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Abstract. Ultrasonic testing of engineering materials is a well-known technique that can reveal internal defects. A fundamental 

parameter to assess the internal condition of the test object is the sound velocity. However, parameters such as attenuation and pulse 

distortion, can prevent an accurate assessment of the time location of the pulses transmitted. The aim of this work is to study the use 

of time-frequency signal information to reduce noise in the signal by implementing a methodology of signal conditioning using a Gabor 

dictionary and basis pursuit denoising. The experimental results show that the proposed methodology based on time-frequency analysis 

allows accurate and fast-thickness measurements with minimum computational cost. 
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1. Introduction 
Ultrasonic signal analysis for time of flight measurements must deal with noisy signals, unwanted echoes, interference, 

diffraction, and others phenomenon preventing in many cases the identification of echo signals of interest. To accurately 

assess the thickness or location of a discontinuity a correct time location of the echoes is needed. Many techniques such 

as filtering, wavelet transform, and analytical methods (Mallat, 2009) have been studied with that purpose. Here, we are 

implementing a basis pursuit denoising technique which implements an optimization technique for finding a sparse 

solution to an underdetermined linear system using time-frequency Gabor dictionary. This technique has been found to 

speed up the computational signal conditioning in the analysis of acoustic signals. To reduce the uncertainty in the 

determination or time of flight (TOF), Hilbert transform for envelop extraction (Yu & Giurgiutiu, 2005) has shown to be 

a simple technique that can be easily implemented in automatized measurements. 

In this work, we proposed a methodology for thickness measurements based on sparse matrix Gabor dictionary. The 

objectives are twofold, first, to test numerically the proposed methodology and second, to implemented the methodology 

in actual test samples.  

2. Methodology of TOF Measurements 
A major obstacle for the analysis of signals propagating at interface is how to identify and measure signals that correlates 

to the test object’s features you are interested in characterizing. That is a difficult task when there is interference or a low 

signal to noise ratio. A basic time-domain analysis does not provide an easy description of signal`s propagation. Frequency 

analysis using the Fourier transform can determine which frequencies are present in the detected signal, but the time of 

occurrence is lost. In this work, the Short Time Fourier Transform (STFT) combined with optimization techniques are 

used as signal conditioning technique. The STFT evaluates the time-domain signal into a series of small sections of the 

signal. Then, each of these sections is windowed and the Fourier transform is applied individually for each one. The STFT 

of a signal 𝑠(𝑡) is defined as  

𝑆(𝜔, 𝑡) = ∫ ℎ(𝜏 − 𝑡)𝑠(𝜏)𝑒−𝑖𝜔𝑡𝑑𝜏,∞
−∞  

 

(1) 

where ℎ(𝑡) is the window function and 𝑠(𝑡) is the time-domain signal. The resulting 𝑆(𝜔, 𝑡) is a time-frequency matrix 

which can be used together with sparse signal representation to have an efficient signal representation. 

2.1 Basis pursuit denoising 

Basis pursuit (BP) is a linear optimization technique for decomposing a signal into an "optimal"' superposition of 

dictionary elements to find the smallest 𝑙1-norm of coefficients among all such decompositions (S. S. Chen, 2001). It 

finds signal representation in overdetermined dictionaries generating sparse solutions. In general, the BP optimization 

problem can be stated as min𝒙 ||𝒙||1  𝑠. 𝑡.  𝑨𝒙 = 𝒚, (2) 

where 𝑨 is a sparse matrix and 𝒚 is a signal vector; when noisy data (𝒛) is considered, Basis pursuit denoising (BPDN) 

can be implemented as follows 
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min𝒙 12 ||𝒛 − 𝑨𝒙||22 +  𝜆||𝒙||1, (3) 

where the parameter 𝜆 becomes a trade-off parameter between sparsity and fidelity reconstruction, as larger the value of 𝜆 the sparser representation but with the cost of low fidelity of the reconstruction; 𝐴 is the sparse matrix (Gabor 

coefficients) and 𝒙 is the solution vector. 

By using sparse matrix, reconstruction of the time-frequency parameters is expected to be more efficient by reducing 

calculation time and computational cost. Our main goal is to provide a denoised signal appropriated for time of flight 

measurements based on the sparse representation of the signal to estimate the thickness of a sample. Next, we describe 

the methodology used for thickness measurements. 

