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Abstract: Feature extraction of marine protective coatings using Hilbert transform (HT) and wavelet 

transform modulus maximum (WTMM) on terahertz pulsed imaging (TPI) of the coatings was proposed. 

For TPI-based marine protective coating detection, it is difficult to locate exactly the reflected echoes 

form internal structure of coating system by the faint feature in the time domain due to the interference 

of background noise. However, those faint features were usually caused by the interface between two 

different medium layers whose refractive indices are very similar or caused by micro defects beneath 

the coating. The proposed algorithm was validated by simulated and experimental TPI waveform 

obtained from marine paint samples with or without defects. To extract the structure feature more clearly 

and intuitively, Hilbert transform procedure was carried out on detected terahertz signal to get Hilbert 

envelope for further processing. Subsequently, the modulus maximum of the stationary wavelet 

transform approximation coefficients were employed as the criteria for feature extraction of internal 

interfaces and defect features, according to the relationship between WTMM and signal singularity. The 

results demonstrated that the combination of HT and WTMM algorithms could be used to exactly extract 

the structure feature and to evaluate the position of defects beneath coatings. 
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1 Introduction 

As a non-invasive coherent optical imaging modality and with the ability of preserving the time-

gated phase information, terahertz pulsed imaging (TPI) can be applied to characterize the internal 

structures of a sample quantitatively and non-destructively. It could explore the dielectric and optical 

properties of a range of materials including polar/nonpolar liquids, gases, semiconductors and dielectrics. 

It provides the capability for standoff inspection of protective coatings that are otherwise opaque at 

visible and infrared wavelengths [1]. Thus it has great potential in protective coating testing in industry. 

The utility of time-domain terahertz technology for automobile paint thickness measurements has 

previously been demonstrated in the laboratory by T. Yasui et al. [2-3]. T. Fukuchi and coworkers 

determined the refractive index and thickness of the topcoat of a thermal barrier coating from the 

reflected waveforms of terahertz waves [4]. David J. Cook and coworkers discussed the applicability of 

terahertz non-destructive testing for marine protective coatings and took a laboratory investigation to 

measure the dry film thickness of organic coatings. They were developing a standoff sensor based on 

THz pulsed imaging system in reflected mode for the real-time thickness measurement of wet (uncured) 

marine paints for the purpose of providing feedback to an automated system for painting ships in dry-

dock. However, the studies were not cover the embedded defects detection and feature extraction for 

multilayered medium [5-6].  

During the corrosive deterioration process of marine protective coating, the chemical and physical 

characteristics changes in the coating system and thus forms various defects, such as bubbling, rust, 

cracking, shedding etc. Most sever corrosion degradation which may lead to the replacement of a 

complete ship panel (deck, side, bottom, etc.) are developed by micro defects [7-8]. It has been reported 
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that the corrosion rate is predicted to be higher when the coating defects are smaller [9]. It is of practical 

importance to detect possible coating defects and evaluate coating performance for monitoring the 

degradation of paint layers and providing timely and effective maintenance to avoid serious 

consequences due to coating failure [10]. For example, paint-off (detachment or paint bulge) defect, one 

of the most commonest coating defects, is the separation of the paint layer from the substrate or other 

paint layer, and is usually caused by poor painting quality, contamination on the painting substrate, or 

deterioration by aging. It is difficult to detect with the conventional thickness meter, however [2]. Thus 

there is considerable need for terahertz nondestructive inspection of the paint-off area for marine 

protective coating. 

