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Abstract: Polymer matrix composites (PMC) play important roles in modern industry. Increasing

the number of such structures in aerospace, construction, and automotive applications enforces

continuous monitoring of their condition. Nondestructive inspection of layered composite materials

is much more complicated process than evaluation of homogenous, (mostly metallic) structures.

Several nondestructive methods are utilized in this case (ultrasonics, shearography, tap testing,

acoustic emission, digital radiography, infrared imaging) but none of them gives full description of

evaluated structures. Thus, further development of NDT techniques should be studied. A pulsed

terahertz method seems to be a good candidate for layered PMC inspection. It is based on picosecond

electromagnetic pulses interacting with the evaluated structure. Differences of dielectric parameters

enables detection of a particular layer in a layered material. In the case of multilayered structures,

only layers close to surface can be detected. The response of deeper ones is averaged because of

multiple reflections. In this paper a novel inspection procedure with a data processing algorithm is

introduced. It is based on a double-sided measurement, acquired signal deconvolution, and data

combining. In order to verify the application of the algorithm stress-subjected glass fiber-reinforced

polymer (GFRP) was evaluated. The obtained results enabled detection and detailed analysis of

delaminations introduced by stress treatment and proved the applicability of the proposed algorithm.

Keywords: nondestructive testing (NDT); terahertz imaging; composite materials; multilayered

structures; deconvolution

1. Introduction

A composite is a structure made of materials with different physical properties. When combined,

a material with characteristics different from the individual components is obtained. The properties

of the composite structure depend on the matrix and the reinforcement materials and their setups.

Polymer matrix composites (PMC) play important roles in modern industry because of their high

stiffness, corrosion resistance, and strength to weight ratio [1]. Increasing the number of such structures

in aerospace, construction, and automotive applications, as well as in lightweight structures in the

wind energy industry, enforces continuous monitoring of their condition. Due to high anisotropy,

nondestructive inspection of layered composite materials is a much more complicated process than

the evaluation of homogenous, (mostly metallic) structures [2–8]. Several nondestructive methods

are utilized in this case (ultrasonics, shearography, tap testing, acoustic emission, digital radiography,

infrared thermography) but none of them gives a full description of the evaluated structures. Thus,

further development of NDT techniques should be studied.

The use of terahertz inspection of dielectric or semiconductive structures is attracting increasing

attention in the research community and industry. Recently, various applications have been

demonstrated by many research groups. Continuous-wave imaging (CW), frequency domain

measurement using a vector network analyzer (VNA), and pulsed time domain spectroscopy
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(TDS) are utilized in this frequency range [9–18]. The first group of applications refers to

spectroscopic evaluation of materials or potential inclusions compositions, i.e., polymer evaluation [16],

drugs identification [19,20], explosives detection [19], biological tissue identification in the case of

biotechnological and medical applications [21,22], hydration/moisture level determination [23,24],

polymerization state monitoring [25], chemical mixtures evaluation [26], and determination of tea

geographical origin [27]. The second group of applications refers to observations of the inner structure

of an object under test (OUT), similar to ultrasonic testing or the pulsed ground penetrating radar

(GPR) technique. In this case homogenous or layered dielectric materials are examined in order to

detect irregularities or defects [14,15,28–30]. Non-conductive coatings of dielectric or conductive

materials, as well, as layers thicknesses can be also evaluated [28]. In the case of integrated circuits

the inner structure is monitored [31]. TDS is also utilized in order to evaluate the integrity of layered

tablet structures. Another group of applications refers to terahertz tomographic imaging [32–36].

Tomography refers to the cross-sectional imaging of an object by measuring transmitted or/and

reflected waves (ray). There are various terahertz imaging options: time of flight reflection tomography

(THz ToFRT), diffraction tomography (THz DT), computed tomography (THz CT), tomography with

a binary lens, and digital holography.

Continuous wave terahertz imaging [37–39] is a generally faster and less complicated technique

compared to TDS. In this case the source (typically horn antenna, photoconductive antenna or far

infrared laser) illuminates object under test and detector (photoconductive, pyroelectric, or bolometric)

or a matrix of detectors receive the electromagnetic wave. In most cases this technique provides power

or intensity information and phase data is not available. Higher power of sources and utilization of

detector matrices enables inspection of thicker and bigger structures in comparison to TDS.

Main advantages associated with terahertz imaging technique are:

• non-contact measurement in reflection and transmission arrangement;

• non-ionizing nature;

• inner structure and spectral information is obtainable; and

• fraction of a millimeter resolution.

The main disadvantages of terahertz inspection are:

• low power of THz emitters;

• low speed of examination (need of raster scanning in case of VNA and TDS solutions);

• restriction to nonconductive materials (because of high frequency and skin effect); and

• high cost of VNA and TDS solutions.

A pulsed terahertz method seems to be a good candidate for layered PMC inspection. It is based

on picosecond electromagnetic pulses interacting with evaluated structure. Differences of dielectric

parameters enables the detection of particular layers in a layered material and any defect which disturbs

the distribution of the refractive index, e.g., inclusion, delamination, void, material inhomogeneities

(fiber/matrix distribution), and internal interfaces between layers (in layered structures).

