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Abstract,   

Uncertainty in ultrasonic thickness gauging could be due to a number of factors. Various sources of electronic and 

structural noise and changes in ambient temperature are among the most important factors affecting these 

measurements. In this paper, the uncertainty in ultrasonic thickness measurements is estimated. Signal processing 

techniques which incorporate a combination of cross-correlation and Wiener filtering are incorporated for 

improving these measurements and reducing their uncertainty. The effect of ambient temperature is accounted for 

by an equation which incorporates changes in wave velocities and density of the material with changes in 

temperature. The results indicate that the proposed technique can substantially reduce the uncertainty and lead to 

more accurate and reliable measurements. It is also shown that the temperature is a significant parameter affecting 

the uncertainty of ultrasonic thickness measurements which is usually overlooked. 

Keywords: Ultrasonic Testing (UT), Thickness measurement, Wiener filter, Cross-correlation, Uncertainty

1. Introduction 

There is a need for more accurate and faster thickness measurement methods when the 

thickness of the part is large and/or both sides of the part are not accessible. Under such 

circumstances, the best method, is Ultrasonic Testing (UT). Some of the advantages of UT over 

other nondestructive methods are: a) it is reliable and does not have any side effects (in contrast 

to radiography), b) it is suitable for almost all thicknesses, c) it provides high sensitivity and 

accuracy, d) it is possible to measure parts with just one accessible surface. Ultrasonic thickness 

gauging is usually done using the well-known pulse-echo technique [1]. 

The basis of ultrasonic testing is the study of changes of the transmitted signal. By analyzing 

these changes, we can determine various characteristics of the part. These characteristics can 

be the part dimensions, structure of the material, internal and surface defects, and elastic 

moduli. One of the most important factors which can dramatically increase the precision of the 

measurement, is how the time of flight of the ultrasonic wave is measured. This is usually 

referred to as time delay estimation (TDE).  

Jacovitti and Scarano [2] studied the accuracy of a number of TDE algorithms and compared 

three TDE methods: cross-correlation, Average Magnitude Difference Function (AMDF) and 

Average Square Difference Function (ASDF). Nandi [3] compared the cross-correlation 

method with ASDF for TDE. He proposed two new cross-correlation based methods called 

MXS and MSX which led to better results for real and modeled signals. He also suggested a 

new interpolation method and showed that it works better than the well-known parabolic 

interpolation. Rui and Florencio [4] studied the effect of colored noise on time delay estimation. 
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They removed the noise by implementing a Gnn subtraction and Wiener filter. Tamim and 

Ghani [5] were able to reduce the noise significantly by implementing a Tchebychev filter. The 

novelty of their work was using a linear interpolation of Hilbert transform of cross-correlation 

function instead of parabolic interpolation. Liu et al. [6] used an relatively sophisticated 

adaptive filter to remove the noise. Although their filter would take quite some time to process 

and analyze the signal, it was very efficient in removing the noise. Using this filter, they were 

able to measure the attenuation and velocity of wave at different frequencies. Kazys et al. [7] 

studied the dispersion and attenuation effects in plastic materials. Matz et al. [8] studied the 

backscattering noise in ultrasonic signals by using the wavelet method. Although wavelet 

method is time consuming, it provides pretty accurate measurements. Rommetveit et al. [9] 

studied the effect of temperature on wave velocity. Honarvar et al. [10] considered the effect 

of temperature on erosion/corrosion thinning rates in industrial piping systems. Kalashinkov 

[11] studied the uncertainty of wave velocity and attenuation constants at different frequencies. 

He used phase slope to calculate wave velocity and was able to reach an analytical equation to 

calculate uncertainly. Duff et al. [12] used a method named short-time cross-correlation for 

Acoustic Emission (AE) source location in a composite plate by means of TDE. 

The objective of this paper is to increase the accuracy of TDE used in ultrasonic thickness 

gauging. For this purpose, a signal processing scheme which incorporates a combination of 

cross-correlation and Wiener filtering is used. One of the sources of error in TDE and thickness 

gauging is temperature of the specimen which is taken into account in this work.  The 

effectiveness and accuracy of the proposed method is verified by conducting ultrasonic 

thickness measurements on a number of specimens. 

2. Time Delay Estimation 

One of the important issues in ultrasonic applications, and in particular thickness gauging, is 

TDE. Many different methods have been used for TDE among which cross-correlation is the 

most practical one [13]. 

2.1 Cross-Correlation 

The cross-correlation function is used for measuring the similarity between ultrasonic echoes. 

