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Ultrasonic arrays provide improved flexibility and 

adaptability to complex configurations with 

comparison to conventional probes. Besides the 

usual application of focused beam, using electronic 

delays at emission and reception, more complete 

operating mode involving per-channel signals 

acquisitions are more and more encountered. To 

fully exploit this data, in order to localize and to 

characterize the defect, efficient imaging and 

reconstruction tools based on a direct modeling of 

the inspection are required.  

A time of flight inverse matching reconstruction 

method has been implemented in the NDT software 

platform CIVA. The method consists in a coherent 

summation of the received signals for all points of 

the region of interest and can be used with different 

operating modes of the array. It exploits the forward 

models available on the platform and therefore it can 

deal with complex configurations (non canonical 

geometries, heterogeneous and anisotropic 

materials). In this communication we present results 

on both simulated and experimental data which 

show the performances of the method and its 

sensitivity to various acquisition parameters 

(inaccuracy of the probe position and orientation or 

surface description, etc…) . 
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INTRODUCTION 

Arrays techniques are increasingly used in ultrasonic 

non destructive testing industrial applications, 

thanks to their intrinsic versatility, combined to 

increased performances of commercially available 

acquisition systems and array probes. While regular 

operating modes such as focusing, steering and 

various electronic scanning or any combination of 

those have been implemented for a long time, they 

have been usually limited to 1D probes such as 

linear or circular arrays. However, the ever-

increasing number of UT channels available within 

the acquisition systems enables the use of these 

techniques with matrix array probes. While 3D beam 

sweeping, focusing, electronic scanning and data 

reconstructions offer new inspection possibilities; it 

is crucial to conceive simulation tools and user-

friendly interfaces that will help users exploit these 

tools to their full potential.  

The French Atomic Commission (CEA) has been 

developing for years semi-analytical models 

dedicated to UT. These simulations tools allow 

computing delay laws, beam propagation, flaw 

scattering, as well as imaging tools. Those different 

features are available for simple (circular, linear) or 

more sophisticated (1.5D or 2D matrix arrays, 

sectorial arrays) patterns. 

In this paper, we study reconstruction algorithms 

based on an inspection modeling, which allows 

dealing with complex configurations. The proposed 

algorithms derive from the synthetic focusing 

approach, which consists in coherently summing the 

received signals to have maximum amplitude where 

scatterers are really located. Basically, the 

algorithms exploit the time of flight, which is 

evaluated theoretically from existing forward 

models, which allow to deal with non-canonical 

situations (complex geometry, heterogeneous parts, 

anisotropic materials, etc…) [1, 2]. Moreover, the 

adopted approach is generic and can be applied to 

any inspection providing a set of ultrasonic signals. 

So a wide range of array operating modes (electronic 

scanning, beam steering, transmit-receive 

independent functions, per channel acquisition…) 

can be processed. 

The simulation tools and their related configurations 

are first briefly introduced. In a second time, the so 

called FTP algorithm is described and several 

applications on both simulated and experimental 

data are proposed. 

MODELING OF PHASED 

ARRAYS TECHNIQUES IN CIVA 

Beam propagation and flaw response 

computation 

UT semi-analytical models aim at fully predicting an 

inspection. In order to simulate the inspection, 

various flaw scattering approximations may be 

involved [2-4], depending on the configuration cases 

(type of inspection: pulse echo, tandem or TOFT 

technique) and on the flaw type (volumetric void 

flaws, crack-like flaws, solid inclusions), while the 

field incident over the flaw is modeled using a 

surface integral aperture over the transducer aperture 

[5]. Finally, the synthesis of the signal at reception is 

computed using an argument based on Auld’s 

reciprocity [6]. This calculation is achieved for each 

scanning position of the probe and each applied 

parameters (delay and amplitude law) over the array, 

and for each elementary mode contribution: direct 

specular echoes in longitudinal and transverse 

modes, corner echoes with or without mode 

conversion occurring over the flaw or over the 

backwall, then the overall echo at reception is the 

summation of all these elementary modes.  

Delay laws and operating modes 

Because matrix array probes can perform full 3D 

volumetric inspections, it is necessary to develop 

user-friendly interfaces that allow the calculation of 
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the most complex delay laws. One can now use the 

recent developments to define the pattern of the 

active source and reception. This pattern can be of 

any shape; a square and ring patterns are shown as 

example in red in Figure 1. These patterns can then 

be electronic scanned across the full aperture of the 

array. Two trajectories are presented in Figure 1, a 

crenel-like displacement and a displacement along 

the diagonal of the array. It is possible to assign two 

totally different trajectories for the source and 

reception for tandem application.  

 

Figure 1 : Patterns (red elements) 
and trajectories across a matrix 

array probe (arrow). 

