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Abstract 

 
Phased-Array Ultrasonic Testing probes bring efficiency and flexibility for fast and accurate 
testing of various parts. Two-dimensional (2D) arrays offer very promising prospects as 
regards to flexibility (steering) and analysis (imaging) but currently suffer major drawbacks. 
The number of elements/channels of electronic devices do not allow for sufficiently large 
probe aperture to ensure efficiency with matrix probes. On the other hand the design of 
complex 2D probes can become a difficult task without the help of dedicated tools. We have 
introduced in the CIVA software the possibility to define non-conventional 2D-array probes 
with complex element patterns and arrangements to solve these difficulties.  
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1. Introduction 
 
Ultrasonic phased-array probes have been accepted in the industry thanks to their flexibility, 
their imaging capabilities and the gains in productivity. Portable phased-array systems are 
becoming largely available allowing nondestructive inspections to move to the factory floor. 
However, because of cost constraints the number of channels available on most systems is 
still limited restraining most applications to the use of linear arrays. While one-dimensional 
(1D) array have brought tremendous benefits to NDT inspections, their steering and focusing 
capabilities are limited to only one plane. Some applications may still require steering and 
focusing out of the inspection plane. 2D arrays such as matrix arrays and annular sectorial 
arrays are already available from probe vendors. Flexible versions of the matrix arrays, for 
which the elements are molded into a soft resin that can adapt to the surface of the specimen 
under inspection, are also available [1]. 
 
While 2D arrays offer great benefits there is still a number of obstacles that currently limit the 
use of these probes in the field. Steering in three dimensions is possible as long as users 
respect the half-wavelength element pitch rule to prevent the generation of grating lobes. But 
with a limited number of channels fixed by the electronic systems, often 128 or 256, 
respecting the pitch rule translates into a small total aperture thus decreasing the probe 
focusing capability. The size limitation can also prevent 2D probes from taking advantage of 
some of the phased-array benefits. Electronic scanning, which improves productivity by 
replacing mechanical scanning, can become quite limited when the number of elements in 
each direction is small. Pitch/catch inspections with a phased-array probe, which consist in 
using two different apertures of the array (one as emitter and the other as receiver) to perform 
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measurements such as Time Of Flight Diffraction (TOFD) can be limited since the distance 
between the two apertures can be small. 
 
We see that the major drawback of 2D arrays is their limitation in size. Several authors have 
looked at increasing the size of the probe by adjusting the element pattern of the probe. 
People have studied hexagonal arrangement of elements to optimize sampling lattices for 
geophysical surveys [2]. Velichchko shows that a hexagonal sampling can increase the size of 
an array by 20% compare to a matrix array since elements are located on a triangular grid 
with a spacing λ/√3 instead of λ/2 for matrix array [3]. Irregular arrangements of elements 
have also been studied because they offer the potential for improved spatial resolution and/or 
reduced grating lobes compared to an array with a regular sampling and the same number of 
elements. Since grating lobes are caused by the periodicity of an array, random distributions 
have been investigated as a way to break this periodicity. Austeng et al. have studied various 
element arrangements using various combination of symmetry starting from a dense 2D array 
probe [4]. Other authors have studied arrays with elements lying along spirals [5]. While these 
probes show potential advantages, their complex designs make it harder to predict their 
performances and limitations. It is necessary to develop tools (probe and element definition, 
delay law calculation, spot size, grating lobes evaluation…) to exploit their full potential. The 
French Atomic Commission (CEA) has developed for years semi-analytical models dedicated 
to UT that allow delay laws, ultrasonic beam field and beam-defect interaction calculations to 
assess performances of single element probes and standard (linear, matrix, sectorial) phased-
array probes [6]. In this paper we extend these tools to allow the design and the use of 2D 
arbitrarily complex arrays.  

 

2. Modeling of phased-array probes in CIVA 
 
Designing a phased-array probe and predicting its performances and limitations is often the 
first step for the qualification of an inspection procedure. The application of beam sweeping, 
focusing, electronic scanning and more complex delay laws for 1D or 2D probes requires 
advanced settings and simulation tools. These simulations tools, which are gathered in the 
CIVA software developed by CEA, allow the computation of delay laws, beam propagation, 
flaw scattering, and offer means to display the data in the 3D CAD file of the component. 
Those different features are available for 1D (circular, linear) or 2D arrays (matrix, sectorial) 
for rigid and flexible probes.  
 

