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Abstract

The problem of analytical determination of the pattern of complex acoustic array for 
pulse mode is an extremely difficult task. If to take into consideration the existing in practice 
form of probe influence which, as a rule, does not undergo analytical description then the 
task becomes practically impossible to complete. However to solve many problems of non-
destructive testing it is necessary to determine and analyze the pattern of multi-element 
acoustic array for pulse mode. The method of numerical simulation of a linear equidistant 
antenna array with information processing by the algorithm SAFT, which enables the 
calculation of the radiation pattern of antenna array operating in pulse mode, is proposed in 
the paper. Results presented in the article include discussion of the simulation results and 
experimental studies that illustrate the spatial parameters of the pattern and characterize the 
possibility of quantifying the size of defects, also they allow to make the conclusion about 
high efficiency of the method suggested. 
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1. Introduction

Development of acoustic methods of nondestructive testing goes on the way 
of implementing ultrasound antenna arrays. This direction is called for several 
advantages in comparison with single transducers. A very significant feature is the 
capability to increase the signal/noise relation. Multiple sources of noises determined 
separately as a rule form a noise which is characterized by probabilistic parameters. 
The processing algorithm SAFT [1] presupposes coherent summation of signals of 
separate elements which constitute an array. Under the normal law of noises 
probability density distribution, the increase of signal/noise relation is in proportion to 
the number of elements in the array.

Another positive feature of antenna arrays application is the possibility to form 
two- and three-dimensional images of defects. The grounds for this are the capability 
to scan by directional diagram (DD) within the required control area. With much 
certainty the control area can be considered a linear field and, consequently, 
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possessing additivity properties. The obtained data represents the discrete set which 
characterizes the state of each point of scan area separately. In pulse-echo method 
the pattern of forming a signal-response will be formed, first of all, on such 
characteristic as directional diagram. SAFT algorithm suggests realization of integral 
value of this parameter in the radiation mode and in the receive mode. 

Another factor which influences the signal-response is the coefficient of 
acoustic radiation reflection by discrete point of analyzed object. In general terms it 
can be written down as: 

                                (1)

where x, y, z – Cartesian coordinates, F(x,y,z) – acoustic image of the object, 
represented by signal-response, R(x,y,z) – impulse spatial directional diagram in 

echo-pulse mode, L(x,y,z) – reflection characteristic of object under control,  - 
compression symbol. 

  Expression (1) allows to formulate the required condition for calculation of 
acoustic image of the object under control which is at maximum approximated to its 
geometrical configuration. Desired function is L(x,y,z),known (measured) function – 
F(x,y,z). Therefore, to solve equation (1), it is necessary to determine R(x,y,z) – 
impulsed spatial directional diagram of antenna array in echo-pulse mode. Such 
variant of directional diagram representation differs in some way from traditional 
definition.

2. Antenna array directional diagram calculation for harmonic wave. 

Traditionally directional diagram is defined as the function which describes the 
relation of acoustic pressure (or the amplitude of oscillating speed) from angular 
coordinates (angle of elevation and azimuth) with constant distance to the given point 
of field. The majority of antenna systems allow separation of variables x and  y in the 
expression of function which describes the directional characteristic. Physical 
interpretation of such separation is that each factor describes directional diagram of 
linear antenna array oriented accordingly by selection from the whole antenna 
system. Therefore, the problem can be formulated as calculation of directional 
diagram of linear antenna array.

The theory of antennas [2] gives expression for the directional diagram of 
equidistant linear array under harmonic wave of irradiated signal: 

,                         (2) 

where R(θ,φ) – the directional diagram of linear antenna array, Ri(θ,φ) – the 
directional diagram of antenna element, RN(θ) – factor of  equidistant linear array.

 The last factor is identifies by the formula: 

                              (3) 
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where N – number of elements in antenna array, Ψ – generalized  angular 

coordinate identified by the expression , k – wave number, d – the 
distance between neighboring elements of array.

The sizes of antenna element are chosen in such a way as to provide the 
maximum area of scanning. Apart from that, highly desirable is the presence of only 
one principle maximum. For that it is necessary to meet the condition d < λ, where λ
– the length of acoustic radiation wave [3]. That is why the sizes of antenna element 
along the longitudinal axis of antenna array do not exceed half the wave length and 
the width of corresponding directional diagram approximates 180º. Calculation of 
fulfilled in such way antenna system is simplified as the function Ri(θ,φ) in 
expression(2) can be set equal to unit. Then the factor of antenna array will fully 
characterize its directional diagram. It is necessary to mention that expression (3) is 
obtained with allowing some randomness assumption which are typical for the work 
in far field zone.

