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Abstract. SAFT (Synthetic Aperture Focusing Technique) has substantial benefits 
over conventional UT and becomes increasingly popular due to the computational 
power available nowadays. In addition to more precise defect localization, also 
better separation of group indications and the improvement in grain induced (as well 
as electronically induced) signal-to-noise ratio (SNR) are important factors for 
utilizing SAFT.  
 For practical application, it is not only important to ensure sufficient detection 
sensitivity but also to develop an economic solution. Besides system costs the 
inspection duration (respectively the throughput) is the key parameter to be 
optimized. Hence, the question for the optimum inspection grid size arises. 
 Usually the scan grid for SAFT inspection is chosen empirically as this 
question has not been investigated sufficiently yet. The criterion that the sound 
beams shall cover the volume to inspect at least n-times – which is used for 
conventional ultrasonic inspection – is not helpful for SAFT. Of course, at least a 
single coverage has to be demanded, but tests have shown that this is not sufficient 
usually. 
 Within this contribution the influence of the inspection grid is investigated in 
detail. The connection between the choice of the inspection grid and the appearance 
of artifacts is shown. By specifying a limit for the maximum tolerable artifact 
amplitude a criterion for the choice of the scan grid can be derived. The influence of 
specific inspection parameter, such as frequency, sound velocity, beam angle, and 
beam divergence is investigated systematically and it is derived, how the inspection 
grid can be optimized for SAFT inspection. 

1. Introduction  

SAFT is a well known method to improve ultrasonic inspection [1]. In addition to more 
precise defect localization, also better separation of group indications and the improvement 
in grain induced (as well as electronically induced) signal-to-noise ratio (SNR) are 
important  factors  for  utilizing  SAFT [2].  By  superposition  of  the  echo  signals  of  several  
scan positions each location of the inspected volume (“voxel”) is focused individually. For 
a pulse-echo inspection following formula is obtained: 荊(捲王追勅頂) = 布も棚 峭t = 峪舗捲王追勅頂 伐 捲王珍舗潔/ 2

崋嶌択
珍退怠  (1) 

Mathematically speaking, SAFT belongs to the class of inverse methods, i.e. the 
distribution of reflectors is determined based on the ultrasound echoes received. This is 
why the SAFT analysis often is called reconstruction. More details on SAFT may be found 
e.g. in [3]. 
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For practical application, it is not only important to ensure sufficient detection 
sensitivity but also to develop an economic solution. Besides system costs the inspection 
duration (respectively the throughput) is the key parameter to be optimized. Hence, the 
question for the optimum inspection grid size arises. 

1.1 Inspection Grid in Case of Conventional UT 

In case of conventional UT the coverage of the inspected volume is the main criterion for 
the choice of the inspection grid. Usually at least complete single coverage is demanded. 
More safety is achieved by demanding higher coverage i.e. that each location must be 
inspected by at least n beams. This includes redundancy into inspection, which can be 
utilized for example to distinguish electrical noise – that may be present in some industrial 
environments – from indications representing actual flaws. A standard which defines rules 
for the determination of an optimum inspection grid for automated conventional UT was 
published by DGZfP in 2014 [4]. 

1.2 Reconstruction Grid in Case of SAFT 

In case of SAFT it has to be differentiated between the reconstruction grid, which defines 
how detailed the inspection volume is resolved by the calculation, and the inspection grid, 
which defines the resolution of the scan along scan axis and index axis. 

It has to be stressed, that the reconstruction grid can be chosen independently of the 
inspection grid. However, not all choices are reasonable. On the one hand, an extremely 
fine reconstruction grid would not reveal new information in comparison to a properly 
chosen one. On the other hand it has to be ensured, that no indications are missed. Similarly 
as for conventional UT the wavelength determines the lower limit of the measurable extent 
of indications. Similar to the choice of the sampling frequency for conventional UT [5] a 
reconstruction grid of そ/6 … そ/10 is a valid choice, where そ designates the wavelength. 

1.3 Inspection Grid in Case of SAFT 

While the calculation time is influenced by both reconstruction grid and inspection grid 
(and can be sped up by faster hardware for computation) the inspection duration is solely 
determined by the inspection grid. When low sound attenuation and longer sound paths are 
involved, which limit the usable pulse repetition frequency, a proper choice of the 
inspection grid is important. 