2.1 Beam propagation and flaw response computation 

 
Calculating the ultrasonic beam field allows one to measure spot size, to visualize the 
propagation of the ultrasonic energy, to evaluate the amplitude of grating lobes…and thus 
check that the beam has the desired characteristics. The ultrasonic beam field radiated by a 
probe can be simulated in CIVA by using a semi-analytical method based on the synthesis of 
the impulse response function. This model assumes that the beam may be obtained by 
summing the contributions of individual sources distributed along the surface of the probe. 
These elementary contributions are calculated using the “pencil method” [7]. Once all 
contributions have been evaluated, the impulse response is calculated and convoluted with the 
waveform of the probe. For phased-array probes, a phase shift is applied to each individual 
contribution according to the time delay applied to each element of the probe. This 
formulation allows to take account arbitrary waveforms and arbitrary delay laws without the 
need of new calculations. This method is valid for homogeneous and heterogeneous 
structures, isotropic and anisotropic materials, canonical geometries and complex shapes.  



 
While beam field calculation is important to check the characteristics of the beam radiated by 
the probe, flaw scattering simulation is necessary to predict the actual performances of the 
inspection by calculating responses from flaws and specimen boundaries. Various defect 
scattering models have been implemented in CIVA depending on the flaw characteristics and 
involved scattering phenomenon Kirchhoff approximation for cracks, voids and geometry 
echoes, Geometry Theory of Diffraction (GTD), Separation Of Variable (SOV) for side-
drilled holes and Born for inclusions. The signal received by the probe is calculated using 
Auld‟s reciprocity relations.  

 
2.2 Delay laws and operating modes 

The main advantage of phased-array probes is the ability to form a beam with particular 
characteristics (refracted angle, focalization…) by applying time delays to the elements of the 
probe to create constructive interferences between the wavefronts generated by each element. 
In CIVA, several algorithms have been implemented to calculate beam focusing along one or 
several points, sectorial scanning, electronic scanning, any combinations of those three and 
Full Matrix Capture (FMC). Those delay laws are calculated from geometrical paths or 
extracted from beam simulations, according to the complexity of the specimen (geometry and 
material). In addition, the user can use a manual mode in which he can select any aperture 
(that can be different for emission and reception) and move these apertures across the whole 
array using arbitrary electronic trajectories.  

 
2.3 Imaging and reconstruction tools 

Beyond the detection of flaws, one important aspect of NDT is the characterization meaning 
the identification, localization and sizing of irregularities found in components. Defects can 
be acceptable if they are found in non-critical locations or smaller than some critical 
dimensions that depend on the application. Information about a defect (size and position) can 
be obtained through data reconstruction meaning by displaying ultrasonic data in the 
referential of the component. Overlaying ultrasonic data with a 3D image of the part under 
inspection helps optimizing probe design, inspection parameters and provides a valuable tool 
to operators who perform the inspection. This is even more critical for 2D array probes, which 
can steer the energy in any directions in the component. 
 
A very classical approach for imaging data consists in displaying the ultrasonic signals (the 
A-scans) along “rays” assumed to be representative of the beam axis. This approach is 
commonly used to display sectorial S-scan images. In CIVA, the ray-model to predict the 
acoustic path in the component lies on the same assumptions as the model to calculate the 
delay laws, which allow to display ultrasonic data in simple and complex (3D CAD, 
anisotropic...) parts. Experimental or simulated a-scans can then be overlaid along these 
“rays” to display the data into a 3D CAD file of the component allowing the user to do some 
measurements (position, size...). 
 
Synthetic focusing is a second approach used in CIVA. The approach basically consists in 
coherently summing the signal received by each channel of an array to obtain amplitude 
maxima in a region of interest (ROI) where scatterers such as defects are located. This 
approach has been firstly introduced in ultrasonic NDT in the context of mechanically 
scanned single element transducers with the SAFT algorithm [8]. For phased-array transducer 
the algorithm developed by CEA exploits the forward propagation models presented before to 



calculate the delay laws that are applied at reception to focus at each location in the ROI. It 
might be applied, at least in theory, to any set of signals, its performances depending 
obviously on the acquired data. The synthetic focusing algorithm in CIVA has also been 
generalized to allow multimodal reconstructions following an approach similar to the one 
described in [9]. This generalized version of the synthetic focusing consists first in choosing 
one mode of propagation; then computing the theoretical times of flight along the wavepath of 
that mode (emitter to the point P of focalisation in the ROI to the receiver); finally we extract 
from the acquired signals the corresponding amplitudes and coherently sum the data.  

