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Abstract 

The usability of terahertz systems for specific inspection tasks and imaging 
in the aeronautics industry is assessed. Especially, we demonstrate the 
suitability of frequency-modulated continuous-wave (FMCW) radars for 
health monitoring and see-through imaging. Additionally, terahertz time-
domain data processing is performed for multi-layered paint structure 
characterization. FMCW radar principles are introduced. Available systems 
are described along with their benefits and limitations. Defect detection 
capabilities and progresses towards airplane covering see-through imaging 
are illustrated through FMCW experimental results on real samples. The 
suitability of FMCW radars as an advanced contactless non-destructive 
testing (NDT) tool for the aeronautics industry and maintenance services is 
demonstrated. A second application, based on terahertz time domain 
techniques, targets the characterisation of multi-layered painting structures 
through the assessment of dielectric properties and individual thickness of 
each layer deposited. Beside the review of extraction methods, the introduced 
new algorithm allows to derive a parametric transfer function, thus denoting 
the main contributions which give rise to the recorded terahertz 
electromagnetic field. Such a development pushes further the understanding 
and characterization of stratified structures by means of terahertz radiations 
and represents an  indispensable tool to efficiently localise any deviation  to 
the nominal  painting stack in terms of thickness or  dielectric properties.
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1. Introduction 

Terahertz systems are demonstrating an increasing 
appeal through a wide panel of applicative fields thanks to their 
ability to provide contactless and non-destructive sensing 
solutions for in depth inspection. From security applications 
[1] to biomedical sensing [2–3] through non-destructive 
testing (NDT) [4-5] or even art inspection [6-7], specific 
integrations are demonstrating the multiple applicative 
capabilities of terahertz technologies.  

The wide advances in this field in the recent years 
enabled the development of compact and cost-effective 
systems, driven by the increasing demand in dedicated 
complementary techniques applied to specific niche 
problematics [8]. Among those, complex materials integrity 
monitoring as well as penetrating imaging and sensing for 
NDT tasks is proving to be an ideal application fields for 
frequency modulated continuous-wave (FMCW) radars while 
an increasing demand in stratified structures inspection for the 
automotive and aerospace industries is being fulfilled with the 
implementations of terahertz time-domain spectroscopy (TDS) 
techniques. 

2. Radar imaging Capabilities for NDT 

The potential of FMCW sensing comes from its 
intrinsic benefits such as its high level of integration and 
compactness, its relatively low cost as well as the harmless 
character of the emitted radiations and their a priori high 
penetration capabilities in optically opaque materials. These 
arguments make FMCW a first-grade choice to complete the 
panel of tools allowing contactless inspection. Additionally, 
FMCW radars intrinsically provide information on the wave 
propagation delay and therefore straightly enables depth 
sensing. Hence, direct 3D imaging can be assessed [9][10], 
representing, along with the previously stated specificities, a 
non-negligible benefit in comparison with X-Rays imaging, 
low frequency continuous wave systems or thermographic or 
ultra-sound inspection methods. The detection and localization 
of damages, cracks, impact, delamination or inclusions are 
then achievable for materials that are commonly used in the 
aeronautics industry, such as glass fiber-based composite, 
honeycomb structures, polymers or ceramics either during 
fabrication or maintenance processes.  

2.1. FMCW radar architecture and principle 
FMCW radar have found several applicative 

purposes, from automotive anti-collision systems as 
precursors, to high-end NDT tools and  have been developed 
on various technologies, mainly Si-based fully integrated 
devices [11] or III/V high frequency precision radars [12]. 
Despite the inherent benefits and drawbacks of each 
technology, their implementations nevertheless rely on similar 
architectures, described in Figure 1 (a). The first stage of the 

system, working at low frequency, features a voltage control 
oscillator (VCO), eventually combined to a phase locked loop 
(PLL) for stabilization purposes, in order to generate fast saw 
tooth-like frequency sweep. The multipliers chain is then 
introduced for up-conversion to reach the desired working 
frequency band, typically centred around 100 GHz, 150 GHz, 
300 GHz or even up to 600 GHz. Nevertheless, the higher the 
frequency band, the lower the emitted power due to conversion 
losses. This high frequency sweep, considered as a reference 
signal, is then emitted towards the target (plain red Figure 1 
(b)). By modulating the frequency in such a way, it is 
equivalent as putting a unique "time stamp" on the emitted 
wave at every instant. 