There is one thing in common for SAFT and conventional UT: If a location in the 
inspection volume cannot be reached with a beam from any scan position, it cannot be 
tested in either case. Hence, at least complete single coverage has to be demanded for 
SAFT.  It  is  known,  that  the  SAFT  resolution  improves  with  an  increasing  range  of  
directions a location can be reached from [6]. However, it has to be stressed, that this 
relates  to  the  range  of  directions  and  not  to  their  density  or  grid.  As  the  echo  signals  of  
neighbored scan positions have high similarity, it is obvious that there must be a point, 
where a refinement of the inspection grid does not deliver a noticeable advantage. The 
question to answer is at which inspection grid size this is the case. 

In the following we aim to answer this question for the case that there is neither 
electrical noise (e.g. due to lack of EMC) nor other uncorrelated noise, so that there is no 
need for averaging to reduce it. 
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1.4 Formation of Artifacts 

Indications which do not directly result from echoes but instead from the way the 
calculation is done are called artifacts (see fig. 1). Artifacts are generally unwanted 
indications, as they do not represent the actual state of the test specimen. I. e. artifacts are 
formed when an unfavorable parameterization was chosen.  

    

Fig. 1: Result of SAFT reconstruction (a) without and (b) with artifacts 

Essentially the SAFT reconstruction utilizes the fact that time of flight corrected 
echo signals of a defect show constructive interference at the location of that defect and 
destructive interference elsewhere. When considering that a single localized defect 
typically leads to a crescent shaped indication (hyperboloid) in the conventional UT B-
scan, and that by using SAFT each echo signal thereof is mapped to circle segments then 
the echoes of this defect contribute to a region which could be called wing shaped (see 
fig. 2). If the destructive interference works poorly for some reason, artifacts can be formed 
in this region. 

 

Fig 2: “Wing area” around an actual reflector formed by many circle segments  
(one circle segment is colored differently to illustrate how the area is composed) 

Basis of the following considerations is the observation that a coarse inspection grid 
typically produces more and larger artifacts than a fine inspection grid. In this paper the 
influence of the inspection grid choice on the formation of artifacts is investigated in detail. 

2. Method of Investigation 

Similarly as a Green´s function can be calculated and utilized for solving an 
inhomogeneous differential equation the reconstruction of a non-directional point reflector 
has been used to separate the influence of the reflector shape from the influence of the 
discrete inspection grid. An idealized probe and reflector model was used, which includes 
inspection grid, ultrasound frequency, bandwidth, beam angle, beam divergence, surface 
curvature, and defect position. The amplitude of the reflector echo is modeled by a far field 
model, which utilizes a 1/r amplitude characteristic in radial direction and a Gaussian 
amplitude characteristic matching the beam angle and beam width of the probe in lateral 
direction. The phase of the reflector echo is modeled according to the distance between 
probe and reflector  in  relation to  half  of  the wavelength.  Using half  of  the wavelength to  
calculate the phase instead of the full wavelength takes into account that for pulse-echo 
method the ultrasound has to travel each way forth and back. The duration of the pulse is 
modeled in accordance to the bandwidth of the transducer. All together following formulas 
are used: 

(a) (b) 
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畦 = exp 峭伐 (紅 伐 紅待)態倦 嶌exp 峭伐 喧態券態 4エ 嶌exp(倹2講喧) (2) 喧 = " 盤舗捲王追勅頂 伐 捲王椎追墜長勅舗 伐 舗捲王追勅捗鎮 伐 捲王椎追墜長勅舗匪 (0.5膏)エ  (3) 倦 =
紅鳥沈塚態
ln 2

 (4) 

The angle 紅 between the normal vector on the scan surface and the vector from the 
probe position 捲王椎追墜長勅 to the reconstructed position 捲王追勅頂 is taken into account together with 
the beam angle 紅待 and the factor k which expresses the beam divergence 紅鳥沈塚 . The symbol 
p designates the phase difference between the reconstructed position 捲王追勅頂 and the reflector 
location 捲王追勅捗鎮. The bandwidth is taken into account indirectly by the factor n, which 
roughly corresponds to the length of an echo pulse in multiples of one oscillation. The data 
generated with this model was fed into a SAFT reconstruction, so that ideally one localized 
indication should be found (as in fig. 1a).  

This idealized probe and reflector model allows for easy investigation of parameter 
variations. As the artifact amplitude depends on the corresponding reflector echo amplitude 
a relative value has to be used to characterize to what extent artifacts are present. For this 
purpose we define the relative artifact amplitude (RAA), which is the amplitude of artifacts 
divided by the amplitude of the point reflector itself. Conversely for determining the right 
choice of the inspection grid the RAA should not to exceed an application specific value, 
e.g. 10%. 迎畦畦 =

畦銚追痛沈捗銚頂痛鎚畦追勅捗鎮勅頂痛墜追 判 迎畦畦鎮沈陳沈痛 (5) 

Tab. 1 shows the comparison of a series of SAFT reconstructions using data from a 
ultrasonic far field echo signal simulation with the results based on the idealized probe and 
reflector model. From the values given there it can be concluded that the idealized model 
gives valid results.  