Due to the strong reflection of the metal substrate, it commonly adopts the reflection mode of a TPI 

system. Usually, pulse echo reflection techniques are used for multilayer sample detection and a “peak-

finding” method is used to analyze the time-domain terahertz waveforms. In TPI reflection geometry 

systems, the measured successive echo pulse at time domain is considered to be the convolution between 

the system pulse response and the raw reflected tissue signal. Thereby to characterize the inherent sample 

impulse functions and corresponding spectroscopic properties, the pulses reflected off the samples are 

routinely analyzed through a numerical Fourier deconvolution operation [11-12]. This process produces 

the pulse response function with a sharp spike at a time delay corresponding to the position of each 

reflecting interface of sample. A bandpass filter is typically incorporated into the inverse filtering to 

suppress the noise, such as a Gaussian filter[13-14] or double Gaussian filter[15-16], which can result 

in over-smoothing due to the cut-off frequency of the filter, however [17]. Ferguson group and Yang 

Chen group coupled the wavelet denoising with Wiener deconvolution to improve the resolution of the 

impulse response function remove, respectively. The former performed discrete wavelet transform 

(DWT) de-noising before Wiener deconvolution process and the later employed stationary wavelet 
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shrinkage on the impulse function after Wiener deconvolution [18-23]. However, the Wiener filter not 

only suppresses the high-frequency noise but also removes the high-frequency components that 

represent the signals useful features [24]. The methods were based on the premise of wide-sense 

stationary process and white noise. It needs a priori knowledge of power spectrum of distorted wavelet 

as well as the noise characteristics. Only in the high signal-to-noise ratio (SNR) situation which is hard 

to meet in most engineering application, it could get optimal deconvolution results [25]. There were 

some studies focused on the signal spectrum characteristics of the impulse function, such as fixed-point 

iteration [26] and window function method [27] and so on. A few improved deconvolution methods were 

also proposed so far, such as total variation deconvolution [28], sparse deconvolution [29]. Very good 

and detailed technical reviews on TPI data processing algorithms based on deconvolution were published 

by Pickwell-MacPherson E [30]. 

In all, those deconvolution based processing methods are robust and intuitive and lead to the loss of 

useful information of signal, such as no longer able to resolve time domain features in the impulse 

response function and have a detection limit[23]. This was not good for the extraction of the faint feature, 

which was usually produced by the interface between two different medium layers with very similar 

refractive indices or caused by micro defects beneath the coating, and was not obvious in time-domain 

signal and hard to be located through the deconvolution based method.  

Some scholars proposed a few methods about extracting the structural information from TPI raw 

signal without deconvolution process. T. Yasuda and T. Yasui employed multiple-regression analysis 

method to separate superposed THz echo pulses in place of numerical Fourier deconvolution in their 

THz paint meter [17]. T. Iwata proposed a modified partial-least-squares-1 method to TPI data for 

predicting the thickness of a single-layered paint film. However, they dispended on the parameters fitting 

or need to build a calibration model, both of which are not suitable for embedded defect detection [31]. 
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T. Chady and P. Lopato adopt harmonic analysis method on TPI data for defects detection of glass-fiber 

reinforced composites [32]. D. J. Roth extracted power spectral density of TPI signal for foam inspection 

of the shuttle external tank [33]. Both the methods processed the results of discrete Fourier transform of 

obtained time sequences of signals, which can only represent the average distribution of signal power 

spectrum, and does not give the signal’s time-frequency characteristics which could provide more 

localized features.  

In the present work, we proposed an approach to extract the structure feature in marine protective 

coating by the combination of Hilbert transform (HT) and wavelet transform modulus maximum 

(WTMM) method. The samples with different coating structures were detected by an experimental TPI 

system and the corresponding FDTD-based models were also established. The occurrence of different 

paint-off defects (detachment or paint bulge) beneath coating was also investigated. Both the 

experimental and simulated TPI detected data was collected and then preprocessed by the proposed 

approach. The processing results were then used for the feature extraction of the coating structure. 

 

2 Signal processing for terahertz testing of marine protective coatings 

The protective coating system generally consist several layers of paint with different materials and 

it can be taken as a multilayered medium. Fig. 1 showed the diagram of a terahertz pulse interacts with 

marine protective coating on a reflective (i.e., metal) substrate. The THz pulse was incident on the 

sample surface and the THz pulse will be reflected back whenever there is a change in the refractive 

index or the optical absorption coefficient of the material (caused by either chemical or structural 

changes in the medium). The information on the chemical and physical properties of each layer was thus 

encoded into the reflected THz waveform; as a result, the structural information of a sample can be 

ultimately extracted by analysis of the recorded THz wave in the time domain. 



