covered by the mainlobe is 1000 times smaller
than the whole receiving surface. Therefore, even the low-
level signals from the sidelobes sum up, reducing the contrast
and producing ripples. It was also be noted that the on-axis
reflection amplitude is smaller than the one registered with
the off-axis mirror. The ratio is approximately 50–30, which
corresponds to 4.4 dB. There are two reasons for this differ-
ence. According to the results presented in [29], transducer
used for transmission in the off-axis setup has 26 dBPa/V
transmission sensitivity, but transmitting sensitivity of the
probe in on-axis setup is 23 dBPa/V, so there is a 3-dB
difference in transmission sensitivity. Remaining 1.4-dB (17%)
difference can be assigned to mirror quality or measurement
errors.

Results for case when artificial strip defect is introduced are
presented in Fig. 9.

It can be noted that the presence of the tin strip reduces
the sensitivity by 25 dB. Edges around the defect in case
of off-axis mirror are sharp, demonstrating the attainable
resolution. It can be noted that the edges of the strip defect are

Fig. 10. Sensitivity map obtained using on-axis mirror (left) and off-axis
mirror (right) when artificial triangle defect is present.

blurred and have ripples around in case of on-axis reflector.
Such effect can be expected: transmitting aperture has a slit at
the center, which in turn produces significant near-range side-
lobes in the focused beam. Then, convolution with such beam
produces the edge ripple. Similar situation was encountered
in [31]: concave focusing transducer used for imaging was
dual-crystal type and therefore had a narrow strip, separating
two hemisphere halves. Both sides were used for transmission,
but this also created significant sidelobes. In [31], it was
proposed to use a limiting aperture, placed at focal spot, which
was masking both near and far-range sidelobes. However, such
approach is not applicable in the proposed imaging case, since
wave has to pass through the focal spot and reflect from the
mirror, and only then focal spot is formed.

Results for artificial triangle defect are presented in Fig. 10.
In this case, sensitivity reduction was only 10 dB. Possible

reason could be small thickness and adhesion to surface (foil
has sticky surface, which was adhered to transducer surface).
Lower quality image was produced in case of on-axis mirror:
large defect introduced near-range sidelobes, which in turn
degraded the measurement quality.

B. Sidelobes Reduction by Using Limiting Aperture
The ripples in sensitivity map are introduced due to different

propagation paths. This can be seen by changing the distance
between the probe and reflector (see supplementary video
Zvar_Clean.mp4). The presence of large defect creates another
problem: blurring and edge ripples introduction.

Adding a limiting aperture at the focal spot position [31]
is a simple and efficient approach in sidelobes reduction,
but cannot be used here, because of the need for two-way
wave propagation. However, there is a solution. Field, prop-
agating from probe’s surface has flat wavefront in a near
field. Honeycomb with thin walls should not disturb this field
significantly. Meanwhile, propagation from reflector is mainly
inclined and within the cone of focus. Then, it is possible to
place a small ring around the focal spot: the honeycomb will
hold it in place (see Fig. 11 and supplementary material file
ApertureOnMirror.pdf).

Focal spot has enough space to pass through the ring center,
which has 2 mm diameter, but the sidelobes, which are offset
by 1 mm from center, are blocked. The whole system setup
is presented in Fig. 12 and in interactive supplementary file
AperturedSystem.pdf.

Aperture effect on the focused beam in case of a strip defect
can be seen in Figs. 13–16.

In can be noted that the presence of the large 4-mm-wide
strip with reduced sensitivity along the x-axis created large
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Fig. 11. Proposed masking aperture 3-D drawing and photograph.

Fig. 12. Setup used in measurements when masking aperture is used.

Fig. 13. Original (left) and apertured (right) beam profile comparison
over 20 mm range in case of strip defect. Application of the limiting
aperture reduces sidelobes.

Fig. 14. Original and apertured beam profile cross section comparison
over 20 mm range along the x-axis (left) and y -axis (right).

sidelobes along the y-axis (Fig. 13, left). The application of
limiting aperture reduces this sidelobe by approximately 10 dB
(Fig. 14, left).

The reduction of the near-range sidelobes can be noted in
Figs. 15 and 16. Defect strip is at the center, and this results in
effective aperture reduction along the y-axis (Fig. 16, right).
Estimated beam size at −6 dB is 0.76 mm along the x-axis
and 0.8 mm along the y-axis, which is slightly less than
unapertured case.

Positive effect can be noted when such aperture is used for
sensitivity map measurement of the defect-free (only natural
defects) probe (Fig. 17). Most of the natural defects, like the

Fig. 15. Original (left) and apertured (right) beam profile comparison
over 5 mm range in case of strip defect.

Fig. 16. Original and apertured beam profile cross section comparison
over 5 mm range along the x-axis (left) and y -axis (right).

Fig. 17. Comparison of sensitivity maps for apertured on-axis (left) and
off-axis (right) imaging in case of only natural defects are present.

Fig. 18. Comparison of sensitivity map cross section for apertured
and unapertured on-axis and off-axis imaging along the x-axis (left) and
y -axis (right). Slice over natural defect (marked in Fig. 17).

dark spot at x = −0.7 mm y = −3 mm, have better or
comparable contrast (see Fig. 18).