The maximum value of the cross-correlation function between two echoes is the time delay 

between the two echoes. For two waveforms 𝑓(𝑡) and 𝑔(𝑡), cross-correlation is defined as 

[14]:  

(𝑓 ⋆ 𝑔)(𝑡) = ∫ 𝑓∗
∞

−∞

(𝑠)𝑔(𝑡 + 𝑠)𝑑𝑠 (1)   

 

where 𝑓∗(𝑠) denotes the complex conjugate of 𝑓(𝑠). The discrete form of the cross-correlation 

function is: 

 

(𝑓 ⋆ 𝑔)(𝑡) =
1

𝑁
∑ 𝑓𝑛 𝑔𝑛+𝑘

𝑁−1−𝑘
𝑛=0         𝑘 = 0,1,2, … , 𝑁 − 1  (2)    

 

where 𝑓𝑛 and 𝑔𝑛 are two length-N signal blocks. 
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2.2 Parabolic Fit Interpolation 

To process the ultrasonic signals, they should first be digitized. By digitizing the signal, its 

accuracy is reduced by 
𝑇

𝑁
, where T is the overall time and N is the total number of points. One 

way to increase the accuracy without spending any extra hardware cost, is interpolation of the 

signal. Considering that the magnitude of the cross-correlation function is similar to the 

Gaussian function, parabolic interpolation is an suitable choice for interpolation of ultrasonic 

signals [5]. 

2.3 Wiener Filter 

The Wiener filter is one of the frequency filters which in addition to reducing noise has the 

ability to reconstruct the spectrum. Unlike filters that are built with windows and are designed 

to remove a specific range of frequencies, Wiener filter is designed to strengthen the main 

signal and weaken the noise signals. One of the Wiener filters for noise reduction and spectrum 

correction used for ultrasonic signals is as follow [15]: 

𝑤(𝜔) =
|𝑆(𝜔)|2

|𝑆(𝜔)|2 + |𝑁(𝜔)|2
 

 

(3)    

|𝑋(𝜔)|2 = |𝑆(𝜔)|2 + |𝑁(𝜔)|2 (4)   

 

where |𝑆(𝜔)| and |𝑁(𝜔)| are the spectra of the noiseless signal and noise, respectively. 

According to (4), when |𝑋(𝜔)| is the noisy signal, the filter can be written as follows: 

𝑤(𝜔) =
|𝑆(𝜔)|2

|𝑋(𝜔)|2
 

 
(5)   

This form of Wiener filter shifts input signal to target signal without changing its phase. It is 

done by weakening and strengthening different frequencies of the signal. The main difficulty 

in applying Wiener filtering in ultrasonic testing is that the spectra of the original signal and 

the noise are unknown. To find the spectrum of the signal, a low noise echo is usually used. 

But it does not always produce good results. The main reason for this shortcoming is the low 

accuracy of the measured signal spectrum due to noise and the short-time pulse. To enhance 

the accuracy of the processed signal, three different methods were used in this paper as 

described in the following Sections.  

2.3.1 Cross-Correlation Spectrum Instead of Signal Spectrum 

We used the following equation to design the filter for the observed signal; 

|𝑆(𝜔)|2 ≈ |𝑆1(𝜔) ⋆ 𝑆2(𝜔)| = |𝑆1(𝜔)||𝑆2(𝜔)| (6)   

In this equation |𝑆1(𝜔)| and  |𝑆2(𝜔)| are the spectra of the two echoes and |𝑆1(𝜔) ⋆ 𝑆2(𝜔)| is 

their cross-correlation function. Because in this method two signals are used for calculating the 

spectrum, noise have less impact on the final result.  
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2.3.2 Using Windows to Enhance the Accuracy of the Signal Spectrum 

Because the duration of an echo is very short in ultrasonic signals, by using larger durations of 

echoes, more noise will be added to signal. Consequently, this will increase the error in time 

delay estimation.  To resolve this problem, we can use zero padding. To choose the appropriate 

window, we can use the short-time cross-correlation method proposed in [12]. Short-time 

cross-correlation is defined as: 

𝑅𝑠1𝑠2
=

∫ 𝑠1𝑙𝑝(�́�)𝑠2𝑙𝑝(�́� + 𝑡)𝑑�́�
𝑤

0

√𝐸s1
𝐸s2

 

 

(7)   

where 𝑠1𝑙𝑝 and 𝑠2𝑙𝑝 are locations of windows, 𝐸s1
 and 𝐸s2

are the energies of the windows and 

W is the length of the windows. Optimal location of the windows is where, short-time cross-

correlation reaches a maximum value.  

