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Abstract. Piezo-composites enable new applications for ultrasonic transducers even 
in the frequency range of air-coupled ultrasound above 300 kHz. The opportunity of 
large area transducers and the reduced lateral coupling within the piezo-composite 
materials allow multi-channel electrode design for sound field forming and receiving. 
We present a new design of ultrasonic transmitters and receivers with three annular 
electrodes in combination with a fully controllable multi-channel ultrasonic testing 
system. Characterisations using the ball reflector method demonstrated that the sound 
field is improved with regard to a larger intensity, a decreased width of the focal zone 
and a significant reduction of the near field length. An improvement of the lateral 
resolution is observed by scanning a honeycomb structure with imperfect bonding and 
delamination.  

Furthermore, we developed a new approach to single-sided air-coupling test-
ing by means of multi-receiver method. This technique directly provides spatially re-
solved imaging of subsurface structures of lightweight materials. This leads to direct 
imaging of defects in intrinsically complex lightweight materials, as expected e.g. for 
honeycomb structures. 
 

1. Introduction 

Constructing with lightweight materials has become increasingly important in several indus-
tries during the last decades, e.g. in the aerospace and automotive sector. The need for mean-
ingful non-destructive testing methods has arisen to the same extend. Lightweight materials 
contain a broad variety of compounds, for instance glass and carbon fibre reinforced plastics, 
pure plastics, and wooden or cellulosic materials. Often the material has special structures 
such as foams, sandwich structures or internal adhesive bonds. For quality control of these 
complex materials non-destructive testing (NDT) methods are demanded by manufacturers. 
Because of lower efforts and costs non-contact techniques are desirable. In this publication 
we focus on air-coupled ultrasound as a non-contact technique with growing interest in NDT. 

By measuring with air-coupled ultrasound one struggles with the enormous acoustical 
impedance mismatch between air and testing material. To overcome this fact the required 
ultrasound intensity is much higher and a high-power excitation is obligatory.  
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A trade-off between high lateral resolution (at high frequencies) and a small attenua-
tion (at low frequencies) has to be found. Typical air-coupled ultrasonic transducers contain 
a piezoelectric ceramic disk excited in radial resonance. The corresponding frequency is de-
termined by the diameter of the disk. The sound field parameters are also determined by the 
transducer diameter and therefore cannot be customized for a given frequency. We developed 
composites containing piezoelectric ceramic rods and a non-piezoelectric matrix. Driving the 
composite in thickness mode, the height of the resonator can be chosen according to the 
desired frequency and the diameter can be independently adjusted. That is advantageous, 
because the beam dimension in the focus decreases with smaller transmitter diameter. More-
over, a structured electrode can be used for beamforming.  

For testing the mentioned variety of lightweight structures, a flexible approach is nec-
essary that can be adapted to the special requirements of each material. We use a modular 
multi-channel air-coupled ultrasonic system. In this publication we describe new techniques 
for air-coupled ultrasound testing. A significant improvement in lateral resolution of C-scans 
can be achieved by using electronically focused annular arrays. In doing so, well-known 
beamforming procedures of contact-ultrasound can be transferred to air-coupled ultrasound. 
Another newly developed test method provides a single-sided testing technique based on a 
differential processing of reflected ultrasound signals. 

2. Modal Multichannel Ultrasonic System for Air-coupled Ultrasound 

2.1 Multichannel Ultrasonic Inspection System 

 In this work the multichannel ultrasonic system SONOAIR of the company SONOTEC 
(Halle, Germany) was used [1]. The modular concept of this ultrasonic system (Fig. 1) gives 
full access to the important components of the test process.  

The key component of the system is a 4-channel transmitter and a 4-channel receiver 
unit. The high-power digital amplifier provides an output with voltages up to 800 V in the 
frequency range of 50 kHz up to 3 MHz. The receiver unit is able to detect signals in the 
same frequency range with a gain between 0 dB and 120 dB using low-noise preamplifier 
and amplifier. An x-y-scanning system is available with different mounts for the ultrasonic 
transducers. Ultrasonic transmitters and receivers are available in different frequencies bet-
ween 50 kHz and 400 kHz. Additionally, new transducers with annular electrode structures 
are developed. 

 
 

 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Schematic diagram of the ultrasonic system 
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The measuring software allows the adaptive control of the measuring process such as 
scanning control, gate set-up, time delays for each transmitter and receiver channel and user 
defined filter for combining the signals. Moreover, an interface for more complex data pro-
cessing is available.  

