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Air coupled ultrasonic transducers are used for non-contact nondestructive evaluation of the prop-
erties of materials or structures. To obtain high resolution measurements, these transducers should
have highly directional transmit and receive beams and good depth resolution. To achieve this,
most transducers operate at ultrasonic frequencies greater than 100 kHz. However, there are many
applications were these higher ultrasonic frequencies cannot be used due the high attenuation rates
of a material. In these cases, lower ultrasonic frequencies are more suited. However, traditional
air coupled transducers have poor resolution at these low frequencies due to wide beam widths
and long duration transmit pulses. In this paper, we present a novel air coupled ultrasonic sensor.
It has a highly directional transmit and receive beams and improved depth resolution for frequen-
cies from about 25-65 kHz.
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1. Introduction

Air coupled ultrasonic transducers are used in a wide range of applications where the properties
of a structure or material need to be measured in a non-contact manner. Review papers on air coupled
ultrasonic transducers and the materials used to create these are provided in references [1, 2]. These
ultrasonic transducers should have highly directional beams and short duration pulses. This is com-
monly achieved using transducers operating at high ultrasonic frequencies (> 100 kHz). However,
there are many mediums for which low ultrasonic frequencies (< 100 kHz) are more suited due to the
high attenuation rates. However, transducers operating at these frequencies have wide angle beams
and long pulse durations resulting in poor spatial and temporal resolution.

One technique for increasing the spatial resolution is to use multiple transducers in a phased array.
While each transducer may have a wide beam angle, placing the transducers in an array may be used
to create a focused narrow beam. The minimum spacing between transducer elements should ideally
be no more than half of the wavelength () of the signal being transmitted/received otherwise spatial
aliasing can occur. This results in multiple beams being formed, instead of a single focused beam.
These are sometimes referred to as grating lobes and are generally undesirable.

For high frequency air coupled arrays, techniques such as micromachining are often used to create
phased arrays with the required half wavelength minimum spacing between transducer elements [3,
4]. However, for studies using lower ultrasonic frequencies, generally commercially available air
coupled transducers have been used in the arrays. These transducers, however, had diameters that
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were too wide to allow the required A\/2 spacing to avoid grating lobes from occurring. Blum et
al. developed an air coupled transmission array for 50-100 kHz excitation using twenty 32 mm
diameter transducers on a concave surface [5]. However, this design showed multiple grating lobes.
Konetzke et al. addressed this issue using acoustic wave guides [6]. Tubes were used to funnel the
ultrasonic waves from the 10 mm wide transducers to openings which were spaced A/2 = 4.3 mm
apart. This allowed the \/2 spacing to be used and eliminated grating lobes. However, this technique
requires wave guides to be constructed and adds thickness to the array. A different technique was
used by Korobov et al. [7]. They placing sixty transducers which were 16 mm in diameter into
four rings at calculated Fresnel zones and applied anti-phase excitation signals to each zone. This
resulted in a fixed focal point 308 mm directly in front of the array. However, a disadvantage of
this technique is that the fixed focal point cannot be steered around electronically like a conventional
phased array. Kazys et al. developed custom built transducer elements composed of 15 x 5 x 1
mm PMN-32%PT piezoelectric crystals which vibrated in the lengthwise direction and operated at
about 35-45 kHz [8]. The thinness of the crystals allowed them to create a linear array with a spacing
between elements which appeared to be less than \ /2. Matching layers were used over the crystals to
improved performance. This array was used for guided wave excitation in a plate.

No low ultrasonic frequency arrays have been found in the literature that have combined transmis-
sion and reception. The low ultrasonic frequency air coupled transducers described above appear to
have only been used for transmission and not reception. This may be related to the transducers being
unsuitable for reception due to low gain and ringing effects.
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Figure 1: Photo of a commercial spiral array developed by GFal (www.acoustic—-camera.com/).

Most non-destructive testing transducer arrays have used transducers which are evenly spaced.
However, to achieve the required resolution while avoiding aliasing, large numbers of transducers can
be required. Sparse arrays have been developed that require fewer sensors while achieving similar
results and have a wider bandwidth of operation. Groschup and Grosse developed a low ultrasonic
frequency air couple array (receiver only and not a transmitter) for nondestructive testing of concrete
structures. This array was composed of MEMS (micro-electro-mechanical system) microphones in a
multi-arm spiral pattern [9]. There have also been some studies that have used a spiral configuration of
transducers elements in contact ultrasound phased array probes for 3D imaging using high ultrasonic
frequencies [10, 11, 12, 13, 14]. This technique has also been widely used for microphone phased
arrays for audio frequencies. Examples of sparse microphone arrays are the Dougherty single arm and
Underbrink multi-arm spiral arrays [15, 16, 17]. Figure 1 shows a photo of a commercial multi-arm
spiral array at audio frequencies.