2.3.3 Rectangular Window for Reducing the Noise 

One of the good features of ultrasonic signals is their limited frequency band. Therefore, by 

removing frequencies which do not belong to the frequency band, we can substantially 

eliminate the noise. To remove the noise further, window filters are usually used. Various 

window filters have been used, each with a specific purpose [16]. To remove the noise further, 

we can use a rectangular band pass filter. The equation of this filter is as follows: 

𝑤1(𝜔) =
|𝑆𝑤1(𝜔) ⋆ 𝑆𝑤2(𝜔)|

|𝑋1(𝜔)|2
× ℎ𝑟𝑒𝑐(𝜔) 

𝑤2(𝜔) =
|𝑆𝑤1(𝜔) ⋆ 𝑆𝑤2(𝜔)|

|𝑋2(𝜔)|2
× ℎ𝑟𝑒𝑐(𝜔) 

 

(8)   

where 𝑆𝑤1(𝜔) and 𝑆𝑤2(𝜔) are the Fourier transforms of windowed signals and  ℎ𝑟𝑒𝑐(𝜔) is a 

rectangular window in frequency domain. 

3. Temperature Compensation 

As mentioned before, one of the problems encountered in most ultrasonic tests is the difference 

of temperature during the test with that used during calibration. Since many ultrasonic 

thickness measurements are performed continuously without re-calibration, there could be 

large temperature differences between measurements leading to significant errors. Wave 

velocity is calculated as follow [1]: 

𝑐(𝑇0) =
𝑐(𝑇)

√(1 +
𝛽(𝑇 − 𝑇0)

𝐸0
) (1 + α(T − T0))

3
 (9)   

 

where 𝑇0 and 𝑇 are standard and ambient temperatures, respectively, 𝑐(𝑇0) and 𝑐(𝑇) are wave 

velocities at temperatures 𝑇0 and 𝑇, 𝛽 is the coefficient of temperature dependence of Young's 

modulus whose value for most metals is constant, and α is the linear expansion coefficient. 
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4. Experimental Setup 

The measurements were conducted by a pulse echo ultrasonic immersion system, schematically 

shown in Fig. 1. High voltage electronic pulses generated by the pulser/receiver excites a probe 

which converts this energy into ultrasonic waves. This ultrasonic wave is sent into the specimen 

and when it reaches the backwall of the part, some part of this energy is reflected back from 

the surface. The reflected wave signal is transformed into an electrical signal by the transducer 

and is displayed on the screen. Signal travel time can be directly related to the distance that the 

signal travels. By measuring the thickness of the part with a micrometer and knowing the travel 

time, the wave velocity at ambient temperature can be calculated using the following equation: 

𝑐(𝑇) =
2𝐷(𝑇)

𝜏𝑑
   (10)    

where 𝐷(𝑇) is the thickness, 𝜏𝑑 is travel time and 𝑐(𝑇) is wave velocity. 

 

Fig. 1. Working principle of a typical ultrasonic thickness gage. 

5. Results and Uncertainty Analysis 

In this Section, the wave velocities in different samples are measured and their uncertainties 

are estimated. Uncertainty is calculated following Ref.  [17]. Longitudinal and transverse wave 

velocities of 4 components with different thickness (39.38 mm, 42.51 mm, 41.23 mm and 39.42 

mm) are measured.

In these tests, temperature is measured using a TZN45-14C thermometer with a resolution of 

0.1 ℃ and thickness is measured using a Mitutoyo micrometer with a resolution of 0.01 mm. 

The values of 𝐸0, α and β are obtained from engineering standard tables [18, 19] and standard 

temperature is 20℃. The frequency of longitudinal and shear ultrasonic probes are 4 MHz and 

5 MHz, respectively.  

To estimate the repeatability error, each measurement is repeated 9 times. For longitudinal 

waves, first and third echoes and for transvers waves, first and second echoes are being used. 

Time delay is calculated using cross-correlation algorithm (with parabolic interpolation) once 

with employing Wiener filter and once without employing it. Average of measured time delay 

of four samples are given in Table 1. 
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Table 1. Average of measured time delays of four samples.

Sample No. 
Longitudinal wave time delay (μs) Transverse wave time delay (μs) 

Cross-

correlation  
Cross-correlation 

with Wiener filter 
Cross-

correlation  
Cross-correlation 

with Wiener filter 

1 13.31613 13.32044 24.48134 24.48157 

2 14.30189 14.30468 26.26006 26.26304 

3 13.73024 13.73253 24.94858 24.96084 

4 13.13062 13.13247 24.94859 24.951652 

Repeatability uncertainty for the four samples are given in Table 2 and Fig. 2 and 3.

Table 2. Repeatability uncertainity of time delay for each sample 

Sample No. 
Longitudinal wave time delay (μs) Transverse wave time delay (μs) 

Cross-

correlation  
Cross-correlation 

with Wiener filter 
Cross-

correlation  
Cross-correlation 

with Wiener filter 

1 2.29×10-3 1.17×10-3 7.64×10-4 3.46×10-4 

2 5.28×10-4 2.96×10-4 4.33×10-4 1.27×10-4 

3 1.35×10-4 5.69×10-5 1.82×10-3 8.78×10-4 

4 4.51×10-4 3.73×10-4 1.82×10-3 7.48×10-4 
 

 

Fig. 2.  Repeatability uncertainty of time delay for transvers wave. 