With this equipment a variety of measuring setups can be realized. This includes con-
ventional C-scans and D-scans in transmission, 4-channel measurements in transmission us-
ing annular array transducers (transmitter and receiver) and newly developed single-sided 
test methods.  

 

2.2 Ultrasonic Transducers 

The overall diameter of the used transducers is 20 mm. The functional component of the 
ultrasonic transmitter and receivers is a piezoelectric disk. This disk is a composite consisting 
of piezoelectric ceramic rods and a polymer matrix produced using the dice-and-fill tech-
nique. A full electrode was evaporated onto the top surface. The back electrode is structured 
in a Fresnel zone layout containing three rings (Fig. 2a). Accordingly, the three rings have 
the same area providing a constant sound pressure and sensitivity, respectively. Additionally, 
all rings get an individual supply line for contact. These complex electrodes were thermally 
evaporated using a special mask. This results in a good electric contact and a high adhesion 
between composite and electrode. 

In the complete transducer (Fig 2b) the rings can be driven separately. Utilizing a 
scanning laser Doppler vibrometer the velocity profile of the transducer surface was ob-
served. The rings move separately as demonstrated at the inner ring in Fig 2c. Obviously, the 
composite material does not cause a strong lateral mechanical coupling. Therefore, an indi-
vidual driving of the rings is possible. In doing so, the relative phase shift of the transmitter 
rings was tuned without changing the amplitude of the driving voltage in order to focus the 
ultrasound waves. This results in an increased lateral resolution in the focus zone.  

The signals of every receiver ring are combined to a C-Scan after individual time 
shifts of the single signals.  

3. Sound Field Characterization 

The sound field of the 400 kHz transducers was characterized using the ball reflector method. 
For this purpose a steel ball (diameter 2.5 mm) was moved in small scan steps within a plane 
containing the acoustical axis of the transmitter. The reflected ultrasound waves were de-
tected by another 400 kHz transducer that was positioned outside the main lobes of the trans-
mitter and orientated nearly perpendicular to the acoustical axis. This receiver is moved with 

 
 

Fig. 2. a) Electrode layout for the focused three-channel transducer, b) focused 400 kHz transducer,  
c) snapshot of the velocity distribution along the surface of the transmitter 
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fixed position and orientation relative to the ball in order to keep the interaction influence of 
the measuring setup and the sound field constant.  

By adapting the pulse-scheme for excitation the focus of the transmitter can be sig-
nificantly shifted (Fig. 3). Please remark the colour code in these graphs: the relative intensity 
is depicted for each axial distance line scan and white stands for –6 dB decrease of the signal. 
For the in-phase excitation the focus is at about 65 mm away from the transmitter surface. In 
this case, the ultrasound beam has a diameter of approximately 10 mm between the radial  
–6 dB declines. The beam diameter is notably reduced to approximately 6 mm using an 
adapted phase shift between the electrode rings. In addition, the focus-length is significantly 
reduced to 25 mm. 

4. Examples of Typical Ultrasound Testing Tasks 

4.1 Test Structure for Determination of the Lateral Resolution 

For testing the lateral resolution under testing conditions a polymethyl methacrylate 
(PMMA) plate with a blind hole with a diameter of 1.5 mm. The thickness of the PMMA 
block was 9 mm. The transmitter and the receiver were driven in unfocused and in focused 
mode, respectively.  

The single receiver signals were phase-corrected for balancing the different path 
lengths and subsequently added. The C-scan was then calculated by amplitude evaluation 
using a gate.  

At first the sample was measured with standard all-area electrode transducers as 
shown in Fig. 4a). The transmission signature of the hole is characterized by a decrease of 
the measured amplitude in this region down to approx. 85 % (–1.4 dB). The influence area 

 

 

Fig. 3. Comparison of the sound fields for a) in phase excitation and b) a phase shifted excitation for focusing 
of the ultrasonic transmitter 
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(change of the intensity with respect to the defect-free surrounding) of the 1.5 mm hole is 
larger than 20 mm in diameter as nicely visible in the change of the colour code to light red. 
The dashed square indicates the region of the detailed view shown in Fig. 6b. The chosen 
colour code allows a simple approximation of the diameter of the signature to 9 mm which 
is determined at the diameter of the white colour area (equivalent to the 50 % transition be-
tween red and blue coded amplitude).  