 

3. Definition of complex 2D array probes 
 

While CIVA allows the definition and use of most “standard” phased-array probes (linear, 
annular, circular, matrix) there is no possibility for users to define probes with various 
element shapes and various distribution of elements across the array. We saw in the 
introduction that multiple array designs have been proposed over the years by several groups 
to try to improve spatial resolution, minimize grating lobes and minimize the number of 
elements. We propose some modifications in CIVA to allow users to define similar 2D arrays.  
 
3.1 CIVA design for complex 2D arrays 
 
As stated earlier, for 2D arrays CIVA is currently limited to matrix array with rectangular 
elements defined by the number of elements, the element size and the space between elements 
and to annular sectorial arrays defined by the number of rings, the ring width and the number 
of elements per ring. To allow more complex arrays, a graphic user interface (GUI) has been 
added to allow users to create or to import designs from a spreadsheet file in which elements 
are defined by their size and positions in the array. Users can choose between any 
combinations of rectangular, triangular, circular and hexagonal elements of any size. These 
designs are connected to the CIVA simulation tools presented earlier to allow delay laws, 
beam field and beam-defect interaction calculations allowing users to verify the performances 
of their array. We also added the possibility to create 2D arrays with random arrangements of 
elements. Poisson-disk distribution was suggested as a way to avoid antialiasing [10] based on 
observations made on photoreceptors distribution in the human eyes. For a Poisson-disk 
distribution, elements are scattered randomly according to a Poisson distribution but are 
subjects to a minimum distance criterion. We have implemented a method developed by 
Gamito et al, which satisfies the minimum distance between two elements but also provides 
maximal distribution [11]. Maximal distribution means that it is not possible to insert any 
further elements in the array without violating the minimum distance criterion between two 
elements. Maximal distribution is desirable to avoid large gaps in the array. The algorithm is 
computationally efficient allowing users to generate sparse arrays rapidly before testing them 
in the various modules of CIVA. The interface requires the users to define the probe aperture, 
the number of elements and the minimum distance criterion.  
 
To illustrate CIVA possibilities several 2D arrays designs have been generated: matrix, 
annular sectorial, hexagonal, spiral and Poisson-disk distribution with the idea to compare 
their performances. The aim is to focus the energy at 45° (longitudinal wave) in the sagittal 
and transverse planes 100-mm deep in a plate made of ferritic steel. The maximum number of 
elements was fixed at 128, the central frequency set at 1.5 MHz and the total aperture at 52 
mm. We tried to keep the aperture and the element size identical for all designs. The matrix 
array is an 11 by 11 array with 2-mm side square elements and a pitch of 5 mm. The annular 
sectorial array has 8 rings with 1, 4, 8, 12, 18, 22, 26 and 36 elements, respectively. The 



hexagonal array has 127 elements with a 4.3-mm pitch. The spiral array has 9 branches with 
14 elements and one in its center; radial and angular parameters were set to offer maximal 
distribution across the array. The sparse design based on Poisson-disk distribution was picked 
after multiple generations. We set the size of the elements to 2 mm and the minimum distance 
between elements to 2.1 mm. The beam fields calculated with the model described earlier are 
represented in the following figure. The first row allows one to see the distribution of 
elements. The middle row represents a beam steering along the saggital plane only while the 
last row represents a deviation in both the saggital and transverse planes. We measured the 
amplitude and size of the main lobe and it is roughly similar for all designs. 
 

 

Figure 1 : 2D array designs (1st) and beam field calculations at 45° along the saggital plane (middle 
row) and at 45° in both the saggital and transverse planes (bottom) 

We see in Figure 1 that the large aperture that we deliberately picked generates grating lobes 
for the various designs for the steering in the saggital plane only and the steering in both the 
saggital and transverse plane. We compare the amplitude of the gratings lobes in the 
following table; reference is the amplitude of the main lobe. 
 

Table 1 : Main lobe, grating lobes and spot size for various 2D arrays 

 Matrix Annular Hexagonal Spiral Sparse 
Grating lobes 
(dB)- saggital 

-9 -8 -12 -19 -17 

Grating lobes 
(dB)-saggital 

and transverse 
-8 -4 -7 -14 -13 

 
We see that the amplitude of the grating lobes is relatively important for the designs that 
display a regular distribution of elements; this could produce large artifacts during inspection. 
Because of the lack of periodicity of the spiral and sparse designs, the amplitude of the 
grating lobes is much smaller (by 7-10 dB). Moreover, the grating lobes displayed by these 
two designs are evenly distributed throughout space instead of showing strong energy for 



some directions. This is coherent with random patterns used in Computer Graphics, which 
remove aliasing but at the cost of uniform noise. 