6 

 

 

Fig. 1 The diagram of a terahertz pulse interacts with marine protective coating 

A typical terahertz detected signal of a marine protective coating system in the time domain 

contained several echo caused by interfaces between air/surface of paint, paint/steel substrate and other 

internal interface between two different paints. Normally, the obtained data would affected by random 

noise due to material scattering as well as other background noise. When a defect exists inside the 

structure, there would be an abrupt variation in the signal. Even though the amplitude of the abrupt signal 

caused by the micro defect is smaller than noise and is not obvious in the time domain, but generally 

speaking, it varies drastically with noise [34]. This section aimed to extract the faint structure feature 

which was submerged with the noise. Fig. 2 showed the block diagram of signal processing for terahertz 

detected signal. Firstly, the TPI detected signal were preprocessed using the HT technology, and 

subsequently stationary wavelet transform (SWT) was applied to decompose the HT envelop into low-

and high-frequency sub bands, which refer to the SWT approximation coefficients and detail coefficients, 

respectively. To overcome the difficulty in separating the useful signal which was submerged with the 

random noise, the modulus maxima of the detail coefficients were calculated and processed by the 

alternate projection algorithm to obtain new detail coefficients, which were then reconstructed with the 

approximation coefficients to produce a new signal. According to the relationship between WTMM and 

signal singularity, the new modulus maximal line of this new signal’s approximation coefficients were 

employed for the feature extraction of the coating structure, especially for the defect localization. The 

detailed theory are discussed as follows. 

antifouling paint 

link coat 

steel substrate 

incident terahertz pulse reflected pulses 
 

anticorrosive paint 
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Fig.2 Block diagram of signal processing for terahertz detected signal 

2.1 Hilbert transform 

The Hilbert transform enables to create an artificial complex signal from the input signal. Here, the 

input signal is the terahertz detected signal f (t). Its Hilbert transform is defined as [35]:  ܪሺݐሻ ൌ ଵ஠ ׬ ݂ሺݐᇱሻ ሺݔ െ ᇱሻΤାஶିஶݔ dtԢ                           ˄1˅ 

The Hilbert transform performs a 90 phase shift or quadrature filter. Accroding to this characteristic, 

the analytic expression of the signal f (x) can be constructed as 

  ܼሺݐሻ ൌ ݂ሺݐሻ ൅ ሻݐሺܪ݅ ൌ ݁ሺݐሻ݁௜ሺ௧ሻ                          ˄2˅ 

whose real part is the original signal f (t) itself and imaginary part is its Hilbert transform H (t). The 

expression of the magnitude and instantaneous phase  (t) can be derived as ݁ሺݐሻ ൌ ඥ݂ଶሺݐሻ ൅ ሻݐሻ ,  ሺݐଶሺܪ ൌ arctanሺܪሺݐሻ ݂ሺݐሻΤ ሻ                ˄3˅ 

where e (t) is called as Hilbert envelope. The Hilbert transform represents the instantaneous 

characteristics of wave signal and energy distribution in the time domain. It doesn’t change the domain 

of signal, so the signal still in the time domain. The analytic signal of the real part excludes the negative 

frequency components and will not cause any loss of information. Geometrically, the Hilbert envelope 

means an integral curve which determines a singular position of the initial function [36]. Aim to extract 

the structure feature more clear and intuitive, we utilized Hilbert envelope of terahertz detected signal 

for further processing.  

