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Abstract 

We report on numerical developments for the analysis of 

multilayered structures and the extraction of individual layer 

properties obtained by terahertz time domain measurements. 

An iterative algorithm implements a connected propagation 

tree which denotes the occurrence of the incident pulse 

division for each reflection / transmission appearance at each 

interface encountered during the propagation. Each sub pulse 

is individually monitored and its carried proportion of the 

incident power is extracted. Such a process allows to obtain 

the specific dielectric properties of each layer but additionally 

permits to derive a parametric transfer function describing the 

whole interaction with an incident beam. Procedure results 

performed on aeronautics multilayered painting samples are 

reported. 

1. Introduction

Terahertz (THz) radiations offer the opportunity to carry out 

contactless and in depth non-destructive sensing of different 

types of material. As a consequence, the technique has 

legitimately been deployed to control layer thicknesses inside 

dielectric paint stacking for automotive, aeronautic industries 

or art science, for instance [1], [2], [3] with Terahertz Time-

Domain Spectroscopy (TDS) technique.  Since the thickness 

of paint films is one of the most critical quality parameters in 

the aeronautics paint process, numerous measurement 

techniques, mostly implementing the time of flight approach, 

have been pushed for quantifying coated films but many are 

unsuited to deployments in industrial environments, for thin 

multi-layered stacks or on nonmetallic substrate which is a 

prime importance. With the advent of robust, turnkey systems 

in recent years, time-resolved terahertz pulsed sensing has 

matured sufficiently to find application in providing 

quantitative analysis of physical properties up to the industrial 

implementation and turned out to be a specifically powerful 

tool to analyze layered structure composition, geometry and 

dimensions. Inverse electromagnetic problems are 

commonly performed to extract, from a recorded 

reflection THz-signal, the distinctive layer dielectric 

properties and thicknesses. However, this wave 

propagation model gathers indistinguishably the 

contributions of all the possible propagation paths 

through the paint stack, requiring a large computing 

power. The number of calculated paths could be gigantic 

while a precise knowledge of the most contributing 

optical paths would awfully minimize the quantity of 

computed routes and clarify the involved propagation 

processes. Furthermore, the derivation of a simplified 

parametric transfer function would drastically reduce the 

required computation power to minimize the objective 

function of an inverse electromagnetic formulation. A 

new algorithm monitoring the pulse subdivisions at 

dielectric interfaces has been developed [4]. It classifies 

each portion of the signal as a function of the number of 

encountered dielectric interfaces instead of considering 

the signal as a whole. Additionally, it identifies the 

various optical paths involved in these signal portions. 

The optical routes that contribute most to the power are 

labeled and used to derive a parametric transfer function. 

The effectiveness of the algorithm is demonstrated by 

analyzing the principle optical paths and by deriving the 

appropriate parametric transfer function of a painting 

stack made of four micrometric layers. 

2. Results

In order to reach this goal of computation power 

minimization, the central principle for the algorithm is to 

increment, at each encountered dielectric interface, a 

parameter k denoting the pulse subdivisions (Fig. 1) to 

be able to identify and track every existing signal 

contribution. Each propagating signal is thus the 

combination of reflection and transmission processes 

occurring at the k-1 algorithm step, involving 
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surrounding dielectric layers and verifying the propagation 

continuity of equation 1 where 𝐻𝑟  and 𝐻𝑡  stands for the 

transfer function in reflection and transmission respectively. 

All optical paths are theoretically recorded by the detector 

among which, only a handful is importantly contributing to 

the multi-layers stack reflected signal. 𝐸𝑅𝑖,𝑖+1𝑘 =  𝐻𝑖,𝑖+1𝑅 (𝐸𝑅𝑖,𝑖−1𝑘−1 + 𝐸𝑇𝑖−1,𝑖𝑘−1 ) 𝐸𝑅𝑖,𝑖−1𝑘 =  𝐻𝑖,𝑖−1𝑅 (𝐸𝑅𝑖,𝑖+1𝑘−1 + 𝐸𝑇𝑖+1,𝑖𝑘−1 ) 𝐸𝑇𝑖,𝑖+1𝑘 =  𝐻𝑖,𝑖+1𝑇 (𝐸𝑅𝑖,𝑖−1𝑘−1 + 𝐸𝑇𝑖−1,𝑖𝑘−1 ) 𝐸𝑇𝑖,𝑖+1𝑘 =  𝐻𝑖,𝑖−1𝑇 (𝐸𝑅𝑖,𝑖+1𝑘−1 + 𝐸𝑇𝑖+1,𝑖𝑘−1 ) 