2.2 TOF measurements 

Eq.(1) when applied to experimental signals generates a map (matrix) of information data including the signal content 

plus noise making the analysis and identification of relevant features on the test signal difficult. To overcome this problem, 

a BP denoising using a Gabor sparse matrix is proposed. The initial matrix 𝑆(𝜔, 𝑡) is converted, by thresholding (𝑡ℎ𝑟) 

into a resulting sparse matrix to leave only relevant signal features for thickness measurements. There are in general two 

threshold types: hard (𝑇ℎ) and soft (𝑇𝑠) 𝑇ℎ(𝑥) = { 𝑥     |𝑥| ≥ 𝑡ℎ𝑟0       |𝑥| < 𝑡ℎ𝑟  (4) 

𝑇𝑠 = { 𝑠𝑖𝑔𝑛(𝑥)(𝑥 − 𝑡ℎ𝑟)             𝑥 ≥ 𝑡ℎ𝑟     0                                 − 𝑡ℎ𝑟 ≤ 𝑥 < 𝑡ℎ𝑟𝑠𝑖𝑔𝑛(𝑥)(𝑥 + 𝑡ℎ𝑟)             𝑥 < −𝑡ℎ𝑟     . (5) 

In these equations, a hard thresholding (𝑇ℎ) is such that for a value (𝑥) below 𝑡ℎ𝑟 it assigns 0, otherwise the value is 

unaffected. Soft thresholding (𝑇𝑠) is an extension of hard thresholding, the elements whose absolute values are lower than 

the threshold are set to zero, and then shrinking the nonzero coefficients towards 0. If 𝑥 is larger or equal than 𝑡ℎ𝑟, then 

the value is equal to (𝑠𝑖𝑔𝑛 (𝑥). (𝑥 −  𝑡ℎ𝑟)) and if −𝑡ℎ𝑟 ≤ 𝑥 ≤ 𝑡ℎ𝑟 signal is 0. Hard thresholding is the simplest method, 

but soft thresholding provides better denoising performance.  

The proposed methodology for thickness measurements is summarized as follows: first, a complete recorded waveform 

(from ultrasonic measurements) is converted into a Gabor transform 𝑆(𝜔, 𝑡). That waveform includes information from 

reflected and transmitted signal as well as echoes from the thickness of the sample. The noise component in the 

spectrogram is reduced by implementing a soft-thresholding (𝑇𝑠). Then, the processed spectrogram �̂�(𝜔, 𝑡)  is inverse 

transformed by the inverse-STFT with a Hanning window function to smoothly connect the points of the inverse-STFT 

period. Finally, a Hilbert transform is used to map a real signal into an analytical complex signal from which a single 

sideband signal can be obtained. Thus, the analytical signal 𝑠(𝑡) of a real signal 𝑥(𝑡) is defined as  𝑠(𝑡)  =  𝑥(𝑡)  +  𝑗ℎ(𝑡) (6) 

where ℎ(𝑡) is Hilbert transform of 𝑥(𝑡) and 𝑗 =  −1. The magnitude of the analytical signal, which is identical to the 

magnitude of the real signal, is called the envelope. 

After that, time of flight (𝑡𝑓) to estimate thickness of the component is extracted from the noise reduced signal, 𝑠(𝑡) 

envelope. The process is schematically shown in Figure 4.  

 
Figure 1. Methodology for signal processing and TOF measurements 

 

3. Experimental setup 
The experimental platform consists of a 6-DOF robotic arm (Figure 1) for manipulation of the ultrasonic probe. The 

robotic arm was used to control the applied force and orientation of the probe. The system’s end effector incorporates a 
wrist force/toque sensor (ATI, Mini40) with a National Instrument NI DAQ PCI-6221 board used to acquire the force 

sensor data. The force sensor is mechanical connected to a probe that consist of an ultrasonic transducer hosted by a 

hollowed hemispherical probe made of a soft elastomer (dry couplant silicone manufactured by Sonemat Inc.). The soft 

probe has an external 𝑅𝑒 = 16𝑚𝑚 radius of curvature; a Young modulus (E) of 0.173MPa, and acoustic longitudinal 

velocity 𝑐𝑙=1.03𝑚𝑚/𝑠𝑒𝑐 (see Figure 4). The piezoelectric transducer was coupled by a water column (length= 17.5mm); 
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the ultrasonic signals travel to the water columns and the elastomer wall to interact with the test object (Figure 4b). The 

transducer is connected to a pulser/receiver device and a100MHz digital oscilloscope gathers and transmits the data 

obtained from the piezoelectric to a PC through USB port. To carry out precise positioning of the thickness measurements, 

a robotic system carried out the test using only ultrasonic information to correct the orientation and to control the applied 

force needed to maximize energy transmission into the test sample (Baltazar, et al., 2019). 

 

 

(a) (b) 

Figure 2. Setup of the experimental system: a) positioning system and soft contact probe equipped with an ultrasonic sensor 

for dry contact ultrasonic test. (b) schematic description of ultrasonic interaction with the probe structure (A, B) and test 

object (C). 

To test our proposed methodology, thickness measurements were performed on a test sample with step varying  thickness: 

7.0, 5.5, 5.0, 3.5, and 2,5 mm having a rms surface roughness of about 3.10 𝜇𝑚; this test sample is commonly used in the 

automotive industry as a calibration block for manual ultrasonic thickness inspection of steel casting (shown in Figure 

3a). Then, the methodology was applied to measure thickness at various location points on an actual automotive 

monoblock engine made from steel casting (Figure 3b) with rms roughness of about 8.5𝜇𝑚.  