2.2 Wavelet Transform Modulus Maximum (WTMM) for Singularity Detection 

The Hilbert envelop of the terahertz signal is still very coarse and needs further processing. When a 

structure has a flaw or defect, it would introduce some sorts of singularities to the signal. Most important 
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information of a signal is carried by the position and the value of the local modulus maximal of the 

wavelet transform. WTMM method has been employed to extract explicit important features of images, 

as these features carry the information of sharp signal transitions and singularities [37]. In the field of 

signal processing, the information carried by WTMM is used to detect singularities, to eliminate noise 

and to reconstruct signals. In other words, because of the relation between WTMM and the local 

singularities, the signal can be represented and analysed through the local modulus maximal of the 

wavelet transform. In this study we employed WTMM with SWT as a means to detect singularities and 

to extract the structure feature for terahertz signal processing.  

2.2.1 Stationary Wavelet Transform (SWT) 

The SWT method is a wavelet transform algorithm designed to overcome the lack of translation 

invariance of the discrete wavelet transform (DWT). Translation- invariance is achieved by removing 

the down samplers and up samplers in the DWT and up sampling the filter coefficients by a factor of 2(j-

1) in the jth level of the algorithm, which makes SWT as a redundant transform and provides a more 

accurate estimate of the variances at each scale and facilitates the identification of salient features in a 

signal, especially for recognizing noise or signal rupture, such as the weak feature caused by micro defect. 

The SWT of the original data is not decimated, that is the size of the SWT data does not diminish after 

the transform, also known as undecimated wavelet transform [38-39]. The more detail on SWT can be 

founded in ref [40]. Fig. 3 shows a typical SWT decomposition procedure. a1, a2, Ă, aj are the SWT 

approximation coefficients for decomposition level of 1, 2, Ă, j, whist d1, d2, Ă, d j are the SWT detail 

coefficients for decomposition level of 1, 2,Ă, j. SWT makes that the existing local features of the data 

are not suppressed by averaging but observed in their natural position and extension. 
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Fig. 3. SWT decomposition of Hilbert envelop of THz detected signal 

2.2.2 Singularity Detection based on WTMM 

WTMM reflects the properties of sharp signal transitions and singularities based on the fact that the 

wavelet transform of a signal will take its modulus maximum at its singular point in transform domain. 

This section would review the detection and characterization from the modulus maxima of a wavelet [41].  

Assume the scaling function  (t) is a smooth function, whose integral is non-zero, that 

is, ׬  ߮ሺݐሻdݐ ൌ ͳାஶିஶ  and ߮ሺݐሻ ൌ ሺͳ ሺͳ ൅ ଶሻΤݐ ሻ. Let  (t) is the mother wavelet that has compact 

support, has n vanishing moments, and is n times continuously differentiable. When performing wavelet 

singularity analysis, the number of vanishing moments is very important, as it provides an upper bound 

measurement for singularity characterization.  

ଵሺݐሻ ൌ d߮ሺݐሻ dݐΤ  ,  ଶሺݐሻ ൌ dଶ߮ሺݐሻ dݐଶΤ                          ˄5˅ 

Introduce the scale factor s to the function  (t), and let ߮௦ሺݐሻ ൌ ଵ௦ ߮ሺݐ Τݏ ሻ. When processing the 

terahertz signal in this paper, the Hilbert envelop e (t) obtained above was used for wavelet transform. 

Let e (t) is a finite-energy function, that is, e (t)  L2(R). The wavelet transform of e (t) defined with  (t) 

is given by  

௦ܹ݁ሺݐሻ ൌ ݁ሺݐሻ௦ሺݐሻ ൌ ଵ௦ ׬ ሺሺݐ െ ߬ሻ Τݏ ሻd߬ାஶିஶ                        ˄6˅ 

By combining the definitions of  (t), s (t) and Eq. (6), we then obtain 

௦ܹଵ݁ሺݐሻ ൌ ܹଵ݁ሺݏǡ ሻݐ ൌ ݁ሺݐሻ כ ௦ଵሺݐሻ ൌ ݁ሺݐሻ כ ݏ ή d߮௦ሺݐሻ dݐΤ ൌ ݏ ή d൫݁ሺݐሻ כ ߮௦ሺݐሻ൯ dݐΤ        ˄7˅ 