(1) 

 

Figure 1: Schematic representation of the tree algorithm iteration. As 

an example, the left propagating signal for k=4 in layer Li is the sum 

of the right propagating pulse at k=3 in Li which is reflected back for 

k=4 and the left propagating pulse at k=3 in Li+1 

This discrimination capability becomes extremely handy 

when the time of flight approach reaches its limits. Indeed, In 

the case of thick paint layers where the interface reflections 

are well separated in the time domain, as in marine paint 

systems, each contribution can be clearly differentiated with 

simple deconvolution processing. Nevertheless, advanced 

paint stacks, such as in the aeronautics, are comprised of many 

thin paint layers, making accurate time identification of 

individual reflections difficult amongst all the convoluted 

reflected contributions (Fig. 1).  

 In order to pilot and illustrate the iterative tree algorithm, an 

aeronautic 4-layer stack sample on metallic substrate have 

been extensively investigated in the THz domain as well as 

with conventional optical destructive methods for reference. 

The first step to achieve the simulations and the 

characterization, was to carefully extract the dielectric 

properties of each individual painting material (Tab. 1) via a 

basic inverse problem method thanks to measurements 

performed on a Teraview TPS 4000 system. Both the real and 

the imaginary part of the dielectric function are fitted with a 

first order Debye relaxation model. Debye model’s 
parameters are determined by an inverse algorithm and used 

to reconstruct the obtained signals such as the ones disclosed 

in Figure 2 for two individual paint layers. The respective 

thicknesses of the layers were optically determined to exclude 

any bias from the invers electromagnetic problem extraction. 

Table 1: First order Debye model’s parameters of each painting layer 

 

 

  

Figure 2: Measured time signal and first order Debye model based 

reconstruction for (a) Varnish, (b) Sub-layer single paint layer. 

The comparison of the model is found to be in very good 

agreement with the measurement. Then, the full stack 

reflected signal, have then been processed with the 

iterative tree algorithm after several measurements at 

different point. From its 4-layer model, the numerical 

procedure selected a total of 33 different optical paths 

(Fig. 3), with sufficient contribution to the full-stack 

signal, amongst the 1654 significant contributions that 

are supposedly detected up to the subdivision level k=17 

(Tab. 2). The correlation coefficient between the real and 

the optimized transfer function leading to the temporal 

signal measured is greater than 0.999 with the 

consideration of only 2% of the total number of existing 

detectible paths. Higher subdivision steps (k>17) have 

been omitted due to their negligible contributions and 

demanding computations requirements. 

 

 

Figure 3:  Left :Identification of some optical paths contributing to the 

highlighted part of the signal. The shape is mainly recovered for k-

value spanning from 13 to 17. Dashed paths represent symmetric 

routes, providing the exact same intensity to the signal. Right: 

reconstructed and measured signals. 

Table 2: Retained optical path  and respective contributions 

included for full reconstruction up to subdivision level k=17. 

In depth analysis of those most contributing components 

highlighted a common factor amongst these subdivided 

signals through the fact that their respective paths with k 

(a) (b) 
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subdivisions were mostly limiting their reflections on 

interfaces with large dielectric parameters differences. 

This new algorithm is used to understand a stratified material 

response by terahertz time domain characterization in 

reflection. The identification of the main optical paths 

responsible of the reflected signal led to an optimized signal 

reconstruction. The generated parametric transfer function 

can then be implemented as a powerful computation tool for 

thickness determination algorithms on such micrometric paint 

layers stack. This algorithm is also very important and 

convenient to detect what could be the interface or the layer 

involved in any deviation observed into the measured signal.  

3. Conclusions 

We use a combination of numerical simulation to find 

parameters that describe the complex signal measured of 

terahertz reflections from a given multi-layered paint sample. 

The full-stack reflected terahertz time-domain waveform is 

simulated using a Fresnel's equations, where each paint layer 

is represented by a set of numerical parameters that describe 

both the thickness and the optical response. The iterative 

algorithm then selects the highest contributing optical path 

amongst the stack for the generation a reduced transfer 

function. 
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