 
3.2 Application: Hexagonal element probe 

 
A new probe was designed by EADS Innovation Work (IW) for the inspection of large 
composite components in the aeronautic industry. The goal of the probe was to improve 
inspection speed with good tolerance to interface misalignments (front surface and backwall) 
while being compatible with Airbus equipment. Plane structures often exhibit complex forms 
that make ultrasonic inspection difficult without the proper tools to maintain the probe normal 
to the profile (to the fibers). Because of the anisotropy of composite materials, the slightest 
angle from the normal to the interfaces can lead to beam deviations inside the component. 
These deviations are all the more important as the slope of the misalignment (or the slope of 
the backwall), the thickness of composite and the water column are significant. The 
consequent drop in amplitude from the backwall echo can make it impossible to evaluate 
defects such as delamination and porosities. To overcome this problem, current composite 
inspection use large phased-array probes that generate wide beams (either at emission or 
reception) to capture some part of the energy reflected off the backwall even if a small 
misalignment or slope is present.  
 
We propose here a new design that takes advantages of CIVA news possibilities to allow 
faster inspection of composite panels. The number of elements is limited to 64 because of the 
phased-array electronic used for this application. The proposed probe consists in two 
staggered rows of 31 hexagonal elements with a pitch of 2 mm (Figure 2.a); central frequency 
is 3.5 MHz. Two elements are added on each side of the rows to measure the misalignment of 
the probe in the transverse plane. To improve the acquisition speed, the probe is used in a 
paintbrush mode for which all the elements are used simultaneously as emitters with no delay 
law to generate a large plane wave at normal incidence and reception is an electronic scan 
with sequences of either one or three elements. When three elements are selected, elements 1, 
2 and 3 would be used in the first sequence; then elements 2, 3 and 4 would be used for the 
following sequence and so on. We see that the staggered rows and the way the sequences are 
selected allow to perform half-step scanning (1 mm) along the axis between the two rows.  
 

 
(a) 

 
(b) 

 
(c) 

Figure 2 : Phased- array probe with hexagonal elements arrangement (a), beam field calculation (b) 
and bscan for a beam-defect calculation (c) 



Calculations were performed in CIVA with this array for a composite specimen. The later is a 
21-mm thick plate made of multilayered CFRP material [0,45,90,-45]. The matrix is 
composed of epoxy resin, the fibre content is about 60% and the ply thickness is about 255 
µm. Calculation was done using a multiple-scale homogeneized model [12].  
 
Figure 2.b shows the beam field calculation performed for a group of three elements 
(elements 16, 17 and 47) in reception in the center of the array. The result is the convolution 
of the planar wavefront emitted by the whole array to the beam field emitted by that group of 
three elements. Focal spot measurement tool allows one to measure directly the width of the 
ultrasonic beam; the beam is 10.1 mm along the direction of the rows and 6.8 mm. The 
difference between the two directions comes from the beam width of the plane wave at 
emission. Figure 2.c is the bscan obtained for a beam-defect interaction with a Ø6 mm Flat 
Bottom Hole (FBH). The probe is mechanically scanned in the direction perpendicular to the 
direction of the rows with a 1-mm step. We can detect the backwall echo, the echo on the top 
of the FBH and the shadowing effect of the FBH on the backwall echo. Using the -6dB rule 
on the later it is possible to measure the width of the defect at 6 mm±1 mm. This model 
doesn‟t allow yet to represent the structural noise characteristic of normal incidence 
inspection of composite materials. The addition to CIVA of a recently developed noise model 
will allow users to measure the Signal-To-Noise ratio (SNR) and thus evaluate the sensitivity 
of the array. The probe was then used on various plane parts and mockups representative of 
aircraft structures to evaluate the sensitivity to misalignement and the gain in inspection 
speed. The water column used during these operations was 50 mm to be compatible with 
inspections on site. Figure 3.a represents the cscans in amplitude and time of a thick reference 
mockup with various thicknesses that contains FBH of various diameters. The probe was 
capable of detecting FBH as small as Ø6mm even for thick CFRP (168 layers).  The probe 
was then used on a mockup with various thicknesses ranging from 19.5 mm to 49.5 mm with 
various slopes ranging from 1 to 10°. The backwall echo was detected for slope up to 5° and 
even higher for shorter water columns showing good tolerance to misalignment and/or slopes 
in the component. Inspections of real large aircraft components were made with this probe; 
scanning speed was improved by a factor of 15 using the paintbrush method compared to the 
current phased-array probes used on site. 
 