 

Fig. 3. Repeatability uncertainty of time delay for longitudinal wave. 

From these data we can conclude that using Wiener filter will decrease the uncertainty resulting 

from repeatability up to %60. Different values obtained for each sample can be due to surface 

roughness, grain size, mode conversion of the wave and side wall echoes. 
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Uncertainty of time delay values are tabulated in Table 3. 

Table 3. Uncertainty of time delay. 

Sample 

No. 

Longitudinal wave (μs) Transverse wave (μs) 

Cross-

correlation 

Cross-correlation 

with Wiener filter 

Cross-

correlation 

Cross-correlation 

with Wiener filter 

1 2.32×10-3 1.22×10-3 9.80×10-4 7.03×10-4 

2 6.38×10-4 4.64×10-4 7.87×10-4 6.69×10-4 

3 3.69×10-4 3.48×10-4 1.93×10-3 1.08×10-3 

4 5.58×10-4 4.97×10-4 1.93×10-3 9.74×10-4 

Wave velocity at test temperature is calculated from (10) and the results are tabulated in 

Table 4. 

Table 4. Wave velocity at test temperature. 

Sample 

No. 

Longitudinal wave velocity (m/s) Transverse wave velocity (m/s) 

Cross-

correlation 

Cross-correlation 

with Wiener filter 

Cross-

correlation 

Cross-correlation 

with Wiener filter 
1 5914.6 5912.7 3217.1 3217.1 
2 5944.7 5943.5 3237.6 3237.2 
3 6005.7 6004.7 3305.2 3303.5 
4 6004.29 6003.4 3160.1 3159.7 

 

Wave velocity at standard temperature by using (9) is given in  Table 5. 

Table 5. Wave velocity at standard temperature. 

Sample 

No. 

Longitudinal wave velocity (m/s) Transverse wave velocity (m/s) 

Cross-

correlation 

Cross-correlation 

with Wiener filter 

Cross-

correlation 

Cross-correlation 

with Wiener filter 

1 5918.5 5916.6 3219.2 3219.2 

2 5948.6 5947.4 3239.7 3239.3 

3 6009.7 6008.7 3307.4 3305.7 

4 6008.2 6007.4 3162.2 3161.8 
 

In this Section we calculated the wave velocity in a number of samples at standard temperature 

using (9) with two different methods and compared the result of these two methods. It was 

observed that by using the Wiener filter, the noise is reduced and consequently the random 

error is also reduced.  This reduction in random error was between %40 and %50. In addition 

to random error, by using the Wiener filter the bias error was substantially reduced. Results 

given in Table 3 show that there is a minor difference between estimated time delay with and 

without implementing the Wiener filter. Because this difference is greater than the uncertainty 

associated with the corresponding values, it indicates the existence of a bias error in 

measurements.  

The effect of temperature changes on wave velocity is usually ignored. Comparing Table 4 and 

Table 5, we can see that temperature is a significant factor and significantly affects the 

measurements. For instance, measured longitudinal wave velocity at test temperature for first 

sample using Wiener filter and cross-correlation function is 5912.7 m/s while the same value 
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in standard temperature is 5916.6 m/s. This indicates that by taking the effect of temperature 

into account, wave velocity can be measured more accurately. 

 

6. Conclusion 

To improve the accuracy of measurement in ultrasonic thickness gauging, a new signal 

processing technique is proposed. This new technique incorporates a combination of cross-

correlation, Wiener filter, and parabolic interpolation. Temperature is a factor which can cause 

error in measuring wave velocity. It is mostly ignored in practice while it can lead to significant 

errors. For solving this problem according to changes in density and Young's modulus due to 

temperature changes, a theoretical equation was used to find the wave velocity at different 

temperatures. Using interpolation combined with cross-correlation and Wiener filtering, the 

accuracy was increased up to 50 times. By removing uncertainty sources due to attenuation at 

different frequencies, noise and temperature variations; random error was decreased up to %60 

and bias error up to %6.5. It was shown that temperature variations have significant effect on 

ultrasonic thickness measurements. Our experimental results show that employing a Wiener 

filter before using time delay estimation algorithm, will decrease the random noise up to %60 

and in addition to that, by correcting the spectrum of the signal the bias error is also removed 

from the measurement process. Based on our experimental results, the accuracies of 

longitudinal and transverse wave velocity measurements are more affected by test conditions 

and material of the sample than the wave mode being used. 
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