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ABSTRACT

A new method of non-destructive testing using a pulsed array to generate a wavefront with a frequency dependent
angle of propagation has been developed. If a pulsed array is used to generate such a wave, the angle at which the
wave was launched can be identified by measuring the frequency of the detected wave. In an isotropic material this
means that it is possible use a second transducer to locate the position of the scatterer, whereas with conventional
methods it can only be located onto an ellipse. A theoretical framework is put forward to explain how the wavefront is
created from the superposition of the waves from the individual elements, and how the frequency varies along the
wavefront. Finite element models and experimental measurements were also carried out, and both agree with the
analytic model.
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INTRODUCTION

The use of ultrasonic arrays in non-destructive evaluation
(NDE) has become increasingly popular, from both an
academic and industrial perspective [1, 2]. As computing
power has increased, so the increased flexibility offered by
arrays has been able to be realised. A single ultrasonic array
can generate any number of ultrasonic beams, meaning a range
of inspections can be implemented. This flexibility is due to
the fact that an array is comprised of a number of independently
controllable elements [2, 3]. By firing these elements with the
appropriate time delays, defined by the so-called focal laws
[4, 5], the beam can be steered and focused as desired. As
well as being able to control the ultrasonic beam, it is possible
to form images using ultrasonic array data. A lot of recent
academic effort has been devoted to imaging algorithms, such
as the Total Focusing Method (TFM) [6]. However, the
increased flexibility of ultrasonic arrays comes at a cost; the
complex and expensive electronics required to control the
multiplexing that makes the independent firing of elements
possible.

Pulsed arrays avoid this difficulty by pulsing all of the elements
in the array simultaneously. If the input pulse that is used to
drive the array has a specific broadband frequency content,
then the frequency of the generated wavefront will vary,
smoothly and continuously, as a function of angle. Hence, the
angle at which the wave was launched can be identified by
measuring the frequency of the detected wave. Therefore, the
location of a defect can be identified with a single

measurement; the radial position is known from traditional
time of flight considerations, whilst the angular position can
be inferred by measuring the frequency of the scattered wave.

Experimental data is shown that demonstrates that the
frequency of the wavefront does indeed vary as a function of
angle. An analytic model has been created that agrees with
the frequency shifts observed experimentally, and offers a
physical insight that helps explain this phenomenon. This
allows a theoretical framework to be constructed, and hence a
quantitative measure of how the frequency varies as a function
of angle is gained. Finite element (FE) models were also used
to corroborate the analytic model, and demonstrate how pulsed
arrays can be used to detect defects.

EXPERIMENTAL VERIFICATION

An electromagnet acoustic transducer (EMAT) system was
built to demonstrate the pulsed array capabilities using
ultrasonic waves. A periodic-permanent-magnetic (PPM)
EMAT [7], which creates shear-horizontal (SH) waves, was
used as the generation EMAT. As the generation EMAT had 5
rows of permanent magnets, it can be thought of as an array
with 5 elements. The period of the magnet array, which is
defined as the distance between the centre of one magnet to
the centre of the next with the same polarity, defines the
wavelength of the generated shear wave on the surface [7].
The reception EMAT was just a simple linear coil EMAT, with
the width of the coil made deliberately small so that was not
averaging the signal over too large a range of angles.
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Experimental verification of the angular dependent frequency
shift was obtained by measuring the signal produced the EMAT
array at various angles, and looking at the frequency content
of the signal. A semi-cylindrical aluminium sample was used,
with the generation EMAT on the flat base, and the detection
EMAT free to sweep through the angular range on the curved
surface, as shown in figure 1. The wavefront that was generated
by the pulsed array was measured at angular intervals along
the curved aluminium sample, and then Fourier transformed
to reveal the frequency content of the pulse at that angle. The
frequency at which the peak Fourier amplitude occurs was
measured so that the behaviour of the frequency content of
the signal changes as a function of angle can be found (Fig.
2). As can be seen from figure 2, the frequency changes with
a 1/sinθ dependence, where θ is the angle, as defined in figure
1. Knowing this relationship makes it possible to relate the
measured frequency of the signal scattered from a defect to
the angular position of the defect.