The reflected sweep, delayed by the back and forth 
propagation through and into the target, (dotted orange Figure 
1 (b)) is then collected and guided towards the detection mixer, 
thanks to a directional coupler, where a beating electric field is 
generated via the multiplication of this return sweep with the 
reference electromagnetic wave or one of its lower harmonics, 
due to their slight frequency difference. Collected by a data 
acquisition unit (DAQ), this beating signal displays a main 
frequency	𝑓!"#$%,  proportional to the propagation delay and so 
the distance to the object (see Equation (1)). From this 
formulation, the longitudinal resolution 𝛿!"# is derived (see 
Equation (2)) and solely relies on the bandwidth of the radar 
transceiver. 

𝑑 =
𝑐$	𝛥%
2	𝑛	 =

𝑐$	𝑓&'("!
2	𝑛	 .

𝑇#)""*
𝐵𝑊 	, (1) 

𝛿!"# =
𝑐$

2	𝑛	𝐵𝑊	,	 (2)	

where 𝑐$	is the speed of light in vacuum,  𝛥&, the back and forth 
propagation-induced time delay, 𝑛, the refracting index of the 
propagation media at the working frequency, 	𝐵𝑊, the 
frequency bandwidth,		𝑓!"#$% , the beating frequency and 
𝑇'($$), the sweep period. 

 

(a) 

 

(b) 

Figure 1:  (a) Typical radar unit architecture (b), frequency sweep sensing 
scheme for FMCW measurement 

Coupler 

Horn 
antenna 

Mixer 

VCO 

Mixer’s output 
Beating signal 

Multiplication 
Chain 

Frequency 
sweep 

DAQ 

Voltage 
sweep 

Reference 
input 

f(t)V(t)



 NDT and E international 
 
 

3 

 For such radar unit architectures, the imaging 
capabilities are not intrinsic to those implementations due to 
the emission of a diverging beam from the antenna. The 
imaging process [4],[13] can nevertheless be performed 
through synthetic aperture radar reconstruction  or more 
classically thanks to a focused raster scanning implementation. 
Due to the complexity of the inspected objects for see through 
imaging problematics, the latter solution is chosen and a quasi-
optical coupling system for focalized beam shaping is 
implemented with 2 Teflon® lenses, as displayed in Figure 2. 
Such an integration enables a simplified optimisation of the 
beam focus on the object of interest, beyond an eventual extra 
partially transparent cover, to reach the optimum returned 
power and resolution. 

The Gaussian beam model, provides the direct 
relation between the beam waist diameter ω$, hence the 
resolution limit, and the focal length, f’, of the focusing lens, 
as follows:  

ω$ =
4	𝜆	𝑓′
π	D	 , 

(3) 

with D  the diameter of the lens, and 𝜆 the wavelength related 
to the emitting source. 

Therefore, for such a transceiver implementation, the 
resolution relies on the frequency band for the longitudinal 
resolution, as well as the optical configuration through the 
beam shaping system for the lateral resolution. At given 
working frequency, a trade-off between achievable lateral 
resolution and optimum imaging distance needs to be 
considered. Moreover, the adequate frequency band selection 
thus represents one of the key optimization since higher 
frequency bands would ensure an improved lateral resolution 
(see Equation 3) and would allow larger achievable bandwidth, 
therefore, providing enhanced longitudinal resolution as well 
(see Equation 2). Nevertheless, a wide range of aeronautics 
related materials remains sufficiently transparent for 
millimeter wave radiation, but commonly displays a 
significant increase in absorption with frequency[14], 
therefore resulting as well in a trade-off between material 
penetrability and targeted resolution depending on the defect 
size. 

 

 

2.2. 3D Imaging results toward see-through applications 
A wide range of samples based on glass-fiber and 

reinforced plastic have been inspected using a SynView 
imaging system in reflection or transmission mode and have 
been evaluated using 100 GHz and 300 GHz radar 
transceivers, as displayed in Figure 3 for health monitoring 
applications. Those images, are resulting from processed 2D 
radar scans, providing 3D inspection data thanks to the depth 
sensing capability of the FMCW method, with data retrieval in 
the object’s best imaging plan. The high measurement rate of 
FMCW radar units, typically in the range of few kHz, 
correlated with the millimeter achievable resolution, ensures 
an adequacy with the imaging cadencies expected for NDT 
applications, with a typical measurement time of a few minutes 
for such sample dimensions. As expected, higher lateral and 
longitudinal resolutions are achieved with the 300 GHz scan 
while the lower measurement dynamic range of the systems as 
well as the reduced material penetrability represents a large 
drawback for such inspection tasks. Nevertheless, intentional 
foreign inclusions remain discernible for both measurements. 
On the contrary, carbon fiber-doped samples, displays high 
reflectivity over the terahertz range, preventing in-depth or 
see-through inspection (maximum of one carbon fibre layer 
can be screened) but allowing topographic inspection or 
coatings analysis.  