௦ܹଶ݁ሺݐሻ ൌ ܹଶ݁ሺݏǡ ሻݐ ൌ ݁ሺݐሻ כ ௦ଶሺݐሻ ൌ ݁ሺݐሻ כ ଶݏ ή dଶ߮௦ሺݐሻ dݐଶΤ ൌ ଶݏ ή dଶ൫݁ሺݐሻ כ ߮௦ሺݐሻ൯ dݐଶΤ  ˄8˅ 
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where “” represents convolution procedure, the wavelet transforms Ws
1 e (t) and Ws

2 e (t) represent are 

the first derivatives and the second derivatives of e (t) smoothed by s (t) at the scale s, respectively. It 

can be verified that the corresponding relations exist between the singularities of e (t) and the local 

modulus maximal of Ws
1 e (t) and Ws

2 e (t).  

So an inflection point in a signal can be either a maximum or a minimum of the absolute value of the 

first derivative Ws
1 e (t), which refers to the local extreme approach. The former corresponds to the sharp 

variation points of the smoothed function, whereas the later corresponds to the slow variations [41]. On 

the other hand, both of the maximum and minimum have the property of zero-crossing in the second 

derivation Ws
2 e (t). That is, one can detect the mutation either by the local extreme approach in Ws

1 e (t) 

or by locating the zero-crossings of Ws
2 e (t). It has been verified that the local extreme approach in Ws

1 

e (t) is better than that of detecting the zero-crossings of Ws
2 e (t) [42]. So in the present work, the first 

derivative Ws
1 e (t) was calculated and employed for terahertz signal singularity detecting. The definition 

of the local modulus maximal of the wavelet transform is: At scale si, the point (si, t0) of the first derivative 

Ws
1 e (t) was called as the local modulus maximal, if all points belong to either the right or the left 

neighborhood of t0, Wsi
1 e (t) Wsi

1 e (t0). The local maxima of the wavelet transform modulus 

provide enough information to detect and analyze all discontinuities inside signal. For our signal 

processing techniques in the work, after the Hilbert envelop decomposed by SWT, the modulus maxima 

of the approximation coefficients were needed for feature extraction. Generally, sturcture features and 

noise would mix together in signal and lead to the fact that there are a lot of nonzero coefficients with 

small magnitude in the wavelet coefficients. If the amplitude of the abrupt signal caused by the micro 

defect is smaller than one of noise, it is hard to exactly determine the location and needs to separate the 

noise out of the useful signal. Based on their different singularities, the modulus maximum of the useful 

signal increases and the modulus maximum of noise decreases with the augment of wavelet scale [43]. 
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Due to the noise mainly distributes in the high frequency part, the multiplication of the detailed 

coefficients in some successive decomposition levels can diminish background noise and reinforce the 

presence of mutation in the recorded data. Therefore in the present work, the modulus maxima of the 

detail coefficient was calculated and processed by the alternate projection algorithm to obtain a new detail 

coefficient [24]. Subsequently, the new de-noised detail coefficient was reconstructed with the 

approximation coefficient to generate a new signal. This process can greatly reduce noise while 

preserving most of the important features of the signal. The new modulus maximal line of the new signal’s 

approximation coefficient became clearer and more recognizable in transform domain and it was satisfied 

for providing the information of marine coating structure for internal defect characterization.  