In this paper, we present theory and simulations for highly directional, air coupled arrays for
low ultrasonic frequencies. The methodology and key parameters of interest for designing an array

2 ICSV24, London, 23-27 July 2017



ICSV24, London, 23-27 July 2017

are briefly outlined in Section 2. In Section 3, the effect of transducer size and its potential effect
on spatial aliasing are then shown using simulations. The advantages of sparse arrays compared to
evenly spaced arrays are then outlined in Section 4. This section shows simulations which compare
sparse arrays generated using both random placements of transducers and placement along multi-arm
spirals. Finally the effect of sensor bandwidth and the effect of this on depth resolution are discussed
in Section 5.

2. Array Design

Consider an array composed of sensors that are used for transmission and/or reception. The size,
positions, and number of these sensors determines the operational characteristics of an array. The
performance of an array (for both transmission and reception) may be simulated using beamforming.
A unit magnitude ultrasonic source is defined to be located in the far-field directly in front of the
array (spherical polar coordinate angle § = 0). The signal that would arrive at the sensor locations
from the point source is then simulated. Far-field scanning coordinates are then calculated using unit
magnitude spherical polar coordinates. These may be converted to Cartesian coordinates using

K, = sin(0) cos(¢) €))
K, = sin(f) sin(¢) (2)
K, = cos(0). (3)

These scan points are used to perform beamforming on the simulated signals. The resulting beam-
forming map may be plotted as a function of K, and K,. For high resolution imaging, ideally we
would like the resulting beamforming map to be a single narrow beam at the source location (6 = 0
or K, = K, = 0). However, the beamforming map will actually be an interference-like pattern with
a main lobe and sidelobes. The spatial resolution of the array is defined to be the width of the main
lobe at 3 dB down from the peak. This is referred to as the Beam Width (BW). The dynamic range is
the difference in dB from the peak of the main lobe to the peak of the next highest sidelobe. This is
often referred to as the Maximum Sidelobe Level (MSL).

The beam width may be approximated using

RX

BW o — “)
where R is the distance from the centre of the array, A is the wavelength, and D is the diameter of the
array. This equation shows that for a set frequency and distance from the array, the resolution of the
array is set by the diameter (maximum spacing between transducers) of the array [17]. Array design
involves adjusting the placement of a set number of sensors to provide the desired beam width while
maximising the dynamic range. This optimisation is usually achieved using a combination of far-field
and near-field beamforming.

In the plots below, the beamforming maps are shown for either reception or transmission. How-
ever, if the array was to be used for both transmission and reception in pulse echo mode, the resulting
beamforming maps would be the product of both the reception and transmission beamforming maps.
This would result in higher dynamic ranges. It should be noted, however, that the measured perfor-
mance of an actual arrays is generally lower than that of the simulations. This may be due to a range
of factors. For example, the sensors will have a finite diameter while the simulations assume that each
sensor is a point receiver or a point sound source for the case of transmission.

3. Sensor Diameter and Relationship with Spatial Aliasing

The minimum spacing between sensors should ideally be less than half the wave length (\/2) of
the signal being received or transmitted. If this condition is not met, spatial aliasing (multiple large
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sidelobes) may occur. This requirement puts an upper limit on the diameter of the sensors that should
be used in an array. Figure 2 shows beamforming maps for three different arrays that are all about 80
mm in diameter but are composed of different diameter (16, 10, and 5 mm) sensors which are tightly
packed in a hexagonal pattern. It can be seen that multiple grating lobes (multiple main lobes) appear
for the 16 and 10 mm diameter transducers. However, for the 5 mm diameter sensor array, a single
main lobe is observed and the dynamic range is about 30 dB. This is due to the fact that the spacing
between transducers for this array is closer to half of the wavelength (4.3 mm for 40 kHz). This
illustrates the fact that ideally one should use sensors that have a diameter that is close to or smaller
than half the wavelength of the operating frequency.

No. of Transducers = 17 f=40.0 kHz, BW =58 deg, Dynamic range = 0.0 [dB]
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Figure 2: Plots (a), (d), and (g) show three arrays composed of respectively 16 mm, 10 mm, and 5 mm trans-
ducers packed in a hexagonal shape. Plots (b), (e), and (h) respectively show simulated 40 kHz far-field
beamforming maps for these arrays. (Note that K, = sin(f) cos(¢) and X, = sin(§) sin(¢) where 0 and
¢ are spherical polar coordinate angles.) Plots (c), (f), and (i) show the beamforming maps as a function of
the spherical polar coordinate angle 0. The measurement of the beam widths and dynamic range for these
beamforming maps are shown in this plot.

