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Abstract The article discusses a proposed method that allows to reduce the amount
of transmitted data from the receiving and data preprocessing to a personal computer,
as well as the amount of digitized information and the time of its processing. The
method is based on the main property of the ellipse. The developed data processing
algorithm for a systemwith amulti-element sensorwas tested in theMatLab software
package. A block diagram and data processing algorithm have been developed for
practical implementation on FPGAs. The amount of digitized information has been
reduced by more than 10 times.
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1 Introduction

Currently, ultrasonic non-destructive testing has entered a new stage of development.
The possibility of obtaining a three-dimensional image of the test object with a high
scanning speed in real time has been developed due to the use of multi-element
sensors. Recently, the sampling phased array method (SPA), developed at the Fraun-
hofer Institute of nondestructive testing in Germany, is actively used to solve many
problems of nondestructive testing. The essence of this method is the alternate exci-
tation of the elements that make up the sensor, and the parallel reception of signals
by all elements. The received ultrasonic signals are stored for each element of the
phased array and serve as the initial data for 2D and 3Dvisualization of the test object.
Thus, even after one cycle of transmission and reception, all angles of propagation of
ultrasonic signals over the entire probing depth can be carried out, which will make
it possible to reproduce the image of the object under study. Since the focusing of
the ultrasonic beam is carried out not physically, but during the processing of the
received data, a high scanning speed can be achieved.

The complexity of the development of devices containing multi-element sensors
involves the need to transfer and process a large amount of data. Therefore, reducing
the amount of recorded and transmitted information is an urgent task. With the
increase in the number of the antenna array elements, the system becomes more
complex and the amount of transmitted information increases. Conversion of an
analog signal froman acoustic sensor into a digital sequencewith a different sampling
clock cycle can significantly reduce the amount of information transmitted to a
personal computer or display device, as well as reduce the processing time.

2 The Principle of Constructing an Image of the Tested
Object

The scanned area of the test object, located under the phased antenna array, is deter-
mined by the distance between adjacent radiating elements, the radiation pattern of
the array and the frequency of the ultrasonic signal.

At the first step of the device operation, the first emitter is excited (Fig. 1), after
which all elements of the array begin to receive the reflected signal [1, 2]. The received
signals are fed through an amplifier to an analog-to-digital converter (ADC). The
ADC, in the classic method, operates at a constant frequency clock. In this case, as
will be shown below, the device memory is filled with information, some of which
will not participate in image reconstruction. At the second step, the second element
of the sensor is excited, after which all elements of the array receive the reflected
signals. This procedure continues until all the elements of the array have been iterated
over. In this case, with the increase in the number of elements in the acoustic array
[3], the amount of digitized information increases in proportion to the square of their
quantity.
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Fig. 1 The operational cycle
of a 4 element sensor

To scan the area under the sensors, only four cycles of ultrasound “transmission-
reception” are required for a phased array consisting of four elements, which
increases the scanning speed compared to focusing the beams at each point of the
tested object.

The recorded signal amplitudes at discrete times ofA-scans for all emitter-receiver
combinations are used in imaging. According to the calculated propagation time of
the signal to the current calculated point of the tested object, the required amplitudes
are sampled from each A-scan. The amplitudes for a point from all A-scans are
summed together and interpreted as an image.

It is more convenient to set the point of the inspected object N by its x–y coordi-
nates. To process one of the recorded A-scans, with the help of the emitter number
Ne and the receiver number N r, the ultrasound propagation time from the emitter to
the receiver through the calculated point is calculated [4–7].

tN (x,y)
∑ = tE RN (x,y) + tREN (x,y); (1)

where tERN(x,y)—propagation time of ultrasound from the emitter to the point j;
tREN(x,y)—propagation time of ultrasound from point j to the receiver.

For the classical implementation of the SPA method, all distances calculated
from each sensor to each point and from each point to each receiver are (Fig. 2). As
a result, there is a table that contains information about the distances traveled by the
ultrasound, depending on the point number, the number of the emitting sensor and
the number of the receiving sensor [8]. Such a matrix will have the form shown in
Table 1. In fact, there is a three-dimensional matrix for physical storage, but a two-
dimensional matrix is used in this case, where the numbers of receivers and emitters
are encoded by one variable.