The comparison of sensitivity maps when large strip defect
is introduced for off-axis and on-axis focusing is presented in
Figs. 19 and 20. It can be noted that contrast is lower in case
of on-axis focusing: off-axis mirror provides approximately
30 dB, while on-axis reflector case has 25-dB contrast (refer
Fig. 20). In addition, the effect of the near-range sidelobes is
more pronounced in case of on-axis focusing.

The comparison of sensitivity maps when large triangle
defect is introduced is presented in Figs. 21 and 22.
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Fig. 19. Comparison of sensitivity maps for apertured on-axis (left) and
off-axis (right) imaging in case of strip defect.

Fig. 20. Comparison of sensitivity map cross section for apertured
and unapertured on-axis and off-axis imaging along the x-axis (left) and
y -axis (right). Slice over strip defect (marked in Fig. 19).

Fig. 21. Comparison of sensitivity maps for apertured on-axis (left) and
off-axis (right) imaging in case of triangle defect.

Fig. 22. Comparison of sensitivity map cross section for apertured
and unapertured on-axis and off-axis imaging along the x-axis (left) and
y -axis (right). Slice over triangle defect (marked in Fig. 21).

It can be noted that contrast at some spots is even higher,
25 dB, yet image obtained using the off-axis mirror is more
homogeneous, though at lower, 20-dB contrast.

C. Performance Evaluation
Several defects were selected for numerical comparison of

the results. Nine natural defects (see Fig. 23) were selected,
artificial strip and triangle defects.

Defect coordinates were manually selected, and then,
rectangular region of interest (ROI) was set around

Fig. 23. Natural defects selected for analysis.

Fig. 24. Comparison of maximum contrast (left) and −6-dB area (right)
for on-axis and off-axis imaging.

Fig. 25. Comparison of defect size along the x-axis (left) and y -axis
(right) for on-axis and off-axis imaging.

these coordinates. For small defects (C1–C6), ROI was
1.8 × 1.8 mm, large defects (C7 and C8) used 60 × 60 mm
ROI, and defect 9 used 2.7 × 2.7 mm ROI. The strip was
using 8 × 20 mm ROI and the triangle: 8.7 × 8.7 mm. The
ratio of the maximum to minimum amplitude within the ROI
served as a maximum achievable contrast metrics. The results
for achievable contrast are presented in Fig. 24, left.

It can be noted that on-axis imaging achieves better or
comparable contrast except strip defect. The defect size was
estimated automatically, locating the coordinates with more
than −6 dB from maximum within ROI. Estimated defect area
for all defect types is presented in Fig. 24, right. Area for
strip was not estimated. It can be noted that on-axis imaging
overestimates the defect size. The reason is that the application
of masking aperture not just reduces the sidelobes but also
slightly increases the size of the mainlobe (see Fig. 16).

Defect size along the x and y coordinate is presented in
Fig. 25. Blue line indicates actual defect size where it was
possible to measure it with caliper. Size for defect C8 was
not indicated since it has a borderline with piezoelement edge,
so estimation results are flawed.

It can be noted that −6 dB sizing produces similar results
for on-axis and off-axis measurements. In most of the cases,
size obtained using on-axis mirror was slightly larger.
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VI. CONCLUSION

It was demonstrated that transducer sensitivity map can be
measured using self-test, when transducer surface is probed by
focused beam, produced by a parabolic on-axis mirror. Setup
is simple and does not require second transducer (no need
for a pool of focused or same type transducers), and only
one transducer has to be aligned. The required parts can be
printed using SLA technology. Mirror focusing is frequency-
independent, which approach allows to inspect the probes of
any frequency. Spread spectrum signals were used for excita-
tion to improve the SNR and bandwidth coverage. A 1-MHz
center frequency probe was used for performance evaluation of
the sensitivity map imaging. In such case, imaging resolution
is 0.76 mm.

It was found that the presence of large defect produces
near-range sidelobes. Semi-transparent aperture was proposed
to reduce the interference ripples and reduce the sidelobes,
produced by large defects. Special aperture construction allows
the probing signal to pass through but also producing the
aperturing effect on the focused beam. A miniature micro-
phone (0.8 mm diameter, 0.5-mm-diameter sensitive area) and
holding frame have been built for beam profile measurements.
These measurements have confirmed the aperturing effect on
the sidelobes. Attainable contrast can reach 30 dB if masking
aperture is used.

On-axis reflector is universal: any frequency and size (as
long as transducer diameter is less than 40 mm) probes can
be inspected. It must be noted that resolution and the contrast
will decrease for lower frequency or smaller diameter probes.
Therefore, the aperture size has to be increased for probes,
where expected beam size according to (1) is larger.

It must be noted that off-axis mirror imaging produces better
results, but then, a second transducer of the same type is
required. On-axis imaging has another advantage: there are
no external active components, and only external reflector has
to be added. Therefore, tested probe can remain in a system
where it is intended to be used during the evaluation.

Further development is possible applying the techniques
previously used on global transducer response (sensitivity,
electrical response, and spectral analysis). Previously devel-
oped techniques should benefit, because sensitivity map
provides information on local response; therefore, defect effect
is no longer masked by the response of intact part of the probe.

Sensitivity map should be useful metrics when designing or
assembling new transducer. Sensitivity map can be measured
at all intermediate assembly procedures to verify the quality
of every layer applied.
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