3 Results and discussions 

3.1 Materials and methods 

Generally, different areas of a ship require specific anti-corrosive coating. Steel corrosion at and 

around the waterline is of considerable practical interest for ships. The coating system in that region is 

required to prevent corrosion and fouling, which is achieved by using an anticorrosive paint and an 

antifouling paint [44]. The specific surface treatment method involves the application of organic coatings 

that exhibit high cavitation resistance and good erosion resistance [45], thus most paints are based on 

organic solvents. In our experiments, the samples consisted of a steel panel coated with layers of 

protective paint to mimic the marine protective coating below the waterline as: Two layers of 

anticorrosive primer paint (Jotaprime 500, which was consisted of resins, polyurethane etc.) were 

uniformly sprayed on the metal substrate; it was followed by one layer of so - called “link coat” (5BP 

Safeguard Plus) which provides a good connection with both the anticorrosive primer paint and then the 

self-polishing antifouling paint (SeaMate) which were sprayed lastly by three layers and were used to 

prevent attachment and growth of marine organisms. There were four samples (10mm x 10mm) with 



12 

 

different paint layer thickness, as shown in Table 1. Noted here that “sprayed layer order” in the table 

means the painting order of coatings.  

Table 1. Detailed information of marine protective coating structures for TPI detected 

Sample name Sprayed layer order Paint sprayed Function 
Measured average 

thickness˄um˅ 

Sample1 

layer 1 500 Jotaprime 500 anticorrosive paint 145 

layer 2 500 Jotaprime 500 anticorrosive paint 142 

layer 3 5BP Safeguard Plus link coat 75 

layer 4 SeaMate antifouling paint 108 

layer 5 SeaMate antifouling paint 105 

layer 6 SeaMate antifouling paint 101 

 

Sample2 

layer 1 500 Jotaprime 500 anticorrosive paint 186 

layer 2 500 Jotaprime 500 anticorrosive paint 160 

layer 3 5BP Safeguard Plus link coat 95 

layer 4 SeaMate antifouling paint 126 

layer 5 SeaMate antifouling paint 135 

layer 6 SeaMate antifouling paint 140 

 

Sample3 

layer 1 500 Jotaprime 500 anticorrosive paint 205 

layer 2 500 Jotaprime 500 anticorrosive paint 195 

layer 3 5BP Safeguard Plus link coat 95 

layer 4 SeaMate antifouling paint 153 

layer 5 SeaMate antifouling paint 161 

layer 6 SeaMate antifouling paint 174 

 

Sample4 

layer 1 500 Jotaprime 500 anticorrosive paint 169 

layer 2 500 Jotaprime 500 anticorrosive paint 160 

layer 3 5BP Safeguard Plus link coat 92 

layer 4 SeaMate antifouling paint 135 

layer 5 SeaMate antifouling paint 130 

layer 6 SeaMate antifouling paint 132 

 

 

 

   For all TPI measurements, a TAS7500IM system (Advantest Corporation, Japan) was used with 

reflected mode. The terahertz radiation was broadband, covering a spectral range of 75–300um (0.1–4 

THz). An example of time domain terahertz-wave signals reflected back from a metal mirror and a 
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coated sample (sample1) was shown in Fig. 4. The reference signal and the measurement signal denoted 

reflection signals from the metal mirror and coated sample, respectively. The signal had been normalized 

to the maximum reference signal.  

 

Fig. 4. Time domain terahertz-wave signals reflected back from the metal mirror and a coated sample (sample1) 

Usually, THz signal feature in frequency domain was extracted to help characterizing materials, 

such as single layer coatings [12] and paper basis weight [46]. Fig. 5(a) and (b) showed the amplitude 

spectrum and phase spectrum of the detected THz signals for four samples which were listed in Table1. 

Furthermore, phase shift, which has been verified to be associated with sample thickness, can be 

deduced from phase spectra of sample signal and reference signal [46]. Fig. 5(c) showed the 

phase shift curves for the four samples.  

Reference signal 

Measurement signal 
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Fig. 5. Signal feature in frequency domain of detected terahertz signals: (a) Amplitude spectrums of reference signal and 

four samples signals; (b) the corresponding phase spectrums; (c) The phase shift curves for the four samples. 

   As can be seen from Fig.5 (a) and (b), although there were some differences in amplitude and phase 

spectrums between the four samples, it was hard to get directly the relationship between the amplitudes 

spectrums and coating thicknesses of the multilayered structures. Moreover, the phase shift method was 

suitable for single layer structure characterization [46], however, it is difficult to provide directly the 

relationship between phase shift and the four multilayered coating structures. 