After defining the patterns and trajectories, one can 

calculate delay laws to focus and/or deflect the beam 

in 2 or 3 dimensions according to the symmetry of 

the array. The delay law calculations take into 

account arbitrary component shapes (canonical or 

CAD defined) and structures (homogeneous or 

heterogeneous, each medium being isotropic or 

anisotropic). This skill is available for linear, matrix, 

circular, sectorial, encircling or encircled arrays and 

various operating probes (contact, immersion, 

flexible, dual T/R probes). Finally, a dynamic depth 

focusing delay law algorithm has been implemented 

to homogenize the beam spot within a desired 

inspection range of depths, with fixed or optimal 

aperture of the array pattern.  

Imaging and reconstruction tools 

The application of delay laws to drive the beam 

leads to a collection of different UT paths (for 

instance: multiple angles in sectorial scanning 

techniques) and potentially large amount of data 

collection (acquisition and storage of elementary 

signals received by each channel of the array for 

post-processing). For each applied delay and 

amplitude laws, it is possible, thanks to previously 

presented simulation tools, to determine the UT 

paths, time of flights or the amplitude of the radiated 

or scattered field inside the component. The 

knowledge of these allow to build true scan image 

(display of ultrasonic echoes according to the 

specimen frame coordinates) as well as post-

processing summations of elementary signal to map 

a region of interest. Figure 2 shows some of these 

tools for measuring the focal spot dimensions of a 

circular array using different focal laws, evaluating 

the actual refraction angles (both features relying on 

a complete beam propagation), as well as a more 

simple (and very fast) ray tracing tool showing the 

UT paths used for focusing over a side drilled hole. 

 

Figure 2 : Tools for evaluating 
phased arrays techniques: a) 
measure of the focal spot, b) 

estimation of the actual 
refraction angle, and c) ray 

tracing tool. 

DATA RECONSTRUCTION OF 

ARRAY DATA 

Principle of the method 

New tools dedicated to the management of phased 

arrays data (both simulated and experimental using 

phased arrays acquisitions system developed by 

M2M [7]) have been added to the CIVA platform. 

These tools allow post-processing the data acquired 

in a phased array inspection by each element of the 

array [4]. The post-processing technique consists in 

summing the elementary contributions time shifted 

and weighted using model-based delay and 

amplitude laws:  





N

n

nPnPSWPE
1

)(  

Where )(PE is an estimation factor, representative 

of the probability of presence of a flaw at point P, 

nPS  is the amplitude of the nth signal at time of 

flight attributed to the point P, and 
nPW  is a 

weighting coefficient. The principle is described on 

the Figure 3. 
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Figure 3 : Synthetic focusing: 
principle of the FTP method 

Application to experimental data 

acquired through a complex profile 

The application of such reconstruction technique is 

illustrated for an experimental tests carried out over 

a complex profile component, representative of 

irregular state of surface that may be observed in the 

vicinity of welds. A linear array of 64 elements lies 

over a ferritic steel of complex profile, containing 8 

side drilled holes (4 side drilled holes are located 

below a planar part, while the 4 other reflectors are 

located below a complex part).  

The acquisition is carried out as follows: the first 

element is used as a transmitter, and signals received 

by each element of the array are picked and stored, 

then the second element is used at transmission and 

all echoes are stored. Finally the complete set of 

transmitters and receivers (64x64 signals received 

for one position of the probe) are used to form the 

collection of UT data. This technique is sometimes 

referred as the full matrix capture (FMC) or transfer 

matrix by different authors. Figure 5 shows the 

Ascans received on the array, as the first element is 

used for transmission. The four echoes scattered by 

the side drilled hole are clearly observed by the 

array, although this configuration is somewhat 

unfavorable, as the array aperture is shifted with 

respect to the flaws position (one also has to note 

that the first element is the element closest to the 

side drilled holes). The observed echoes correspond 

to smooth hyperbolic curves, as this series of side 

drilled hole is located below the planar part of the 

component. 

Using the collection of signals received in the FMC 

acquisition, the summation of echoes is performed in 

a region of interest in the component. Basically, this 

so called “FTP” time of flight inverse matching 

technique relies on the calculation of UT paths 

propagations from the transmitting element, a 

supposed point source scatterer lying in any position 

of a reconstruction area, and the receiving element. 

 

Figure 4 : Examples of signals 
acquired by the array, using the 
full matrix capture acquisition 

Those paths are modeled using the previously 

detailed simulation tools for beam computation and 

flaw scattering and the amplitude at the 

corresponding time of flight is extracted on the 

elementary signal. These amplitudes are summed up 

to obtain the amplitude of the point in the 

reconstruction area. 

 

Figure 5 : Reconstruction over 
planar and irregular parts of the 

component 

The results obtained for two positions (the first one 

corresponding to the previous figure, and the second 

one corresponding to the axis of the array probe 

aligned on the second series of side drilled hole, that 

is to say in front of the complex part of the 

component) are displayed on the Figure 5. It can be 

seen that both reconstructions give excellent results 

in terms of positioning of echoes (the reported 

circles correspond to the exact positions of the side 

drilled hole in the component), resolution, and 

signal-to-noise ratio. 