ANALYTIC MODEL

In order to explain the experimental results and understand
how the pulsed array generates the wavefront, an analytic
model was constructed. The aim of the model was to calculate
the wave field produced by pulsed arrays. In doing so, it would
provide a physical insight into how the pulsed array worked,
and would also allow for the limitations and advantages of
pulsed array to be discovered and investigated. The model
assumed a linear array of point sources, which simultaneously
emit a broadband pulse.

If the point sources have a pulse in the time domain described
by S(t), then the frequency content of the input pulse can be
found by taking the Fourier transform:

(1)

Considering a two dimensional model, the field produced by
a transducer can then be thought of as a linear superposition
of cylindrical waves of increasing frequency. The response at
a particular frequency is weighted by the frequency spectrum
shown in equation (1). The wave field produced by N such

elements, with alternating polarity, is given by:

(2)

Where p is the index referring to the pth element of the array, k
is the wave-number and c is the speed of sound. The inverse
square relation of the radius takes into account the beam-
spreading that will occur due to the energy of the pulse
spreading out in a circular fashion. If this Gaussian impulse is
assumed, then the wave field produced is:

(3)

Where ω0 is the centre frequency. The function can then be
evaluated over a range of spatial values for a number of time
steps. By looking at a series of these ‘snap-shots’, the time
evolution of the wave can be seen. This can be seen in figure
3. It can be seen that towards the lower angles (θ < 20°), the
wave front becomes disturbed, and does not change
continuously. This is because of the limited number of elements
- in this instance five - in the array, and is also observed in
experiment as well. In order to show angular dependence of
the frequency more clearly, the equation (3) was used to create
time histories at a range of points designed to give good angular
coverage of the beam. At each of the chosen points, the
displacement as a function of time was calculated. This is

Fig. 1 : A schematic diagram showing the experimental set-
up.

Fig. 2 : A plot that shows how the peak frequency of the wave
front changes as a function of angle. The linear plot
on the right shows that the frequency does vary with a
1/sinq dependence.



NDE 2011, December 8-10, 2011 23

equivalent to placing the detector at a certain point, and making
a measurement. Once the time history was calculated, the
frequency content of the time history could be obtained by
Fourier transforming it. As can be seen from figure 4, the
frequency content of the time histories does indeed change as
a function of angle.

From figure 4, the PAS can be thought of as a diffraction
grating being illuminated by a broadband source. In the single
frequency case, the diffraction grating elements interfere to
steer the beam to a particular angle. However, in the broadband
case, each different frequency is steered to a different angle,
and it is this that phenomenon that creates the frequency shift
as a function of angle. For a particular frequency, constructive
interference is achieved when the path difference between two
sources is equal to a multiple of the wavelength [8]. This gives
rise to the diffraction grating equation:

Mλ = d cos θ (4)

Now, using this to find the peak frequency as a function of
angle, the above equation can be re-arranged and modified to
give:

(5)

Where m is the order of diffraction and is always an integer, a
is the spacing between consecutive elements, d is the period
of the array and ν is the frequency measured in Hertz. Clearly
from figure 4, the peak frequencies obtained at different angles
from the analytic model agree well with this diffraction
approach. As can be seen, as the higher angles are reached,
the peak frequency of the wave front changes more quickly.
Hence, the positions of the defects at these higher angles can
be ascertained more precisely. Notice also that no assumptions
were made about the nature of the elements; they are just point
sources that are driven by a given input pulse. Hence, the
analysis applies as equally RADAR and SONAR arrays as it
does to ultrasonic arrays.