As a second step the three electrode transducers were used. To demonstrate the im-
provement of a focused transmitter the single signals of all receiving channels were added 
without any time correction as indicated in the formula at the bottom of Fig. 4c. Two mayor 
effects occur. At first the influence area of the defect is reduced to a diameter of approx. 
16 mm. And second the 50 % intensity diameter of the signature is reduced to 5 mm. Note 
also the increase of the dynamic range in this measurement, were the minimum amplitude is 
about 77 % (–2.2 dB). 

The third step is to apply the time correction of the single receiving channels as shown 
in Fig. 4d and indicated in the given formula. Although the noise of this measurement seems 
to be increased this result gives two additional improvements. At first the dynamic range is 
additionally increased with a minimum amplitude of 68 % (–3.3 dB) which is an improve-
ment of about 2 dB compared to the standard transducers. Additionally the transition width 
between high and low signal (which is a measure for the sharpness of a signature) is reduced 
as visible in a narrower white area in the given colour code. 

 

 

 

Fig. 4. Testing of a PMMA test block with a blind hole (1.5 mm diameter). C-scans of the relative intensity 
using an all-over electrode transducers a) and b) (detailed view) and using three annular electrode transducers 

with-out c) and with applied phase correction d) at the receiver electrodes. 
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4.2 Transmission Testing of a Honeycomb Structure 

Additionally, a sandwich structure with inserted delaminations was tested in transmission 
configuration. The structure consists of two carbon fibre reinforced plastic sheets with 
0.5 mm thickness at the top and the bottom, respectively, and an aramide honeycomb. The 
honeycomb is 12 mm thick and the width of the single cell amounts to 3 mm.  

In Fig. 5 a comparison of the measurement results at frequencies of 200 and 400 kHz 
is depicted. The measurement at 200 kHz was performed using conventional radial transdu-
cers with an aperture of 11 mm. Fig. 5a shows the left section of the whole sample containing 
a large delamination area. For comparison, the structure was scanned with an unfocused       
piezo-composite transducer (aperture of 20 mm such as the multichannel-transducers). In 
Fig. 5b the right section with a smaller delamination area is shown. The C-Scan of the whole 
plate with both delaminations measured with the electronically focused transducers is shown 
in Fig. 5c. 

The delaminations are detected in all three measurements. However, in Fig. 5a and 
Fig. 5b a region in the middle between the delamination is observed where the intensity of 
the transmitted sound amplitude decreases. A clear differentiation between a delamination 
and an artefact is not precisely possible. However, the structure of the honeycomb can be 
imaged using the electronically focused transducers, even in the middle region. The reduced 
intensity is probably caused by a higher amount of glue but not by a delamination. 

 

 
 Fig. 5. Honeycomb structure with two delamination areas, measured using a) conventional 200 kHz 

transducers; b) unfocused 400 kHz transducer and c) 400 kHz electronically focused transducers.  

5. Single-Side Method 

One major approach to single-sided air coupled ultrasound testing uses the measurement and 
analysis of Lamb waves. It is based on excitation of a Lamb wave mode in the sample and 
the detection of the reemitted wave after travelling along a distinct path through the sample. 
The wave propagates parallel to the surface of the sample. The intensity of the detected signal 
is influenced by the propagation path along the surface where scattering, diffraction, or re-
flection could occur. The performance of this method is mainly limited by two boundary 
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conditions. First, a finite path length in the sample is necessary to obtain a significant change 
of the detected signal. This limits the lateral resolution with respect to the location of a defect. 
And second, this method is mainly sensitive for defects in the vicinity of the surface due to 
the propagation direction. Subjacent defects do not contribute to the observed signal. 

Our new approach is based on the idea of a sound wave propagation perpendicular to 
the sample surface. The scheme of the setup is shown in Fig. 6a. First of all we apply the 
transmitter (T) above the sample. The orientation is similar to a corresponding transmitter in 
transmission technique. For the detection of the reflected signal we use two independent re-
ceivers at the right and left side of the transmitter. They span the so called transducer plane 
as shown in red in Fig. 6a. In the following we call the additional green plane the symmetry 
plane because the contrast mechanism of this technique is based on sample differences with 
respect to this plane. 

It is well known that the reflection coefficient of a sound wave from air at any type 
of sample surface is very close to 100 % and the intensity of the reflected signal from the 
inside of the sample is more than 60 dB smaller. Moreover, the temporal delay due the longer 
path within the sample is rather small due to the larger sound velocity. Thus, although the 
reflected sound wave contains the sub-surface information, it vanishes completely in the 
presence of the front reflection signal. The idea is to compensate the front echo contribution 
of the signal by means of difference amplification as shown in Fig. 6a. 

