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Abstract 

The shallow subsurface defects are difficult to be identified and quantified by ultrasonic time-of-flight diffraction 
(TOFD) due to the low resolution induced by pulse width and beam spreading. In this paper, Sparse-SAFT is pro-
posed to improve the time resolution and lateral resolution in TOFD imaging by combining sparse deconvolution 
and synthetic aperture focusing technique (SAFT). The mathematical model in the frequency domain is established 
based on the l1 and l2 norm constraints, and the optimization problem is solved for enhancing time resolution. On this 
basis, SAFT is employed to improve lateral resolution by delay-and-sum beamforming. The simulated and experimen-
tal results indicate that the lateral wave and tip-diffracted waves can be decoupled with Sparse-SAFT. The shallow 
subsurface defects with a height of 3.0 mm at the depth of 3.0 mm were detected quantitatively, and the relative 
measurement errors of flaw heights and depths were no more than 10.3%. Compared to conventional SAFT, the time 
resolution and lateral resolution are enhanced by 72.5 and 56% with Sparse-SAFT, respectively. Finally, the proposed 
method is also suitable for improving resolution to detect the defects beyond dead zone.

Keywords:  Time resolution, Lateral resolution, Time-of-flight diffraction (TOFD), Sparse deconvolution, Synthetic 
aperture focusing technique (SAFT), Sparse-SAFT
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1  Introduction
Ultrasonic testing is widely used to inspect material 
properties and estimate defects quantitatively [1, 2]. 
Time-of-flight diffraction (TOFD) is an ultrasonic test-
ing technique with high inspection speed and accurate 
size measurement, and B-scan image is the common 
mode for presenting detection results [3–7]. However, 
ultrasonic signals are received in the wide range due to 
beam spreading, inducing that the tip-diffracted waves 
are displayed as hyperbolic arcs in the B-scan image. 
Meanwhile, the detectable range by TOFD is more than 

7.0 mm in general [8]. The shallow subsurface defects 
located in dead zone are hard to be identified because of 
the superposition between lateral wave and tip-diffracted 
waves [8–10]. Therefore, it is necessary to improve lateral 
resolution and time resolution in TOFD detection image 
by combining signal processing techniques.

The deconvolution techniques are beneficial to improv-
ing time resolution. Compared to conventional Weiner 
filter, the Weiner filter followed by autoregressive spec-
tral extrapolation is more suitable to separate overlapped 
signals by the specific combination of multiple frequency 
windows [11, 12]. This method was employed by ultra-
sonic TOFD technique to quantitatively evaluate the 
near-surface notch with 3.0 mm depth [13]. In contrast, 
the sparsity reflecting the limited number of spikes in 
reflection sequence is the powerful prior information 
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in ultrasonic testing. Some sparsity-based methods are 
developed to obtain the sparse signals with high time 
resolution by introducing l1-norm constraint rather than 
extending the frequency band [14–19]. For example, the 
sparsity constraint is imposed on the overlapped TOFD 
signals from defect, realizing the improvement of time 
resolution and the quantitative estimation of 0.5 μs time 
difference [18].

The delay-and-sum (DAS) beamforming algorithms, 
e.g., synthetic aperture focusing technique (SAFT), are 
well-known for improving the lateral resolution in ultra-
sonic imaging [20]. Meanwhile, SAFT is employed to 
enhance signal-to-noise ratio (SNR) and quantify defects 
by imaging the ultrasonic signals with low directivity 
[21–26]. Based on the relative position between defect 
and TOFD probes [27], the lateral resolution of B-scan 
images is improved to identify defects by using SAFT. On 
this basis, the combination of SAFT and phase coherence 
imaging (PCI) provides better lateral resolution and SNR 
level [28]. It should be noted that the methods mentioned 
above focus on the enhancement of lateral resolution or 
time resolution. When the to-be-detected defects are 
located in the dead zone, the ideal lateral resolution and 
time resolution are difficult to be obtained by the single 
method simultaneously. It is necessary to combine differ-
ent methods for realizing resolution enhancement.