Tab. 1: Comparison of results for an echo signal simulation  
with the idealized probe and reflector model 

 Echo signal simulation Idealized probe and reflector model 
Grid Amplitude Distance Amplitude Distance 
1 mm 0.5 % 53.8 mm 0.0 % 39.1 mm 
5 mm 5.1 % 62.1 mm 4.1 % 57.7 mm 
8 mm 28.4 % 36.2 mm 28.7 % 35.9 mm 
10 mm 45.0 % 30.0 mm 44.9 % 28.7 mm 

3. Results 

Unless noted otherwise a set of standard conditions was used for the simulation: ‚ Probe: 2 MHz, normal beam, 12 mm circular aperture ‚ Sample: Flat surface, 5900 m/s (longitudinal wave) and 3250 m/s (shear wave) ‚ Defect: Non-directional point reflector, 200 mm distance from surface 

3.1 Variation of the Defect Depth 

Fig. 3a shows the relative artifact amplitude over the scan grid for a series of reflectors in 
varying depth. Up to a scan grid of one wavelength (2.95 mm) the artifact amplitude 
remains low (< 1.1 % RAA), for a larger scan grid it rises with increasing grid spacing. The 
deeper the defect is located, the slower the curve rises, so that a more coarse inspection grid 
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may be used. In case of a defect close to the surface (s = 50 mm) some surprising behavior 
is observed for a grid of 7 mm or coarser. This will be analyzed in the next section. 

For a normal beam probe the artifacts are located laterally beside the reflector 
location. As shown in fig. 3b the distance to the reflector position varies. The coarser the 
scan grid becomes, the closer the artifacts move towards the reflector position. 

 

Fig. 3: Impact of varying the defect depth: Artifact (a) amplitude and (b) position 

Fig. 3a can be evaluated to determine the maximum inspection grid based when 
limiting  the  artifact  amplitude.  The  result  thereof  for  2%,  5%,  10%,  and  20% maximum 
tolerable artifact amplitude is shown in fig. 4. 

 

 

Fig. 4: Determination of the maximum inspection grid based  
on limiting the maximum tolerable artifact amplitude 

3.2 Shift of the Scan Grid 

In typical cases the defect position is not known (e.g. when searching for defects instead of 
analyzing known ones) so that the relative position of the defect to the scan grid has to be 
considered. Shifts by a multiple of the grid spacing do not have to be considered, as long as 
the scan range on both sides remains larger than the maximum beam diameter. In this 
paper, we do not consider boundary effects so that this case can be neglected. 

As the beam profile is smallest close to the surface we expect the largest impact in 
this type of situation. Hence we have studied the impact of shifting the scan grid for a 
defect in a depth of s = 50 mm. Fig. 5 interestingly shows that the impact is almost 
negligible for a fine scan grid up to 7 mm. For a coarser scan grid, however, we see 
extreme jumps in the artifact amplitude as well as in the artifact position. This fits to the 
observation previously made. Hence, we conclude that such coarse scan grids are not 
usable. 

(a) (b) 

sr 

sr 

Thresholdr 
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Fig. 5: Impact of shifting the inspection grid. 

3.3 Change of Ultrasound Frequency & Sound Velocity 

In the previous section it could be seen that the artifact amplitude curve changes its slope 
where the grid size is roughly one wavelength. This was observed for an ultrasound 
frequency of 2 MHz. Now it shall be investigated if this is a general rule irrespective of the 
frequency. Hence simulations for multiple frequencies have been made. To be able to plot 
them into one diagram the horizontal axis was normalized, so that it shows the inspection 
grid in multiples of a wavelength. Together with increasing frequency the probe aperture 
was decreased, to keep the beam divergence constant. 

It was found that the set of artifact position curves coincide very well. The artifact 
amplitude curves all change their slope where the grid size is roughly one wavelength, but 
the slope depends on the inspection grid. This is reasonable, when keeping in mind, that a 
defect at a defined depth has a larger normalized sound path. A comparison to the set of 
curves for increasing sound path at fixed frequency shows the similarity. 

For the formation of artifacts only the phase variations are relevant, but not if e.g. a 
faster phase variation is caused by higher frequency or by higher sound velocity. Hence the 
impact of changing the sound velocity is equivalent to the impact of changing the 
ultrasound frequency. 