For samples which are symmetric with respect to the symmetry plane the difference 
signal should be zero. Hence, it is necessary to have two identical signals at receiver R1 and 
R2. This condition is not only realized by two similar receiving transducers itself but also by 
two similar transfer functions between both receivers and the transmitter within this setup. 
Thus, the ultrasonic transducers have to fulfil several conditions. To get a nearly similar 
transfer function we use broadband piezo-composite ultrasonic transducers. Such receivers 
allow to obtain an exact frequency matching and a good matching of the transient characte-
ristic as well as the die down behaviour of the oscillation of both receivers. The real setup 
containing these broadband transducers is displayed in Fig. 6b. 

Figure 7a illustrates three typical measurements at different positions of a honeycomb 
lightweight structure (depicted in grey) with a circular delamination area (white). The small 
coloured circles (blue, green and red) indicate distinct positions of the detector and the hori-
zontal dashed line the transducer plane. For each position the dash-dotted line highlights the 
symmetry plane of the transducer setup. In Fig. 7b the corresponding differential signals are 
shown. For a better reading the curves are shifted relative to each other as indicated by dotted 
baselines. As described above a symmetric condition leads to a rather small signal as shown 
for the green position. Both receivers gauge an identical ultrasound wave which results in a 
zero differential signal. In contrast the two other positions lead to a significant increase of 

 
 

Fig. 6. a) Scheme of the testing setup with the transmitter (T) and the two receivers (R1 and R2) in combina-
tion with a difference amplifier in front of a honeycomb lightweight structure. The two coloured planes are 
called transducer plane (red) and symmetry plane (green). A backside delamination of the structure is indi-
cated by the red area. b) Real setup with indicated simplified sound field (green) and detection area (blue). 
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the difference signal. The arrow indicates a phase shift between both signals which is ex-
pected for a symmetry inversion. 

Figures 7c and 7d show the expected result of the signal distribution by scanning the 
whole area of the delamination. These simulated C-scans were drawn for two different ori-
entations of the symmetry plane, assuming the highest signal at maximum difference of the 
sample properties. This simple example already indicates that this technique does not enable 
a direct imaging of the shape but allows to generate a unique fingerprint of each defect type 
for an easy analysis within the post-processing. 

Figure 8 shows the scanning results of the circular delamination area within a honey-
comb lightweight structure. The dashed circle indicates the position of the delamination. The 
transducer plane is horizontally aligned. The differential signal increases at the horizontal 
edges of the delamination but remains zero at the vertical edges at the top and the bottom. 
This nicely agrees with the theoretically predicted behaviour as discussed above.  

 

 

Fig. 7. a) Different transducer positions at a honeycomb lightweight sample with a circular delamination and 
b) the corresponding differential signals. c) and d) simulation of the C-Scan differential signals obtained from 

this sample at different positions as indicated in the cartoon. 

 

 

Fig. 8. Application of the technique to a circular delamination in a honeycomb lightweight structure. C-
Scans of the differential signal at different rotation angles of the sample with respect to a horizontally 

aligned transducer plane. The dashed circle indicates the size and the position of the delamination. 
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To prevent the influence of potential artefacts the sample has been rotated with re-
spect to the transducer plane to simulate different measurement conditions as already dis-
cussed in Fig. 7. A good agreement is found as well. 

 
 
6. Conclusions 
 
Annular array transmitters and receivers for air-coupled ultrasound testing were developed. 
They are based on dice-and-fill composites. The electronically focusing of these transducers 
significantly enhances the lateral resolution and of the measured C-scans. Practical tests give 
promising enhancements in flaw detection in comparison to unfocused transducers. More-
over, a new method for single-sided air-coupled ultrasound testing by means of a two-re-
ceiver setup was invented. The built receivers are sufficiently broadband for matching their 
transfer functions. By differentially compensating the front echo, flaws in the sub-surface 
regions are detectable. Scanning with this setup results in special signatures that can be un-
derstood by simulations.  

The presented findings gave only some examples for the used adaptable air-coupled 
ultrasonic equipment. Its multi-channel capabilities provide full access to the spread driving 
and receiving of annular array transducers including individual gains and phase shifts. Suc-
cessful tests with annular array transducers consisting of 4 rings were already done. More-
over, the multi-channel capabilities of the equipment allows advanced methods of active set-
tling control of the transmitters and coded pulsing. The use of broad-band-transducers pro-
vides access to meaningful one-sided test techniques.  
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