In this paper, Sparse-SAFT is proposed to enhance the 
resolution in TOFD imaging. First, the sparsity of reflec-
tion sequence is applied to processing the TOFD signals. 
Then, the l1 and l2 norm constraints are combined to con-
struct the objective function in the frequency domain, 
weakening the influence of the pulse width and beam 
spreading of original signals. Finally, SAFT is used to 
obtain the high-resolution image, and to size the defects 
in dead zone. Section  2 presents the theories of TOFD 
inspection and Sparse-SAFT. The simulated and experi-
mental results are described in Section 3. Section 4 is the 
discussion, and the conclusions are presented in Section 5.

2 � Theories
2.1 � TOFD Inspection
The schematic diagram of ultrasonic TOFD inspection 
is presented in Figure  1(a), where the transmitter (T) 
and receiver (R) are a pair of probes connected with the 
wedges having the same angle [28–31]. The received sig-
nal y(n) is modeled as

where * represents convolution, w(n) is input pulse, r(n) 
is reflection sequence, and n(n) is the noise.

The B-scan is obtained by using the TOFD probes 
scanning with a step of Δs from position 1 to position 
M, where the probe center spacing (PCS) is 2S. The 
point coordinates of transmitter and receiver at posi-
tion i (1≤i≤M) are respectively defined as (iΔs, 0) and 
(iΔs+2S, 0), and the corresponding received signal is 
denoted as yi(n). Therefore, the B-scan image, i.e., signal 
matrix Braw=[y1(n), …, yi(n), …, yM(n)], is consisted of 
M-number A-scan signals, as schematically presented in 
Figure 1(b).

As shown in Figure 1(b), the received signal yi(n) con-
tains lateral wave and tip-diffracted waves. There is a 
near-surface dead zone with a depth of D due to the pulse 
width of lateral wave, as given by

where tp is the pulse width of lateral wave, and cl is the 
longitudinal wave velocity in specimen.

The dead zone leads to the difficulty in calculating the 
defect depth d and height h with Eqs. (3) and (4).

(1)y(n) = w(n) ∗ r(n)+ n(n),

(2)D= [c2l (
tp

2
)2+clStp]

1/2,

(3)d =

√

(S + cl�t1/2)2 − S2,

Figure 1  Schematic diagrams of ultrasonic TOFD inspection and B-scan image: (a) ultrasonic TOFD inspection, (b) A-scan signal at position i and 
B-scan image
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 where Δt1 and Δt2 are the time differences between the 
lateral wave and the diffracted waves from upper and 
lower tips, respectively.

In addition, the diffracted waves from defect tips are 
displayed as hyperbolic arcs in the B-scan image pre-
sented in Figure  1(b). The low lateral resolution influ-
ences the quantitative estimation of defect depth and 
size.

2.2 � Sparse‑SAFT
In this paper, Sparse-SAFT is proposed to enhance reso-
lution by combining sparse deconvolution and SAFT. 
First, the TOFD inspection model is converted into the 
mathematical model in the frequency domain to con-
struct an objective function.

The expression of Eq. (1) in the frequency domain is 
given by

where Y(f), R(f), W(f), and N(f) are the correspond-
ing frequency spectrums of y(n), r(n), w(n), and n(n), 
respectively.

The frequency spectrum R(f) is estimated by Wiener 
filter.

where W* is the conjugate of W, the noise desensitizing 
factor Q is often approximated as 0.01max(|W(f)|2) [11, 
19].

Meanwhile, the discrete reflection sequence r(n) can 
also be expressed as Eq. (7) [11, 19].

where ri is the amplitude at the ith point; N is the length 
of r(n), and ti is the corresponding time interval between 
the ith point and the 1st point.

The expression of Eq. (7) in the frequency domain is 
given by

Therefore, Eq. (9) is deduced by combining Eqs. (6) 
and (8).