 

Fig. 6: Impact of varying the ultrasound frequency 

3.4 Variation of the Beam Divergence 

While for conventional UT it may be advantageous to use probes with a large aperture 
(small beam divergence) for SAFT probes with a small aperture are considered to be better 
suited. However, when considering artifact amplitude the situation is not that clear: The 
impact of the beam divergence is twofold. For small beam divergence a low artifact level 
can be reached also for a medium-coarse grid, while thereafter the artifact level rises 
quickly. For large beam divergence on the other hand a low artifact level requires a 
relatively fine grid, while thereafter the artifact level rises slower (See fig. 7). In other 

fr 
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words: In cases where large artifacts (e.g. 20%) may be tolerated, the beam angle is fairly 
uncritical, and vice versa. 

 

Fig. 7: Impact of varying the beam divergence 

3.5 Change of the Beam Angle 

The impact of the beam angle for longitudinal waves can be seen in fig. 8. For normal beam 
probes the artifact level is highest, while it decreases slightly at the beginning and then 
more with increasing beam angle. This means, that a normal beam can be considered as 
worst case, which is in useful for small beam angles below 20°. However, it has to be taken 
into account that angle beam inspection is mostly done using shear waves. Due to their 
lower sound velocity the artifact level is higher for this wave mode. 

 

Fig. 8: Impact of varying the beam angle in case of (a) long waves (b) shear waves 

3.6 Impact of the Surface Curvature 

For a moderate convex curvature (DO"œ 1m) of the scan surface the impact is quite 
moderate. The case of planar surface is the worst case, for curved surface the artifacts are 
(slightly) lower. The impact of strong curvature and concave curvature yet remains to be 
investigated. 

 

Dt 

Dt 

くr くr 

DOt 
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Fig. 9: Impact of varying surface curvature 

3.7 Impact of the Probe Bandwidth 

Long pulses (small bandwidth) can interfere for larger phase difference than short pulses. 
Hence the probe bandwidth has some influence on the artifact amplitude i.e. the artifact 
amplitude increases with decreasing bandwidth. From fig. 10 it can be seen, that this is 
relevant for an inspection grid size above one wavelength. 

 

Fig. 10: Impact of varying bandwidth of the probe 

4. Analysis of the Results 

4.1 Calculation of the Phase Difference 

Key for understanding artifact formation is the phase difference p(x) between the reflector 
location and the reconstructed location for a probe moved along the surface (fig. 11). The 
position of the probe is given by x, the distance between reflector and the location to be 
reconstructed by d. The following calculations were done for a normal beam probe 
scanning over a point defect with a distance y to the scan surface. 

 

Fig. 11: Scan configuration and coordinates 

During reconstruction many echo pulses are summarized, namely pulses with phase 
values corresponding to all the scan grid locations. Hence, the effect of the scan grid size 
can be viewed as sampling of the continuous phase difference curve (fig. 12a). To illustrate 
the outcome of the reconstruction process, it is instructive to plot the phase value as a 
cosine oscillation (fig. 12b). Taking the beam profile into account this curve becomes 
limited to the beam width at the depth of the defect (fig. 12c). When using a fine scan grid 
the sampled phase difference closely follows the oscillation of the continuous curve, so that 
summation done by SAFT leads to destructive interference. When using a coarse scan grid, 
however, a stroboscope effect may occur (fig. 12e). Say that the scan grid spacing roughly 
corresponds to a 360° step of the phase difference (which is equivalent to 〉p = 1). In this 

Periodsr Periodsr 
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case the sampled phase difference has a preferred direction (fig. 12d), which leads to 
constructive interference – the artifact.  

When the reconstructed position is equal to the reflector position (d = 0) the phase 
difference p(x) becomes zero everywhere, which leads to constructive interference 
independently of the grid size, and results in the defect indication.  

 

Fig. 12: (a) Phase difference over probe position (b) Cosine of phase difference 
(c) like b but restricted to beam diameter (d) like c but sampled with coarse grid 

(e) detail showing the sampling with coarse grid 

In case of this scan configuration the vectors equation (3) can be expressed by 
following coordinates: 捲王椎追墜長勅 = (捲,0)  (6) 捲王追勅捗鎮 = (0,検)  (7) 捲王追勅頂 = (伐穴,検)  (8) 

Using these coordinates the formula for the phase difference p(x) turns into: 喧(捲) = " 岾紐(捲 + 穴)態 + 検態 伐 紐捲態 + 検態峇 (0.5膏)斑  (9) 

To derive some quantitative insight we discuss the properties of p(x). It can be 
easily found that p(x) is point symmetrical. 喧(捲 伐 穴 2エ ) = 伐喧(伐捲 伐 穴 2エ ) (10) 