The principle of echo-locating equipment work is based on application of 
impulse signals of probing. The calculation of directional diagram in this case 
represents considerably more complicated problem. It seems that the only one 
method of analytic analysis is the application of spectral decomposition of pickup 
signal in Fourier series with the following weight summation of elementary directional 
diagrams for harmonic components. This procedure requires large expenses and due 
to this reason didn`t find wide application. Extra complexities arise with analytic 
description of applied in practice probing signals. In most cases it is accompanied by 
the whole number of approximations and assumptions which decrease reliability 
relation of acquired results to true data. 

Another means of obtaining directional diagram for arbitrary type of antenna 
array and arbitrary form of probing signal is computational modeling with application 
of this or that computational mathematic editor. The widest possibilities are offered by 
MATLAB which was used for obtaining the described below results. 

Fig.1 Location of acoustic tract in Cartesian coordinate system. 

The process of directional diagram modeling according to the algorithm SAFT 
consists of two stages. The first stage is about forming sets of A-scans, quantity of na 
of which is connected with number n of elementary transduces in relation na=n2.
Preliminary it is necessary to define the sizes of control zone, scanning pitch in 
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transverse direction and longitudinal direction, location of point scattered and speed 
of sound in the control zone. Geometry of acoustic tract in Cartesian coordinate 
system is given in Fig 1. 

It is possible to define three zones on time base of each of A-scans. The first 
occupies the time interval from the probing moment till the moment when reflected 

signal still hasn`t got into transducer. The time equals  , where с – speed 
of sound. It is filled with zeros. The next zone represents by itself the digital form of 
reflected acoustic impulse. It is evident that this form can possess absolutely arbitrary 
configuration because it doesn`t require analytic description. The last zone is the 
zone of zeros, the beginning of which is given by the moment of the end of response 
signal and the end of which is determined by the control zone boundary. It is 
reasonable to convert a set of A-scans into 3-D matrix, the first application of which 
equals to the number of oscillators, the second – to the number of receivers, and the 
third – to the number of minimum resolutions of full time axis. 

The second stage of modeling contains the algorithm of coherent summation 
in accordance with SAFT method. In the beginning the time of signal response arrival 
from each point located in control zone is determined. Then summation of A-scans 
data selected in definite points of time takes place. In such a way the volumetric 
(3 dimensional) image of acoustic field distribution in the control zone with the 
condition of arbitrary location of reflecting point is being formed. By definition this 
image presents by itself the directional diagram of antenna array.

The main difference of impulse mode work from the work in harmonic mode is 
localization in time of the field structure in control zone. That is why the 
corresponding directional diagrams also differ by this characteristic. Antenna array 
which is using harmonic signal possesses the orientability only in transverse direction 
in relation to the acoustic beam path. That is why the typical image of such 
directional diagram in Cartesian coordinate system has the function mode which 
relates only to one argument. As an example the directional diagram of linear 
antenna array which is working in the frequency of 2 MHz is shown in Fig 2. The 
distance between two oscillators is 1,5 mm and the environment of the control zone 
is characterized by the speed of ultrasound which is equal to 1500 m/sec. 

Fig.2. Directional diagram in harmonic mode. 
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Cross-sections of elementary piezoelectric element do not exceed the half of 
the wave length, that is why its directional diagram wasn`t taken into consideration.

The distance from array aperture till the control point is taken as equal to 
40 mm. Changes in the phase in side lobes in 180º are not shown in Fig. 2. Scan 
angle rate is taken as equal to 0º. 

In the Figure the three principal maximums are seen, one of which is the 
central maximum (typically it is taken as workable) and there are two lateral ones 
which create noise reflections. Side principal lobes are attempted, as a rule, to be 
excluded from the control zone by the means of corresponding choice of the distance 
between the matrix elements. Side lobes possess considerably smaller sizes but they 
also produce noises. The peak value is possessed by the first lobe located close to 
the central principal one. It comprises approximately minus 13 dB. The width of the 
principal maximum of directional diagram by the level 0,5 equals to 0,8 mm.

3. Antenna array directional diagram calculation for impulse mode. 
Experiential studies` results

The directional diagram of antenna array has more complex structure when 
probing with impulse signals. The results of experiential studies of linear equidistant 
acoustic antenna array the parameters of which were used for directional diagram 
calculation in harmonic sound mode are shown in Fig.3. 