 
Figure 2: Optical configuration diagram for radar imaging in reflection 
mode with intermediate covering panel. 

 

(a) 

 

(b) 

 

(c) 

Figure 3: (a) 100 GHz (b) and 300 GHz radar scan in reflection mode of 
a glass fiber composite test sample displaying inclusions, (c) picture of 
the corresponding sample. 
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Focusing on the see-through imaging problematics 
nevertheless brings to light few challenges. Targeting in-situ 
direct inspections while avoiding cover dismantlement, the 
reflection geometry represents the only adequate sensing 
implementation. Due to lowered material absorption levels at 
low frequencies, the 100 GHz band radar transceiver turned 
out to be the most suitable in order to minimize the losses when 
passing back and forth through the fiber-glass panel while 
enabling objects sensing and guaranteeing adequate resolution 
of a few millimetres. 

As a result, Figure 4 (a) displays the first 
demonstration of this system, in such a complex configuration 
of see-through plane cover imaging. A 3D animated 
representation, resulting from the 2D scan, of multiple 
reflective samples behind a plane cover, is available through 
the attached supplementary materials. The goal is to evaluate 
if we can properly detect and identify a metallic reflective 
object, such as a wrench, a tube or the sample holders. All the 
½ inch metallic post are also clearly imaged and resolved with 
a very good contrast. To push further the investigation, other 
objects that displays much lower reflectivity levels, such as a 
dry and moist sponges (Figure 4 (a) grey dotted box) held 
below this metallic wrench, are inserted, aiming to check the 
water content detection capability in case of crack or fissure 
inducing any fluid leakage. Clearly noticeable, a 
differentiation of the moisture level is achieved between the 
two sponges in presence and absence of water content. 

Reminiscences of the panel geometry remains nevertheless 
discernible. We obtained useful images through the cover over 
distances up to 150 mm between the imaging area and the 
covering panel. Pushing further the tests, towards real case 
implementation, we demonstrated that the insertion of extra 
thermal insulation layers has no effect on the imaging 
capabilities thanks to their full transparency in the low 
frequency terahertz range (confirmed by terahertz 
spectroscopy). Beside simple object sensing and identification, 
Figure 4 (c) depicts the capability of see-through radar imaging 
for detection of defects and alterations, such as cracks or 
broken components, through a cover. For this implementation, 
a zoom on part of a 19 mm diameter aluminium tube (delimited 
by grey horizontal lines) displaying two controlled breaks (c1 
and c2 in the grey dotted square box).  

Finally, besides the many parameters impacting the 
sensing capabilities of radar units, such as the investigated 
feature’s depth and size and their optical proprieties, the 
visualization of defects like foreign material, object, 
alterations or moisture contamination is made possible through 
a glass-fiber plane cover. A monitoring of the spatial location 
of objects of interests can moreover be performed thanks to the 
inherent depth sensing capabilities of radar imaging 
techniques. 

The embedded phase information provided by the 
FMCW sensing process turns out to be an adequate tool for 3D 
imaging and in-depth sensing for a large scope of applicative 
cases of failure. Among those, the inspection of multi-layered 
polymers and foams structures for thickness inspection 
illustrates those capabilities  [15]. With similar motives [16] 
and capabilities, but targeting scaled down structures, terahertz 
thickness inspection have been successfully implemented for 
micrometric stacked paint structures in the aeronautics and 
automotive industry with the use of time domain spectroscopy 
tools 

3. Thickness extraction and optical paths 

Although the use of FMCW radars has proven to be 
effective for contactless and non-destructive in-depth 
measurements for the aviation industry, complementary 
technologies whose operating frequency range remains within 
the terahertz band can address additional issues encountered 
by this industrial sector. That is notably the case of terahertz 
time-domain spectroscopy, primarily introduced in the field to 
control the thickness of aircraft coatings. The sensitivity of 
pulsed terahertz radiations to individual coatings forming a 
stratified structure was reported for different study cases, as in 
automotive, art science and obviously, aeronautics [17-20]. 
Indeed, when reaching a dielectric interface, a portion of the 
incident frequency-dependent terahertz electric field is 
transmitted through the following layer, while another portion 

 

(a) 

 

(b) 

 

(c) 

Figure 4: (a) 100 GHz image of a wrench and sponges with their support 
through a plane covering panel (b) Synview imaging system with implemented 
plane cover (side view and top view) metallic samples and sponges are visible 
on the low right side (c) zoom on a 100 GHz Image of an altered aluminum 
tube that displays 2 mm (c1) and 5 mm (c2) cracks on its right part (dashed 
frame) , through a plane covering panel.  

c1 c2 



 NDT and E international 
 
 

5 

is reflected back. Eventually, a time-of-flight analysis is 
conducted to evaluate the respective thicknesses. 