(4)h =

√

(S + cl�t2/2)2 − S2 − d,

(5)Y (f ) = W (f )R(f )+ N (f ),

(6)R(f ) =
Y (f )W ∗(f )
∣

∣W (f )
∣

∣

2
+ Q

,

(7)r(n) =

N
∑

i=1

riδ(n− ti),

(8)

R(f ) =

N
∑

k=1

[r(tk) cos(2πftk)] − j

N
∑

k=1

[r(tk) sin(2πftk)].

Eq. (9) is rearranged as Eq. (10) according to the 
equivalence of the real parts and imaginary parts on 
both sides.

where A=[real(R(f1)),…, real(R(fN)), img(R(f1)), 
…, img(R(fN))]; C=[cos(2πf1t1),  … cos(2πf1tN),…
,cos(2πfNt1), …, cos(2πfNtN), sin(2πf1t1), …sin(2πf1tN), …, 
sin(2πfNt1), …, sin(2πfNtN)]; R=[r(t1),…,r(tN)]. real{} is the 
real part, and img{} is the imaginary part. More details 
are described in Ref. [13]. It is obvious that the problem 
given by Eq. (10) has multiple solutions.

Subsequently, l1 norm constraint is imposed on R 
based on the sparsity of reflection sequence. The high-
resolution signal can be obtained by solving the following 
problem.

The constraint problem in Eq. (11) is transformed 
into the unconstraint problem in Eq. (12) by combining 
l2 and l1 norm constraints.

where μ is the regularization parameter.
On this basis, the interior-point method [32] is 

employed to solve Eq. (12), and the sparse signal matrix 
Bsparse is obtained by processing every A-scan signal in 
matrix Braw.

Finally, SAFT is implemented on the matrix Bsparse to 
improve lateral resolution. The delay time ΔTi corre-
sponding to position i and an arbitrary point (x, z) in the 
region of interest is given by

The DAS calculation is performed on every processed 
A-scan signal Xi(n) to obtain the reconstructed image 
BSparse-SAFT(x, z).

(9)

Y (f )W ∗(f )
∣

∣W (f )
∣

∣

2
+ Q

=

N
∑

k=1

[r(tk) cos(2πftk)]− j

N
∑

k=1

[r(tk) sin(2πftk)].

(10)A2N×1 = C2N×NRN×1,

(11)min�R�1 s.t.A = CR.

(12)X(n) = argmin
R

{�CR − A�2 + µ�R�1},

(13)Bsparse = [X1(n), ...,Xi(n), ...,XM(n)].

(14)

�Ti(x,z) =(
√

(i�s − x)2 + z2

+

√

(i�s − x + 2S)2 + z2

− 2

√

S2 + z2)/cl .
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The flow chart of Sparse-SAFT is presented in 
Figure 2.

3 � Simulation and Experiments
3.1 � Simulation
Figure 3 presents the schematic diagram of the carbon 
steel model established in the CIVA software platform, 
and the longitudinal wave velocity cl in carbon steel 
is equal to 5890 m/s. The shallow subsurface cracks 

(15)BSparse - SAFT(x,z) =

M
∑

i=1

Xi(�Ti(x,z)).
#1–#3 with height h = 3.0 mm were set at the depth 
d =3.0, 3.5 and 4.0 mm, respectively. TOFD inspection 
was implemented by using a pair of probes with 5 MHz 
center frequency, 70° refraction angle, and 30.0 mm 
PCS. Therefore, the depth of dead zone was 6.1 mm for 
the tp=0.4 μs.

Figures  4(a) and 5(a) present the original B-scan 
image and A-scan signals corresponding to the three 
cracks, respectively. On the one hand, the time differ-
ences between lateral wave and tip-diffracted waves 
are difficult to be determined due to signal superposi-
tion. On the other hand, the beam spreading induces 

Figure 2  Flow chart of Sparse-SAFT

Figure 3  Schematic diagram of detecting shallow subsurface cracks with ultrasonic TOFD
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the tip-diffracted waves presented as hyperbolic arcs 
in the image, influencing the identification of defect 
characteristics.