Furthermore, theoretical model based on the FDTD method for terahertz detection of marine 

protective coating was also investigated. It has been demonstrated that FDTD model could be capable 

of calculating the propagation and reflection of THz radiation from a multilayered flat or curved 

structures [47]. More detail on FDTD simulation of terahertz wave interacting with multilayered medium 

can be founded in our precious work [47-48]. In our model, a cylinder plate of 10mm*10mm size with 

(a) (b) 

(c) 
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0.3mm thickness was taken as steel substrate, and the paint layers were successively coated on the steel 

substrate to mimic the coating samples. The protective coating was treated as a linear isotropic 

homogeneous layer without magnetic field loss. For simplicity, the dispersive properties and the specific 

conductivity of coatings were negligible as well [7]. From Fig.4, the refractive index of antifouling paint 

can be obtained through the amplitude of the reference signal and sample signal, antifouling paint layers 

thickness and time delay [49]. It was calculated as 1.98. Besides, the value of reflection peak caused by 

the interface between two different kinds of material was associated with their difference in refractive 

index, thus it can be referred that the refractive index of link coat is little smaller than that of antifouling 

paint and much smaller than that anticorrosive paint. In simulation, the refractive indices of paint layers 

were set as: nantifouling paint =1.98, nlink coat =1.8, nanticorrosive paint =2.2. All FDTD simulations here were 

performed using the Remcom XFDTD commercial software package. The incident terahertz plane wave 

was set perpendicular to the sample surface and a Gaussian profile of the amplitude distribution of the 

E-field was initiated in the incident plane with peak amplitude of 1 V/m. The electric fields of the 

reflected pulses caused by the internal interfaces were recorded and represented the raw terahertz 

detected signal. In order to mimic the background noise of the real experiments, Gaussian white noise 

was added to the obtained data in a SNR of 32 dB [21]. 

3.2 Feature extraction for multilayered coating structures 

Fig.6 (a-1) ~ Fig.9 (a-1) were experimental time domain terahertz-wave signals reflected back from 

the four coated samples, and Fig.6 (b-1) ~ Fig.9 (b-1) were the corresponding simulated TPI signals with 

Gaussian white noise. The origin of the horizontal axis corresponds to the surfaces of the metal mirror 

and sample. The reflected pulses caused by interfaces between different paint layers can be seen either 

from the simulated signals or the experimental signal. The oscillation after the reflection from the 

coating/steel interface was caused by multiple reflections inside the sample [50]. The time-domain 
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spacing of the sub-peaks can simply be converted to depth information [51]. Fig.6(a-2)~ Fig.9 (a-2) and 

Fig.6 (b-2)~ Fig.9 (b-2) were the impulse functions obtained by Gaussian deconvolution for 

experimental and simulated TPI signals, respectively. As can be seen from impulse functions, the 

refractive indices of paint medium set for simulation were consistent with the actual material. Besides, 

although the noise was mostly suppressed in deconvolution process it is still hard to exactly determine 

the each interface position due to over-smoothing.  

Both the experimental and simulated raw TPI signal was first preprocessed by the HT technology to 

derive the Hilbert envelop, which retained the mutations and singular points of the original signal. The 

db1 wavelet was used and the three layer SWT decomposition and reconstruction was carried out to 

Hilbert envelops to get new signals. Subsequently the modulus maximum of the new signals’ SWT 

approximation coefficients was obtained and shown in Fig.6 (a-3) ~ Fig.9(a-3) and Fig.6 (b-3) ~ Fig.9 

(b-3). From the figures, all the paint layer interfaces can be clearly identified and characterized.  