Inverse electromagnetic problems are commonly 
performed to extract, from a recorded terahertz electric field 
the individual layer dielectric properties and thicknesses. 
Usually, it consists in minimizing an objective function that 
denotes the discrepancies between the experimental waveform 
and the ones computed from a set of candidate parameters that 
are aimed to impact the shape of the signal as the complex 
refractive index and the thickness. One can, non-exhaustively, 
distinguish three main different ways to proceed: (i) 
incremental Newtonian methods; (ii) full-volume test; (iii) 
dynamic stochastic strategy. In the following, each method is 
briefly explained and their main advantages and 
inconveniences are underlined.  

3.1 Incremental Newtonian methods 
The incremental Newtonian approach [21] consists in 

evaluating iteratively the curvature of the objective function 
based on the ratio of the gradient of this objective function over 
its Hessian. While such a process would make high progress 
initially, the speed of convergence decreases as it gets closer 
to the physical solution. Hence, it is suitable to set a threshold 
under which, the method ends.  

3.2 Full-volume test 
In comparison to the previous method, a full-volume 

test successively computes the objective function for all 
possible combinations of allowed-parameters. Therefore, the 
method is expected to converge to the physical solution. 
However, it is worth to note that the nominal number of 
calculations can be immense so that the process becomes 
cumbersome and would not, ultimately, be able to provide the 
physical parameters that compose the stack in a decent period 
of time. 

3.3 Dynamic stochastic strategy 
In comparison to the two previous methods, a 

stochastic process is aimed to randomly pick different 
combinations of parameters that are subsequently injected into 
the objective function. Two different approaches are possible 
to select the best parameters: (i) the test ends when a 
combination provides an objective function minimization that 
is greater than a predefined correlation threshold; (ii) the 
process terminates after a given number of shots and selects 
the combination that provides the smallest value of the 
objective function. As dealing with random selection 
processes, the convergence time of the first approach remains 
erratic and unpredictable. The later approach is accomplished 
within a fixed period of time but may not grasp the physical 
combination if the number of stochastic shots revealed to be 
too small. Note that in a similar fashion to the definition of 
convergence time for the first method, the number of required 
shots to find a valid combination cannot be predicted. 

However, in both cases the probability to pick the valid 
combination increases as the number of allowed parameters 
decreases.  

3.4 Iterative tree algorithm (ITA) 
The aforementioned procedures are then commonly 

implemented to extract the physical parameters of each 
individual layers that constitute a stack. However, those 
methods gather indistinguishably the contributions of all the 
possible propagation paths through the paint stack, thus 
requiring a large computation 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 to this end, developed [22]. The 
algorithm to be reported does not aim at evaluating the 
respective thicknesses of individual coatings but intends to 
establish a parametric transfer function, also referred as 
“reduced transfer function” in the following, which is derived 
from the analysis of individual optical route contribution to the 
responsive terahertz frequency-depend electric field. 
Ultimately, the so-called parametric transfer function can be 
used within the designed objective function to be minimized to 
extract, from one of the aforementioned property extraction 
methods, the thicknesses of coatings.  

The iterative tree algorithm (ITA) 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 for each contribution. The optical routes that 
contribute the most to the power are labelled and used to derive 
a parametric transfer function.  

The central principle of the algorithm is to increment, 
at each encountered dielectric interface, a parameter k denoting 
pulse subdivisions (Figure 5). Each propagating radiation is 
thus the combination of reflection and transmission processes 
involving surrounding dielectric layers, and occurring at the 
previous algorithm step, i.e. k-1. 

 
Figure 5: Scheme of the iterative algorithm. At each further dielectric 
interface, the k-parameter is incremented and the corresponding transfer 
function H is calculated. 
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One has then the following equivalent mathematical 
description of the scheme: 
 

 

 
 
 

(4) 

 
where and are the reflected and transmitted signals in 
frequency domain of the k-th iteration at each dielectric 
interface.  