Figures  4(b) and 5(b) show the reconstructed image 
and A-scan signals by using conventional SAFT, respec-
tively. The lateral resolution is enhanced in comparison 
with Figure  4(a), but there is no obvious improvement 
in time resolution. The arrival times of lateral wave and 
tip-diffracted waves are unable to be obtained from the 
image and A-scan signals.

On this basis, the Sparse-SAFT was employed to pro-
cess the signal matrix Braw. The frequency spectrum 

R(f) was estimated by Wiener filter, and norm con-
straints were imposed based on the sparsity for 
deducing the optimization problem given by Eq. (12). 
Subsequently, the interior-point method was applied to 
solve the problem, obtaining the sparse signal matrix 
Bsparse. Finally, SAFT was implemented by DAS cal-
culation to reconstruct the high-resolution image 
BSparse-SAFT. Figures  4(c) and 5(c) present the recon-
structed image and A-scan signals by Sparse-SAFT. 
Compared to Figures  4(a) and (b), the time resolution 
and lateral resolution in Figure 4(c) are both improved 

Figure 4  Original image and reconstructed images by simulation: (a) original B-scan image, (b) reconstructed image by conventional SAFT, (c) 
reconstructed image by Sparse-SAFT

(a) (b) (c)

Figure 5  A-scan signals corresponding to the three cracks in different images: (a) in the original image, (b) in the reconstructed image by 
conventional SAFT, (c) in the reconstructed image by Sparse-SAFT
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significantly, and the lateral wave and tip-diffracted 
waves are distinguished clearly.

Table  1 lists the crack depths and heights calculated 
with Eqs. (3) and (4) based on the time differences Δt1 
and Δt2 read from Figure 5(c). The relative measurement 
errors are no more than 9.3%.

3.2 � Experiments
Figure  6 presents the carbon steel specimen used for 
experiments. An artificial defect with a height of 3.0 mm 
was machined at the depth of 3.0 mm. The longitudinal 
wave velocity cl was 5890 m/s. Ultrasonic TOFD inspec-
tion was implemented using a pair of probes with 5.0 
MHz center frequency and 30.0 mm PCS. Therefore, the 
defect was located in the dead zone (D=6.1mm).

Figure  7 presents the original B-scan image and the 
reconstructed images by conventional SAFT and Sparse-
SAFT. The A-scan signals corresponding to the defect in 
reconstructed images are shown in Figure 8. The lateral 
resolution is improved by conventional SAFT in com-
parison with the original image. However, there is no 
enhancement in time resolution, as shown in Figure 8(a). 
In contrast, the time resolution and lateral resolution are 
both significantly improved in the reconstructed image 
by Sparse-SAFT. Figure  8(b) demonstrates that the lat-
eral wave and tip-diffracted waves are feasible to identify 
from the decoupled signals. The flaw depth (d=2.83 mm) 
and height (h=3.31 mm) are calculated with Eqs. (3) and 
(4) by the time differences Δt1 and Δt2 in Figure 8(b). The 
relative measurement errors are no more than 10.3%.

4 � Discussion
The low time resolution and lateral resolution restrict 
the identification and quantitation of shallow subsur-
face defects from TOFD images. In this paper, the l1 
and l2 norm constraints are introduced to solving the 
frequency-domain optimization problem for improv-
ing time resolution, and SAFT is employed to enhance 

Table 1  Calculated crack depths and heights and relative errors 
by Sparse-SAFT

Defect 
number

d (mm) Error (%) h (mm) Error (%)

#1 3.28 9.3 3.24 8.0

#2 3.79 8.3 3.09 3.0

#3 4.24 6.0 2.98 0.7

Figure 6  Carbon steel specimen with an artificial defect machined 
at the depth of 3.0 mm