Following values characterize the phase difference p(x): 喧(伐穴 2エ ) = 0 (11) 喧(+タ) = 穴 (0.5膏)エ  (12) 喧(伐タ) = 伐穴 (0.5膏)エ  (13) 喧旺(伐穴 2エ ) = "  穴喧穴捲鞭掴退貸鳥 態エ =
穴紐(穴 2エ )態 + 検態 ゲ 1

0.5膏 (14) 喧旺(伐穴 2エ ) 判 4膏 for "any" 検 (15) 喧旺(伐穴 2エ ) 簡 2穴検膏 for 検 伎 穴 (16) 

The stroboscope effect occurs around 喧嫗 ゲ 訣 = 1. Due to (15) this is not the case if g 
is sufficiently small. For larger g and 検 伎 穴 the location of the artifacts is roughly 穴 簡 検膏

2訣 (17) 

(a) 

(b) 

(c) 

(d) 

(e) 
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Comparing this formula with the results for variation of the sound path (fig. 3b) it 
can be seen, that both match as long as d is small in comparison to y.  

To determine the artifact amplitude the beam divergences as well as the finite 
duration of an ultrasound pulse have to be taken into account. Thereof the constructive 
interference amplitude curve is derived (see fig. 13a). When taking these factors into 
account the distance between the reflector position and artifacts becomes limited. For wide 
beam divergence and/or small bandwidth the constructive interference curve becomes 
wider and allows for more than just one artifact on each side. However due to the shape of 
the constructive interference amplitude curve the closest artifacts will be the largest. Hence 
the formula for the distance of the first artifact position (17) can be used to lookup an 
estimate of the expected artifact level from the constructive interference curve. It has to be 
kept in mind, that formula (17) provides a rough value only and that a minor shift of the 
artifact position is caused by the shape of the constructive interference curve. Hence, these 
considerations are not as accurate as the simulations shown in the previous section. Still 
they give insight into the quantitative proportions. 

 

Fig. 13: (a) Constructive interference curve (beam divergence & bandwidth consideration) 
(b) Phase consideration combined with beam divergence & bandwidth consideration 

4.2 Comparison with Classical UT  

To  rate  the  quality  of  an  inspection  grid  (dx, dy) for conventional UT the normalized 
scanning grid rating Rn is used [4]. Rn gives the minimum number of pulses sampling every 
point in the inspected volume. The form of an ultrasonic beam at a particular sound path s 
is simplified by an ellipse with the dimensions Dx(s) and Dy(s) (which represent the -6 dB 
beam dimensions). 迎津 =

経掴態経槻態経掴態穴槻態 + 穴掴態経槻態 (17) 

Using this definition Rn has been plotted for a sound path of 50 mm / 100 mm / 
200 mm / 400 mm. It can be seen that for a scan grid equal to one wavelength Rn = 9 ... 572 
is reached for s = 50 mm ... 400 mm, i.e. several scan points contribute to one location. 
When calculating Rn for the maximum acceptable inspection grid for SAFT based on 
limiting the maximum tolerable artifact amplitude to 10 % as shown in fig. 4, 
Rn = 4.4 ... 103 is obtained for s = 50 mm ... 400 mm. This once again confirms that the 
methods to determine the inspection grid for classical UT are not applicable to SAFT. 

(a) 

(b) 
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Fig. 14: Normalized scan grid rating vs. scan grid spacing 

5. Conclusions 

The connection between the choice of the inspection grid size and the appearance of 
artifacts was shown. By specifying a limit for the maximum tolerable artifact amplitude a 
criterion for the choice of the scan grid can be derived. 

The influence of various parameters was studied. In all scenarios we found that by 
using an inspection grid up to one wavelength a low artifact level can be ensured. However, 
in many cases an inspection grid coarser than one wavelength can be used while 
maintaining a tolerable artifact level. This is e.g. the case for defects remote from the 
surface or from beam angles above 20°. A planar surface can be considered as a good worst 
case approximation for a curved surface, which adds only little conservatism. Using a small 
probe, which is known as beneficial for SAFT, unfortunately requires a finer grid if a very 
low artifact level is required. With increasing bandwidth of a probe the artifact amplitude 
decreases. 

While we have investigated the influence of several parameters there is still 
questions to be investigated. Firstly there is the impact of a limited scan range respectively 
border effects. Secondly there is the impact of position jitter. The investigations of 
R. Böhm [7] about the phase jitter can serve as starting point. And last but not least it 
should be considered, if the considerations can be transferred to 3D-SAFT and FFT-SAFT. 
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