 
(a) 

 
(b) 

Figure 3 : Cscans in amplitude and time for a mockup with FBH of various widths (a) and for a mockup 
with slope (b) 



3.3 Application: Sparse array 
 

A sparse array probe was designed using the Poisson-disk distribution algorithm. The idea 
was to define a 256-element sparse array that can be compatible with 64, 128 and 256-
element systems. We decided to design the array in the shape of a hippodrome (Figure 4) with 
the first 64 element contained within a central disk (red circle), the 128 first elements within 
two disks (blue circles) and the 128 elements left filling the rest of the array while respecting 
the minimum distance criterion. Wiring of the elements was made to respect this numbering, 
which led to the connection of the first 128 elements on the same plug for use on 64 and 128-
element phased-array systems. The central frequency of the probe is 5 MHz, the elements are 
circular and 1.3 mm in diameter and the minimum distance criterion is 0.2 mm. article. 
 

 

Figure 4 : Sparse array based on Poisson-disk distribution 

 
The first application of the probe was to use it for the inspection of a mockup representative 
of the running surface of a rail. Several Hemispherical Bottom Holes (HBH) with diameters 
ranging from 0.3 to 0.9 mm were machined in a ferritic bloc with a curved front surface (210-
mm radius) to represent porosities. The acquisition was a Sparse Matrix Capture (SMC) for 
which we alternately excited 29 elements located on the edge of the array plus three central 
elements while receiving on all the elements. The choice of SMC was made to improve the 
acquisition speed. We used the total focusing algorithm presented earlier taking into account 
the curve front surface to reconstruct the data in a 60x35x13 mm ROI located below the 
surface with a resolution of 0.17mm. The result is presented in Figure 5.  
 

 

Figure 5 : Total focusing reconstruction for a mockup representative of rail structure with various HBH. 

The image on the left is a 3D view of the component with a superimposition of the 
reconstruction in the ROI box. All the defects are detected using this reconstruction 



technique. Using a sparse array allows the inspection of a large zone of a component; 
combined with a SMC acquisition it permit fast acquisition and reduce the amount of data to 
process. 
 
The second application is similar in the sense that we use a SMC acquisition and a total 
focusing method for reconstruction but this using the multimodal approach. The mockup is an 
aluminum plate with three 5-mm high, 25-mm long notches with three different orientations. 
Two probes were used: a 16x8 matrix array with a pitch of 1.1 mm and frequency of 5 MHz 
and the 64 central elements of the sparse array described before. The acquisition for the 
matrix array was a FMC (128x128 signals) while the acquisition for the sparse array is a SMC 
with 12 elements on the periphery as emitters and 64 as receivers (12x64 signals). The ROI is 
a 75x75x15 mm box with 0.25 mm resolution. The mode used for the total focusing 
reconstruction is LLL meaning that the travel paths used by the algorithm are longitudinal 
wave emitted by each element reflected off the backwall and going back to each receiver. The 
results are presented in Figure 6.  
 

 

 

Figure 6 : Total Focusing reconstructions using corner echoes for a matrix array probe (bottom) and 
the 64 central elements of the sparse array (top) 

The defects are imaged along their entire height instead of the usual diffraction and corner 
echoes obtained with LLL waves. This has the advantage of better SNR compared to 
diffraction echoes. We see that the results are similar between the matrix array and the sparse 
array even though we only used 768 signals for reconstruction instead of the 16384 with the 
matrix array. Again a SMC acquisition (which could have been performed with the matrix 



array) and a sparse arrangement of elements allows one to inspect a large zone (here 
75x75x15 mm) in all directions really quickly. 
 

4. Conclusions 
 

In this paper, we presented newly developed CIVA capabilities in terms of 2D array designs. 
It is now possible to import arbitrary arrangements with rectangular, triangular, circular and 
hexagonal elements of any size and orientations. We also added the possibility to define 
random sampling 2D arrays based on a Poisson-disk distribution that allows fast definition of 
random sparse arrays. All these designs are connected to the delay laws, beam field, beam-
defect interaction and imaging reconstruction modules of CIVA to evaluate their 
performances on realistic cases. The applicability of these tools was shown for two probes: 
one with particular arrangement of hexagonal elements and a large sparse array based on 
Poisson-disk distribution. The results confirm that complex 2D array designs coupled with the 
proper tools offer potential for full 3D inspection using today‟s phased-array systems. 
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