 

 

 

 

(a)  

Step thicknessTest 

 

 
(b) 

Figure 3. a) Schematic of the test samples; and b) photo of the thickness test made on an actual monoblock engine. 

4. Results 
Experiments on the sample with varying step thickness were carried out.  An example of signal conditioning process and 

TOF measurements is given in Figure 3.  The input signal (top) is transformed by a multiwindow Gabor transform (Wolfe, 

et al., 2001) using a MATLAB subroutine (http://www.numerical-tours.com); then, thresholding is carried out before 

running the basis pursuit denoising. An example of the results is given in Figure 3, four windows with dyadic sizes 

[64,128,256, 512] were used. There, the signal before (Figure 4a) and after basis pursuit denoised (Figure 4b) as well as 

their corresponding Gabor transform are given. It can be seen that the time domain signal exhibit a considerable reduction 

in noise and a clearer definition of the relevant features that will be used for time of flight measurements. It is also 

noticeable that the Gabor coefficient matrix of the denoised signal has a large number of elements equal to zero (blue 

color/dark) which allow sparse matrix operation. Thus, further analysis using sparse representation will reduce the 

computational complexity of the matrix operations. 

Monoblock engine 

UT sensor 

http://www.numerical-tours.com/
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a) b) 
Figure 4. Signal conditioning using basis pursuit for time of flight measurements (TOF). a) Initial Signal; b) Basis pursuit 

denoised signal; time domain and multiwindow Gabor transform. 

 Once the first two steps of signal conditioning methodology (Figure 1) were performed, a reconstructed signal was 

obtained. The signal has a reduced signal and can be represented by a sparse matrix of time frequency Gabor coefficients. 

Finally, in order to performer the time of flight measurements, Hilbert transformed was applied. In Figure 4, the input 

noisy signal (dotted), the reconstructed signal from basis pursuit denoising (thin line) as well as absolute value of the 

complex Hilbert analytic signal (thick line) are shown. 

Experiments on the test sample with varying step thickness were carried out.  An example of the results from one of the 

step varying thickness sample test (ℎ = 5.00 𝑚𝑚) is given in Figure 5; there, a noisy signal (dashed line), a reconstructed 

(solid black) and the envelope of the reconstructed signal based on Hilbert transform (thick blue line) are given. From the 
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Figure 5. Results of signal conditioning for a) test sample with step varying thickness; b) signal gathered in 

position 2 on the actual steel casting monoblock engine. 
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envelop it is easy to find the maximum for each echo to determine the TOF. The results show that the implemented signal 

processing using basis pursuit denoising removes noise leaving only basic features needed for TOF measurements using 

the envelope generated by the Hilbert transform. As shown below, this allows accurate measurements of the thickness 

using ultrasonic signals.   

Table 1: Results of thickness measurements on a step varying sample made of cast iron with thickness using the proposed methodology. 

Step Direct measurements 
(mm) 

Ultrasonic 
(mm) 

|Error| 
(%) 

7mm* 7.1mm (5.24 mm/𝜇sec ) - - 

5.5mm 5.49 5.48 0.18 

5.0mm 4.97 4.94 0.60 

3.5mm 3.48 3.45 0.86 

52.5mm 2.48 2.45 1.20 

* Used for estimation of sound velocity in the test sample. 

The measurements show a minimal error lower than 1% in the range of thickness tested. Then, additional measurements 

on an actual steel casting engine monoblock were performed at two locations, and the results compared with direct 

measurements (using a caliper). There, we expected a larger error when compare ultrasonic and direct measurement since 

the geometry and roughness are not as well controlled as in the calibration test block. The results are given in Table 2. 

They results still show a acceptable agreement between the direct measurements and ultrasound.  

Table 2: Results of thickness measurements on the test steel casting monoblock engine. 

Position Direct measurements 
(mm) 

Ultrasonic 
(mm) 

|Error| 
(%) 

1 22.8 22.6 0.87 

2 7.6 7.1 6.57 

 

5. Conclusions 
A methodology based on basis pursuit denoising and Hilbert transform to remove noise and leave relevant features for 

thickness measurements was proposed. This was experimentally implemented on a test block and in an actual industrial 

part (steel cast engine monoblock) for ultrasonic thickness measurements with good results. The positioning system of 

the sensor was controlled by a robotic arm. A characteristic of the proposed methodology is the representation of the 

signal with a sparse matrix which can be used to reduce computational time for further signal analysis when multi-sensors 

or simultaneous real time measurements are required. Our future work is the integration of methodology discussed here 

in an intelligent system able to perform ultrasonic thickness measurements in complex parts with minimal assistance from 

a human operator.   
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