Figure 7  Original image and reconstructed images by experiments: (a) original B-scan image, (b) reconstructed image by conventional SAFT, (c) 
reconstructed image by Sparse-SAFT
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lateral resolution by DAS calculation. It should be noted 
that the DAS images by conventional SAFT are recon-
structed based on the original ultrasonic A-scan signals. 
The signals with wide pulse-width contain redundant 
information of non-defects, resulting in the overlap-
ping of lateral wave and tip-diffracted waves. There is no 
improvement in time resolution by conventional SAFT, 
and the arrival times of the lateral wave and tip-diffracted 
waves are hard to be determined from the reconstructed 
images. In contrast, Sparse-SAFT is proposed to decou-
ple overlapped signals and reconstruct images. The pulse 
widths of lateral wave and tip-diffracted waves are greatly 
reduced. In addition, the improvement of time resolution 
for array signals is beneficial to the enhancement of lat-
eral resolution in reconstructed images with the delay-
and-sum beamforming method, e.g., SAFT and TFM 
[33]. The introduction of sparse deconvolution increases 
the focusing effects of SAFT. The reconstructed images 

by Sparse-SAFT contain less redundant information, 
realizing the identification and location of near-surface 
defects. Therefore, the combination of sparse deconvolu-
tion and SAFT is helpful for enhancing the time and lat-
eral resolution of ultrasonic TOFD images and has higher 
resolution in comparison with conventional SAFT.

Experimental results demonstrate that Sparse-SAFT 
has the ability to realize the resolution enhancement in 
TOFD imaging as shown in Figures 7 and 8. On the one 
hand, the distinguishable time interval Δt is as small as 
0.11 μs, which is reduced by 72.5% compared to the pulse 
width tp=0.4 μs. On the other hand, the full-width at 
half-maximum (FWHM) for the flaw tip in B-scan image 
is decreased significantly by Sparse-SAFT. Figure  9 pre-
sents the transverse profile graphs corresponding to the 
lower tip of the artificial defect in the different recon-
structed images. The measured FWHM in Figure  9(b) 

(a) (b)

Figure 8  A-scan signals corresponding to the defect in different experimental reconstructed images: (a) in the image by conventional SAFT, (b) in 
the image by Sparse-SAFT

Figure 9  Transverse profile graphs corresponding to the lower tip of the artificial defect in different reconstructed images: (a) SAFT image, (b) 
Sparse-SAFT image
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is 44% of that in Figure  9(a) processed by conventional 
SAFT, i.e., the lateral resolution is improved by 56%.

Simulated and experimental results indicate that 
Sparse-SAFT is suitable for identifying shallow subsur-
face defects by enhancing image resolution. Meanwhile, 
the small defects beyond dead zone can also be detected 
by Sparse-SAFT. Figure  10(a) presents another artifi-
cial defect with a height of 3.0 mm at the depth of 11.0 
mm in carbon steel specimen. Two 5.0 MHz probes with 
52.0 mm PCS are adopted to perform ultrasonic TOFD 
inspection. The original B-scan image and reconstructed 
image by Sparse-SAFT are shown in Figure 10(b) and (c), 
respectively. The time resolution and lateral resolution 
are enhanced significantly by Sparse-SAFT, and the time 
differences Δt1=0.76 μs and Δt2=1.23 μs are obtained 

from Figure 10(c). The calculated flaw depth and height 
are respectively equal to 11.0 and 3.2 mm, whose relative 
errors are no more than 6.7%.

5 � Conclusions

(1)	 Sparse-SAFT is proposed by combining sparse 
deconvolution and SAFT to weaken the influence of 
pulse width and beam spreading on the time resolu-
tion and lateral resolution in TOFD imaging.

(2)	 Simulated and experimental results demonstrate 
that the time resolution and lateral resolution 
are respectively enhanced by 72.5% and 56% with 
Sparse-SAFT compared to conventional SAFT.

(a)

(b) (c)

Figure 10  Carbon steel specimen and TOFD images: (a) carbon steel specimen with an artificial defect beyond dead zone, (b) original TOFD B-scan 
image, (c) reconstructed image by Sparse-SAFT
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(3)	 The depths and heights of the defects located in and 
beyond dead zone are determined by Sparse-SAFT 
with no more than 10.3% measurement error.
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