Example of sensitivity of the method 

to the configuration parameters 

To illustrate the influence of inaccurate position of 

the probe, reconstructions have been performed with 

the same experimental data using corrupted 

simulation configurations and are compared to that 

obtained with the exact model (Figure 6a). Loss of 

detection (around 4 dB) and wrong localization (less 

than 1 mm) can clearly be observed in the case of a 

1mm misalignment of the probe (Figure 6b). These 

performances are significantly decreased (6 to 11 dB 

and 3 to 8 mm) with additional 1° disorientation of 

the probe (Figure 6c). 
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Figure 6 : Influence of inaccuracy 
on probe position 

Multimode reconstruction 

Using the forward simulation tools, the FTP method 

can deal not only with direct wave path, as in the 

previous case, but also with those including a 

backwall reflection. The Figure 7 describes all the 
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possible corner echo wave paths, compared to the 

direct one. The indirect wave path can also be 

considered. Such multiple reconstruction modes 

have shown interest in literature [8]. 
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Figure 7 : Definition of direct (a) 
and corner echo (b) wave paths 

 

As an illustration, the FTP method as been applied 

on experimental data acquired with a 2.25 MHz 

flexible phased array transducer composed of 24 

elements. The probe lies over a ferritic steel sample 

with a complex profile and complex backwall, 

representative of a welded component. A 10 mm 

high surface breaking planar defect is embedded 

before the weld root. The reconstruction obtained 

with the direct mode is compared to those obtained 

taking into account the most significant corner echo 

modes for this configuration, TLL, TLT and LLT. 

As expected, using the direct mode reconstruction, 

the two tip diffraction echoes are correctly localized 

at the edges of the defect. On the other hand, the 

reconstructions taking into account the corner echo 

wave paths give only one main indication, localized 

along the defect. Furthermore, the comparison with 

the same reconstructions obtained on simulated data 

give a very good agreement in all cases.  
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Figure 8: corner echo mode 
reconstruction in a complex 

profile component 

Application to full 3D reconstruction 

The FTP method is now used is the case of a matrix 

array probe (11x11 elements, pitch 6.5 mm, 1-MHz 

central frequency) in contact with a ferritic steel 

specimen (220 mm thick) containing various flat-

bottom holes (FBH, 2 mm in diameter) of different 

height (5 mm to 60 mm). The position of the probe 

over the flat-bottom holes is shown in Figure 9. 

The acquisition scheme used here is referred to as 

Full Matrix Capture (FMC). It can be explained as 

follow: an electronic commutation is performed for 

which each element of the array is successively 

being used as a source while all the elements are 

used as receivers. A set containing all combinations 

of transmitter and receiver elements (121x121 

signals for one mechanical position of the probe) is 

being stored for post-processing. BScan and AScan 

from this set are shown in Figure 9; the signal-to-

noise ratio associated with the FBH is relatively 

weak, which can be explained by the relatively long 

ultrasonic path and the small size of the sources and 

receivers (one element). 

The reconstruction algorithm described before 

is used for experimental data along two 

perpendicular planes containing the holes. Figure 9 

shows the superimposition of the two 

reconstructions upon a 3D view of the component 

containing the flat-bottom holes. It is important to 

notice that despite the poor signal-to-noise ratio 

observable in the individual ascans, the 

reconstruction technique leads to a clear detection of 

all the holes. The FMC acquisition combined with 

the reconstruction method presented here allows the 

detection of the defects without having to scan the 

specimen in all directions. 

 

 

Figure 9 : Inspection 
configuration, examples of 

signals acquired during the FMC, 
and reconstruction result. 

 

Reconstructions on simulated data obtained in an 

equivalent configuration have also been performed. 

To illustrate the full 3D data visualization, 

volumetric rendering using iso-surfaces are 

displayed on Figure 10. Using this 3D view, we can 

see that all the defects are correctly detected and 

localized in the component.  

 

 



S. Chatillon - Page 5 

Figure 10: volumetric rendering 
with iso-surfaces 

Conclusion 

In this paper, we describe reconstruction algorithms 

based on the synthetic focusing approach. Unlike the 

classical reconstruction techniques, the algorithms 

have been coupled to existing forward models, 

which allow dealing with complex parts. We have 

presented some examples of results obtained on 

simulated and experimental data, which show the 

ability of the reconstruction to localize echoes in 

parts presenting irregular surfaces and backwall. 

Examples of multi-modes and full 3D 

reconstructions have been proposed on planar and 

complex components. A first estimation of the 

sensitivity to the control parameters has also been 

studied. Work in progress aims at accurately 

quantifying performances of the algorithms coupled 

to various operating modes of array inspection. 
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