It should be noted that, in the real application of TPI testing of protective coatings, several sources 

of random and systematic errors exist throughout the measurement process, which can affect the 

accuracy and uncertainty of the test. These sources are, for instance, signal noise, sample misalignment, 

thickness measurement variation, surface of layers uneven, etc [51]. Thus, the added Gaussian with noise 

in the simulated result could not accurately represent the actual interference in practice. Howevrer, it 

was often adopted for theoretical studies of THz test method[21]. Besides, the amplitude of reflection 

peak in simulation was different from the experimental test. For example, the dominant peak in 

experimental signals represented the signal reflected by air/coating interface, while the second largest 

peak referred to the signal reflected by coating/steel interface. However, the dominant peak in simulated 

signals represented the signal reflected by coating/steel interface for its strong reflection, while the 

second largest peak referred to the signal reflected by air/coating interface. That was mainly because the 



17 

 

dispersive properties and the specific conductivity of coatings were negligible in simulation, which lead 

to that the wave reflected by coating/steel interface has great energy reservations. While it cannot be 

ignored for the actual material, which resulted in that the paint layers has reflected off lot of energy and 

the signal reflected by air/coating interface was much smaller. For structure feature extraction, it was 

little affected because the pulses between those two strong reflections were important and need to be 

focused on. Compared to the expensive TPI measurement, FDTD simulation could be cheaper and more 

flexible to mimic terahertz signals from multilayered samples.  

 

Fig. 6. TPI signal processing results for Sample1 
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Fig. 7. TPI signal processing results for Sample2 

 

Fig. 8. TPI signal processing results for Sample3 
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Fig. 9. TPI signal processing results for Sample4 

3.3 Feature extraction for marine coating with defects 
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with 3.5 mm radius and 350um thickness was embedded inside the antifouling layers with depth 100um 

from coating surface, representing paint bulge defect. The reflected terahertz waveforms were recorded 

and shown as Fig.10 (b-2) ~ Fig.11 (b-2). The simulation was Fig.10 (a-3) ~ Fig.11 (a-3) and Fig.10 (b-

3) ~ Fig.11 (b-3) were the corresponding impulse functions obtained by Gaussian deconvolution for 

experimental and simulated TPI signals. The defect feature was hard to be characterized both in raw TPI 

signals and their impulse functions. Fig.9 ~ Fig.10 (a-4) and (b-4) were the modulus maximum results 

processed by the proposed algorithm, respectively.  

Compared to the samples without a paint-off defect (Fig.10 vs. Fig.6, Fig.11 vs. Fig.7), the defects 

can be identified and characterized. It was enough for defect localization and evaluation in the coating. 

Besides, compared to impulse functions obtained from the traditional deconvolution method, the 

structural change caused by paint-off defect in the marine protective coating can be easier and clearer 

detected by WTMM results obtained by the combination of Hilbert transform and WTMM method. It 

was able to provide much more detail information on defect beneath the coating, such as detachment of 

large areas where adhesion has failed, and so on.  
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Fig. 10. TPI signal processing results for Sample1 with detachment defetct between coating and steel substrate 
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Fig. 11. TPI signal processing results for Sample2 with paint bulge defetct inside antifouling paint layers 
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and simulated results demonstrated that TPI technology combined with the proposed new algorithm was 

an effective method for revealing hidden interface information and for localization of micro defect 

beneath coating, even when the background noise is present. The proposed method aimed at the structure 

feature extraction of multilayered marine protective coating, where it would facilitate the quality 

inspection of painting process and benefit the effective maintenance to avoid coating failure for marine 

protective coating. However, for the achievable depth resolution is generally constrained to behalf the 

coherent length of the terahertz pulse in a sample, it is hard to carry out the proposed method on thinner 

layer coating detection at the early stage of painting process. So far, there were some processing 

technologies to analyze the thinner coating such as multiple-regression analysis method, artificial neural 

networks predictive analysis method, and the improved feature extraction technology for small defects 

of marine protective coatings will be considered as the future work. We believe that the use of the 

proposed processing algorithms and THz imaging measurements will provide a powerful method for 

non-destructive testing and evaluation of marine protective coating.  
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