4. Sparse Arrays

NDT arrays generally use a constant spacing between sensors. This may take the form of a grid or
hexagonal placement. However, it has been shown in the previous sections that to provide a desired
resolution, the array diameter must have a minimum diameter. Also, to avoid aliasing, the minimum
spacing between sensors needs to be less than a set value. This can mean that using a constant
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No. of Transducers = 30 o f=40.0 kHz, BW =5.8 deg, Dynamic range = 13.2 [dB]
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Figure 3: Plot (a) shows in red 30 sensor locations which were chosen at random from the 199 possible sensor
locations shown in Figure 2(g). Plot (b) shows the simulated 40 kHz far-field beamforming map obtained for
this array in Cartesian coordinates while plot (c) shows this map as a function of spherical polar coordinate
angle 6.

spacing between sensors results in a large number of sensors being required. However, this may be
undesirable due to cost and construction time. Also, these regular spaced arrays have redundancy.
Refer to reference [17] for more information on this topic. Sparse array designs have, therefore, been
developed that are non-redundant and, therefore, require much less sensors.
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Figure 4: Simulated 40 kHz beamforming dynamic range (MSL) and beam width (BW) for 1000 different arrays
generated by randomly choosing 30 sensor locations picked from the 199 sensor locations shown in Figure 2(g).

One example of a sparse array is a random array. Figure 3 shows an example simulation where
30 transducer positions were chosen at random from the 199 possible transducer locations shown in
Figure 2(g). It can be seen that the resulting 40 kHz beamforming map does not show any grating
lobes. It has a similar beam width compared to the array shown Figure 2(g). However, it has a
reduced dynamic range compared to the tightly packed array. This simulation was repeated 1000
times to get an indication of the dynamic range and beam widths that could be achieved using this
random array technique, see Figure 4. It can be seen that the beam width varied and a maximum of
18 dB dynamic range was achieved. This random method may be able to be improved by using a
probability distribution.

Rather than using random placement of sensors, an alternative technique is to use a specific func-
tion that guaranties non-redundancy. One example is the multi-arm spiral similar to that shown in
Figure 1. Simulations for 40 kHz were performed for multi-arm spiral arrays with 29 sensors within
the same 80 mm array diameter. Figure 5 shows an example of the beam pattern that can be achieved
using this technique. It can be seen that a dynamic range of 21.6 dB was achieved using this tech-
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Figure 5: Plot (a) shows the simulated 40 kHz far-field beamforming map obtained for a 29 sensors which are
5 mm in diameter array and arranged in a 80 mm diameter multi-arm spiral array. Plot (b) shows the map as
a function of spherical polar coordinate angle 6 and shows the measured beam width and dynamic range.

nique. Figure 6 shows the beam width and dynamic range that was obtained for about 320 different
multi-arm spiral arrays obtained by changing the curvature of the spirals while keeping the diameter
under 80 mm in diameter. It can be seen that the beam width is very constant for all the arrays, which
was in contrast to the random array. Also, the dynamic range was in general better than that obtained
using the random array. However, it can be seen that this is not always the case and some maximisa-
tion is required to an achieve optimal array design using this method. An advantage of using spiral
arrays is that they have a very wide frequency bandwidth of operation compared to a grid array. The
simulated spiral array have an operational frequency of about 25 to 65 kHz.

Figure 6: Simulated dynamic range (MSL) and beam width (BW) for about 320 different multi-arm spiral
arrays generated by iteratively varying the curvature if the spirals on which the transducer were placed.

5. Depth Resolution of an Array

Depth resolution is challenging for low ultrasonic frequency arrays due to the longer wavelengths
used. The choose of sensors is, therefore, important to enhance the depth resolution. As shown
above, the diameter of the sensor can determine if aliasing (grating lobes) occur. However, another
feature that should be considered is how much the sensor rings after experiencing a disturbance (a
signal is transmitted or received). Many ultrasonic sensors have narrow frequency bandwidths. This
can be beneficial for minimising noise. However, the narrower the bandwidth is, the more resonant
the transducer becomes. This can result in the sensor ringing which has a detrimental effect on the
temporal (depth) resolution of the array. For example, a sensor with a central frequency of 40 kHz
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will tend to ring at this frequency and the output signal will generally have a longer duration than
the excitation signal. This factor needs to be considered when choosing a suitable sensor for both
transmission and for reception.

6. Conclusion

Air coupled ultrasonic transducers may be used for non-contact non-destructive evaluation of the
properties of materials or structures. These transducers should have highly directional transmit and
receive beams and good depth resolution. However, air coupled transducers have poor resolution at
low ultrasonic frequencies due to wide beam widths and long duration transmit pulses. In this paper,
we presented theory and simulations which showed how low ultrasonic frequency air coupled arrays
may be developed that have highly directional transmit and receive beams and improved depth reso-
lution for frequencies from about 25-65 kHz.
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