DETECTING DEFECTS

With the change in frequency well understood, it is possible
to demonstrate that the pulsed array system can be used to
detect and locate defects. By using a combination of frequency
measurements, to locate angular position of the defect, and
the time of flight to determine the radial position, the defect
location can be constrained. Once the pulsed array generates
the wavefront, it propagates through the sample. If a defect is
present, it will scatter the wavefront. The frequency of this

Fig. 3 : The time evolution of the wavefront generated by the pulsed array can be seen here. The two snapshots are from the
analytic model with a Gaussian input pulse being generated by 5 elements, with a spacing of 5 mm. The left figure shows
the model 2.5 µs after the pulse was fired, whilst the right figure shows the model after it had run for 22.5 µs.

Fig. 4 : The angular dependence of the frequency of the wave front. It can be seen how the peak frequency of the wave front
changes as a function of angle, with a clear 1/sin θ dependence.
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scattered wave will depend on the angular position of the
defect, relative to the centre of the array.

To demonstrate this principle, a series of finite elements were
created. The model consisted of an aluminium sample that
contained a single, circular defect. The angular position of
the defect relative to the array was varied so that the frequency
of the scattered wave could be investigated. From equation
(5), the measured frequency of the scattered signal can be
related to the angular position of the defect. Example signals
can be seen in figure 5. In the figure, the initial high amplitude
wave is the wave front propagating through the sample, whilst
the much smaller amplitude reflection can be seen at later
times. The frequency content the two example time domain
signals, shown in figure 5, can be seen in figure 6. A clear
difference in the peak frequency of the two waves can be seen.
The peak frequency content of the signals (375.1 kHz and
349.0 kHz) correspond well to the known angular position of
the defects, which were 56° and 63° respectively.

CONCLUSIONS

A new ultrasonic array method, where all elements are pulse
simultaneously, was presented. If the bandwidth of the input
pulse is carefully chosen, the waves from the individual
elements will interfere to form a wavefront with a frequency
dependent angle of propagation. A model for this phenomenon

has been put forward, and it was shown that the pulsed array
can be thought of as a broadband diffraction grating, with the
frequency at a particular angle being described by the
diffraction equation. This model was supported by finite
element analysis as well as experimental data. As described,
the array can be used to locate a defect with a single
measurement; the angular location can be ascertained from
frequency measurements, whilst the radial position can be
determined from traditional time of flight measurements. As
only one measurement is required, scan speed should be
increased, and it is thought that the resolution should also be
improved when compared to traditional methods. The ability
to detect defects via this method has been demonstrated with
a number of finite element models. Whilst there is clear use
for this method in NDT, the analysis was kept very general.
Consequently, it can be equally applied to SONAR and
RADAR arrays as well as NDT ultrasonic arrays.

ACKNOWLEDGMENTS

This work was supported by the UK Engineering and Physical
Sciences Research Council (EPSRC) through the UK Research
Centre in NDE.

REFERENCES

1.  S-J. Song, H.J. Shin, Nuclear Engineering and Design,
214, 151-161 (2002).

2. B.W. Drinkwater and P.D. Wilcox, NDT&E Int., 39, 525-
541 (2006).

3. A. McNab and M.J. Campbell, NDT International, 20,
333-337 (1987).

4. J-H. Lee and S-W. Choi, IEEE Trans. Ultrason.
Ferroelectr. Freq. Control, 47, 644-650 (2000).

5. L. Azar, Y. Shi, S-C. Wooh, NDT&E Int., 33, 189-198
(2000).

6. C. Holmes, D.W. Drinkwater, P.D. Wilcox, NDT&E Int.,
38, 701-711 (2005).

7. M. Hirao and M. Ogi, NDT&E Int., 32, 127-132 (1999).
8. M. Born, Principles of Optics: Electromagnetic Theory

of Propagation, Interference and Diffraction of Light,
Cambridge University Press, Cambridge, 1999, pp. 446-
453.

Fig. 5 : Example time domain signals from FE simulations of the pulsed array used to detect detects. These two signals show two
simulations were a defect was positioned at 56° (left) and 63° (right).

Fig. 6 : The frequency content of the reflected pulses in figure
5. There is a clear shift in the frequency of the reflected
pulses when the defect position is moved. The peak
frequencies of these two signals corresponds well to
the defect’s angular position.