The high demand for information processing speed leads to the necessity to
perform a large number of operations simultaneously [9]. Either several high-
performance processes for solving problems in parallel, or using programmable
matrices, can allow for a large number of operations to be carried out in parallel
on one chip.
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Fig. 2 Determination of the distance traveled by the signal from the source to the receiver through
the calculated point

For the formation of a tomographic image of the tested object, a long post-
processing time is required, because of the large number of distances determinations
of signal reception and transmission by piezoelectric transducers through each digital
focal point of the unltasonic signal. For example, to construct a tomographic image
of the internal structure of a tested object with a size of 100 × 100 focal points of
the ultrasonic signal and using an antenna array of 16 piezoelectric transducers, it is
necessary to determine 2,560,000 distances.

To build an image of the tested object, it is necessary to calculate the resulting
matrix, in rows and columns of which the total values of the amplitudes at a given
point will be located [10–13].

The dimension of the matrix designed to store the resulting amplitude for each
given point of the tested object coincides with the dimension of the image of the
tested object. Therefore, with an increase in the resolution of the inspected area, the
amount of stored and transmitted information increases proportionally.

3 Application of Ellipse Properties in Processing, Storing
and Transmitting Information of a Tested Object

To implement the proposed processing algorithm, it is necessary to divide the scanned
area of the tested object into separate scan points, as shown in Fig. 3. In this case,
the same number of scanned points must be placed between adjacent sensors [14].

The essence of shortening the matrix is that the ultrasonic signal propagates radi-
ally, therefore, for any pair of emitter/receiver, there will be a set of points located
at the same distances. These points will lie on the ellipse, as shown in Fig. 4. In this
case, the selected transmitter and receiver will be in the focus of the ellipse. The
distance between the selected emitter and receiver will determine the focal distance.
The semi-minor axis of the ellipse will determine the probing depth [15].



Application of Elliptical Properties in Building a Tomographic … 21

Ta
bl
e
1

C
om

pl
et
e
m
at
ri
x
of

di
st
an
ce
s
fo
r
10

po
in
ts
an
d
th
re
e
tr
an
sm

itt
er
s
an
d
re
ce
iv
er
s

Po
in
tN

o
E
m
itt
er

0
R
ec
ei
ve
r
0

E
m
itt
er

0
R
ec
ei
ve
r
1

E
m
itt
er

0
R
ec
ei
ve
r
2

E
m
itt
er

1
R
ec
ei
ve
r
0

E
m
itt
er

1
R
ec
ei
ve
r
1

E
m
itt
er

1
R
ec
ei
ve
r
2

E
m
itt
er

2
R
ec
ei
ve
r
0

E
m
itt
er

2
R
ec
ei
ve
r
1

E
m
itt
er

2
R
ec
ei
ve
r
2

0
L
00

L
05

L
10

L
00

L
05

L
10

L
00

L
05

L
10

1
L
01

L
04

L
09

L
01

L
04

L
09

L
01

L
04

L
09

2
L
02

L
03

L
08

L
02

L
03

L
08

L
02

L
03

L
08

3
L
03

L
02

L
07

L
03

L
02

L
07

L
03

L
02

L
07

4
L
04

L
01

L
06

L
04

L
01

L
06

L
04

L
01

L
06

5
L
05

L
00

L
05

L
05

L
00

L
05

L
05

L
00

L
05

6
L
06

L
01

L
04

L
06

L
01

L
04

L
06

L
01

L
04

7
L
07

L
02

L
03

L
07

L
02

L
03

L
07

L
02

L
03

8
L
08

L
03

L
02

L
08

L
03

L
02

L
08

L
03

L
02

9
L
09

L
04

L
01

L
09

L
04

L
01

L
09

L
04

L
01

10
L
10

L
05

L
00

L
10

L
05

L
00

L
10

L
05

L
00



22 Y. Shulgina et al.

Fig. 3 The location of the pixels in the testing aria

Fig. 4 Sample capture of pixels in the testing aria by using the ellipse method

It is possible to store information about the signal amplitude only for points that
are a small radius of the ellipse (Fig. 5). In this case, it is possible to carry out analog-
to-digital conversion of the received signal only at fixed points in time corresponding
to a distance equal to the minor axis (Fig. 6).