In order to pilot and to illustrate the iterative tree 
algorithm, an aeronautic stack sample on metallic substrate 
made of 4 layers of tens of microns has been extensively 
investigated in the THz domain and with conventional optical 
destructive methods for reference. The first step to achieve this 
investigation, was to carefully extract the dielectric properties 
of each individual painting material in isolation. To do so, the 
full-volume test reported in section 3.2 was followed. Each 
individual layer dielectric properties were then fitted to a 
single-pole Debye profile, as a consequence of a generalised 
thermal effect. The full stack was then reconstructed by means 
of equations (4) and its reconstruction iteratively processed is 
given in Figure 6.  

Discrepancies between the computed waveform and 
the experimental one decreases when considering an 
increasing number of contributions until it reaches a threshold 
under which the error remains overall stable. The error metric, 
defined as the difference squared between the two waveforms, 
as a function of the number of iterations is given in Figure 7. 
The non-monotonous nature of the dependence reflects that 
time features are in majority due to the combination of several 

physical processes. Despite additional iterations, the error 
function does not reach zero. The presence of a non-zero 
asymptote may be attributed to various roots: the non-perfect 
extraction of individual dielectric profiles, experimental limits 
and additionally due to the fact that time features 
corresponding to further iterations are out of the time window 
in which the comparison metric is defined. 

One has to keep in mind that such a reconstruction 
actually considers the whole possible optical routes within the 
stack. However, one can anticipate that all of these routes are 
not significantly contributing to the reflected signal. Thanks to 
the mathematical design of the algorithm, it is possible to 
analyse and quantify the contribution of each optical path 
individually and consequently to sort them as a function of 
their respective contributions to the responsive waveform. 
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Figure 6: Iterative reconstruction (red) of the experimental waveform 
(black) for the aeronautic stack made of four layers, each of tens of 
microns. 

 
Figure 7: Profile of the integrated comparison metric between 22 ps and 
37 ps as a function of the number of iterations.  

 
Figure 8: Representation of a portion of the selected optical routes 
found to be necessary to reconstruct the experimental waveform. 
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Doing so, one can therefore calculate a parametric transfer 
function that only considers a selection of the most 
contributing routes. Some of these identified optical paths are 
shown in Figure 8. It is worth to note that the procedure 
initially dealt with 1,094 distinct paths between k = 1 and k = 
17. However, the identification of the most contributing paths 
led to a shortlist of 33 routes. Globally, the time needed to 
reduce the number of optical paths to be considered per pulse 
subdivision varies from few seconds to few minutes, but 
remains dictated by solver configuration. Notably, the higher 
the iteration is, the longer the required time for optical routes 
minimization is. 

Deeper explanation about selection rules can be 
found in  [21]. Ultimately, these 33 selected optical paths were 
used to reconstruct the previously simulated waveform (Figure 
9). 

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 for the reflected signal led to a reduced transfer 
function that was used to reconstruct almost perfectly the 
original responsive waveform. The generated parametric 
transfer function can eventually be implemented in thickness 
determination algorithms for micrometric coating stack. This 
algorithm also carries interest to deepen theoretical 
understanding on the way a responsive terahertz electric field 
forms upon interacting with a multilayer structure.   

4. Conclusions  

Two real case applications using state of the art 
apparatus working in the so-called terahertz band were 
presented. Ultra-Wide Bandwidth FMCW radars are known 
for their contactless Non-Destructive-Testing capabilities for 
the aeronautics industry. Here, they proved to be an adequate, 
compact and sensitive imaging system for remote sensing of 
inaccessible targets through plane panel thanks to the object 
visualization and identification as well as alteration and defect 

detections. Further ongoing works are oriented toward the 
adequacy of this technique applied to other types of materials. 
The implementation of a more versatile FMCW radar system 
together with other optical NDT tools to reach a resourceful 
imaging system is also under development and is intended to 
be integrated with an automated positioning system. 

For the potential of terahertz time domain 
measurements on painting thickness, a combination of 
numerical strategies was described to extract the parameters 
that describe the best a measured signal arising from a multi-
layered sample. From simulated reflected waveforms, through 
Fresnel’s equations, an iterative and genetic algorithm then 
selects the highest contributing optical path (depending on the 
material response and its thickness) amongst the stack for the 
generation a reduced transfer function. This new predictive 
tool is crucial to analyse any deviation for the awaited signal 
and to identify which layer does not follow the right thickness 
or dielectric properties. 
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