а          b               c                    d 

Fig. 3 Experiential directional diagram in impulse mode. 

а – configuration of probing signal; b – frontal view of directional diagram; 

c – up projection of directional diagram; d – top view of directional diagram.

It is necessary to point out that only positive part is shown on directional 
diagram images while the negative part mirror located to axis x and fully symmetric to 
the first one, is omitted. The configuration of experiential probing signal normalized to 
unit is shown in Fig 3. Fig 3b shows the result of processing according to SAFT 
algorithm of pickup A-scans in case of using pellet as a defect model with diameter of 
0,8 mm, placed at the distance of 41 mm from the radiating surface of array. It is 
possible to approximately consider it as point scatterer while spacial distribution of 
the field amplitude in the given control zone – as directional diagram. There are 
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distinguished principal side lobes in the Figure. They constitute less than minus 
20 dB of the principal, i.e. less than the first side maximum in harmonic mode for 
7 dB. The width of the principal lobe in frontal projection is less than 1,05 mm, that is 
a bit more than the corresponding characteristic of harmonic mode.

Fig. 3c shows the profile projection of directional diagram which is not typical 
for harmonic mode work. Axis х of this Figure graded in units of length is obtained in 

accordance with expression  , where c – speed of sound in control zone, t – time of 
echo-pulse arrival. Detailed analysis of the principal lobe shows that its form matches 
the form of probing signal. The length of this projection of directional diagram is 
identified by the wavelength of acoustic radiation in control zone and by the number 
of probing signal cycles. The maximum value of side lobes is observed in the area 
located near the principal lobe. Then their amplitude decreases steadily.

Fig. 3d shows the top view on directional diagram. It is visible that the principal 
lobe and side lobes are located in the control zone quite nonuniformly. In addition, 
side lobes occupy considerable part of the control zone cross-section area. It is 
interesting to mention that directional diagram obtained when treating source 
information processed by SAFT method has the form of circular arc which center 
coincides with the antenna array center.

4. Results of directional diagram computational modeling for impulse 
mode

The results of antenna array` directional diagram modeling with information 
processing by SAFT method and by probing signal which is maximally approximated 
to experiential signal waveform are presented in Fig 4. It was performed in order to 
evaluate the degree of credibility of simulation method. The acoustic tract parameters 
and the image content correspond to the conditions presented in Fig. 3.

а b            c      d 

Fig. 4 Calculated directional diagram in impulse mode. 

а – configuration of probing signal; b – frontal view of directional diagram; 

c – up projection of directional diagram; d – top view of directional diagram. 
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Detailed comparison of Fig. 3 and Fig. 4 shows closely approximated 
matching of the main characteristics of presented results. The predicted level of side 
lobes constitutes minus 22 dB, while the width of directional diagram frontal cross 
section on the level 0,5 – is not more than 0,6 mm. The form of profile cross section 
also repeats the probing signal waveform. The difference in directional diagram width 
which constitutes 0,45 mm, is explained by the presence of distinct cross section 
area of defect model which was used in the experiment. The calculation of acoustic 
tract` geometrical characteristics, typology of which is shown in Fig. 1, shows that the 
surface on which acoustic waves fall approximates by its form to the pellet segment 
with the radius equal to 0,4 mm. It constitutes the difference of point scatterer from 
the experimental sample. This fact evidently appears to be also the reason for some 
differences in the form and sizes of side lobes presented in Fig. 3d and Fig. 4d. 

The presented here results illustrate quite high degree of reliability of modeling 
method of antenna array directional diagram with data processing by SAFT method.

4. Conclusions
The carried out research allows to make the following conclusions.

1. The technique of computer modeling of antenna array with information 
processing with SAFT algorithm allows more vividly and with high degree of 
reliability conduct the analysis of spatial parameters of directional diagram. 

2. Directional diagram in impulse mode work possesses the characteristic of 
spatial and time-interval localization which depends on the probing pulse 
duration.

3. The directional diagram cross section width depends on the probing pulse 
duration, more than that, it occurs to be less, the lesser the duration is.

4. The directional diagram form in the direction of acoustic beam propagation 
repeats the form of probing signal. 

5. The side lobes amplitude is much less than the corresponding amplitude in 
harmonic mode and the decrease is more, the shorter the probing impact is. 
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