Equally spaced points for a given combination of emitter and receiver lie on the
line of the ellipse, therefore, by dividing the image of the tested object not into points,
but rather into sectors of the ellipse, it is possible to sample the amplitudes from the

Fig. 5 Sample capture of pixels located on a small radius of an ellipse
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Fig. 6 An example of sample capture amplitudes of pixels located on a small radius of an ellipse

Table 2 Abbreviated matrix
of distances (times) by the
method of ellipses

Point number Distance

0 L0

1 L1

2 L2

3 L3

4 L4

5 L5

… …

m Lm

A-scan memory only for points that are at an equal distance from the centers of the
ellipse [16, 17].

As a result, we will have a matrix-column (Table 2), which will be completed to
a complete picture of the tested object in the image processing unit.

For the data storage system, the use of the ellipse properties is very convenient,
as the load on the transmitting channel is also reduced by a large factor. However, it
is required to develop an imaging unit that implements an algorithm for calculating
the coordinates of points located on the ellipse line.

The main difficulty in implementing the described method involves organizing
the ADC clock, which requires calculating the time coordinates of the next sample
and initializing the clock signal at the right time.

The clock generator, connected to the analog-to-digital conversion start unit, sets
the frequency of the circuit. However, the use of programmable logic integrated
circuits allows these calculations to be carried out in parallel with the recording and
processing of the acoustic signal, which will make it possible to implement a system
for constructing an image of the tested object in real time [18, 19].
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4 Results of the Implementation of Ellipse Properties

Real signals from the antenna array were used to debug the data processing algorithm
and build the image. For information processing and image construction, MATLAB
programming and mathematical modeling package was selected.

The algorithm for obtaining an image using the MATLAB package is as follows
(Fig. 7).

For each emitter-receiver pair, the propagation time of the ultrasonic pulse from
the emitter to the receiver through the calculated point of the tested object, located
on the minor axis of the ellipse, is calculated and summed.

Based on the calculated time, a column matrix is formed that stores informa-
tion about the signal amplitudes at points located on the minor axis of the ellipse
corresponding to the calculated row [20].

The next step is to form the imagematrix, which is filledwith the amplitude values
by the points located on the ellipse.

After receiving image matrices from all pairs of sensors, they are summed up.
The resulting matrix is displayed as an image using the images function.

Plexiglas was used as an object of control. The main data for the construction of
the image was the distance between the sensors (0.75 mm), the sampling frequency
(40 MHz), the ultrasound speed (2800 m/s), the number of sensors (16).

As a result of information processing in the MATLAB environment, a cross-
sectional image of the examined object was built.

5 Experiment

Plexiglas with internal defects was used as an object of inspection and information
was taken from a grid consisting of 16 elements, where the distance between the 16
sensors is 0.75 mm, the sampling frequency is 40 MHz, and the ultrasound speed is
2800 m/s. After one cycle of operation of the multielement sensor, 512 A-scans are
obtained: 256 A-scans with constant sampling time (16 MHz) and 256 A-scans with
variable sampling time.

The data was processed in two ways: the classical method and the ellipse method.
Comparison of the two results was performed numerically and visually. When the
imaging zone was limited by the main lobe of the sensor directional pattern, the
discrepancieswere observedonly on the sides and amounted to less than5%.Visually,
the images obtained by the two methods did not differ. The results were visualized
in the MathLab software package.

The resulting cross-sectional image of the examined object (Fig. 8) completely
coincides with the image obtained using the existing algorithm, which confirms the
adequacy and applicability of the developed method.
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Fig. 7 Algorithm of the
program in MatLab
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Fig. 8 Cross-sectional image of the examined object

6 Conclusion

The number of A-scan points significantly influences the processing time. When
using the classical method for the object under study (plexiglass), 7818 A-scan
points are required in order to satisfy all angles of the acoustic signal propagation for
the selected resolution. However, when using the ellipse method, only 500 A-scan
points are required, which means that the memory size for storing one A-scan will
decrease 15.5 times.

The number of clock cycles per ADC cycle when processing one A-scan using
the ellipse method has decreased 15.5 times, therefore, ADCs can be used operating
at a lower frequency without losing image quality.

This significantly reduces the information that will be transmitted to the display
system or the connected computer. The load on the information channel with the
implementation of preprocessing in the programmable logic matrix will decrease by
N2 times, where N is the number of emitters in the sensor.
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