In the case of multilayered structures, only layers close to the surface can be effectively detected.

The response of deeper layers is averaged because of multiple reflections. In this paper a new inspection

algorithm based on double-sided measurement, acquired signal deconvolution, and data combining

based on weighting functions is proposed. In order to verify the application of algorithm stress

subjected glass fiber reinforced polymer (GFRP) was evaluated. Obtained results enabled detection

and detailed analysis of delaminations introduced by stress treatment and proved the applicability of

the proposed algorithm.
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2. Materials and Methods

2.1. Pulsed Terahertz Measuring System

The imaging device utilized in this work is presented in Figure 1. It is a pulsed terahertz system

(TDS) based on Tray-4000 spectroscope of Picometrix (Ann Arbor, MI, USA). The main elements of

the system are: a photoconductive transmitter and receiver, optical delay line, and femtosecond laser.

As shown in Figures 1 and 2, measuring heads operate in reflection mode. The THz transmitter

(based on a bowtie antenna with photoconductive gap, Figure 2) is excited by the femtosecond laser

pulses. This causes a pulsed flow of antenna current resulting in electromagnetic wave induction.

The terahertz wave generated by the bowtie antenna is collimated by a hemispherical silicon lens

and focused in the vicinity of the imaged structure surface by a plano-convex dielectric lens. This

electromagnetic pulse is partly transmitted through the examined object and partly reflected. In the

presented setup the reflected field is detected by the receiving antenna. Based on the measured time

domain response it is possible to gain information about the internal structure of the object under test

(similar to ultrasonic testing or sonar/radar applications).

 

(a) (b)

Figure 1. Utilized pulsed terahertz imaging system: (a) photo; and (b) simplified scheme; 
Figure 1. Utilized pulsed terahertz imaging system: (a) photo; and (b) simplified scheme;

Tr—photoconductive transmitter, Rx—photoconductive receiver, OUT—object under test, Fl—focusing

lens, B—beam splitter, PCA—photoconductive antenna.

Figure 2. Structure of the photoconductive antenna and the basic measuring setup. Figure 2. Structure of the photoconductive antenna and the basic measuring setup.
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The transmission setup shown in Figure 3a is utilized if there is an access to both sides of evaluated

structure. This restriction is no longer valid in case of reflection arrangements presented in Figure 3b,c.

The “V” setup provides a relatively high signal to noise ratio (SNR), but because of the high number

of degrees of freedom, accurate arrangement can be problematic, especially for long focal lengths

of focusing lenses and significant changes of lift-off distance within a single imaging procedure.

The reflection setup with the beam splitter enables a less complex setup and the direction of THz

pulse propagation is perpendicular to OUT’s front surface. An important disadvantage of this setup

is significant reduction of SNR caused by non-ideal behavior of beam splitter. In case of proposed

double-sided imaging algorithm the setup presented in Figure 3d is utilized. This is an extension of

arrangement shown in Figure 3c and similarly just reflected signals are acquired. This application

is possible using a two-channel Tray 4000 spectroscope. A more time consuming equivalent of the

proposed system is the measurement using the reflection setup from both sides of OUT separately.

The algorithm presented in the next paragraph can be utilized in both cases.

(a) (b)

 
(c) (d)

Figure 3. Geometries utilized in composite materials evaluation using pulsed terahertz im
Figure 3. Geometries utilized in composite materials evaluation using pulsed terahertz imaging:

(a) transmission setup; (b) reflection “V” setup; (c) reflection setup with beam splitter; and (d) proposed

geometry-double-sided measurement using reflection setup.

2.2. Proposed Algorithm

Inspection of multilayered structures using the pulsed terahertz technique enables detection

and monitoring of separate layers. If there exists any noticeable difference between the dielectric

parameters of the utilized polymer resin and fabric, the reflection of the excitation pulse will be

observed. The behavior of a single-layer material is presented in Figure 4. The pulse is reflected and

transmitted through air-material and material-air interfaces. One can observe some part of the energy

in the form of the electromagnetic pulse becoming trapped in the considered layer (resonator). This

pulse is repeatedly reflecting off the layer boundaries and, simultaneously, a part of the energy is

transmitted out of the layer. Thus, depending on the layer thickness and dielectric parameters, each

excited layer can be considered as a source of delayed and attenuated copies of an excitation pulse

in both directions (forward-incident and backward-reflected). This effect, in the case of multilayered

structure imaging, causes more problematic analysis of the results. Based on this mechanism we can

analyze the response of multilayered structures.

Each layer in the material acts as resonator, thus the recorded response consists of air-material

(FSR), layer-layer and material-air (BSR) interfaces reflections as well as huge amount of delayed and

attenuated additional pulses. If the number of layers is rather low (e.g., 3–6), the pulses caused by

layer interfaces are clearly visible in the measured signal and the resonators causing additional pulses

can be neglected (direct reflection of the layer-layer interface is stronger than the attenuated copy).

The exemplary signal acquired in the case of a six-layer material is shown in Figure 5. If the number

of layers is higher (e.g., 20) the energy of the main pulse after propagation through many layers is
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low (because of reflections of previous layers), becoming comparable with the energy of the resonator

effect caused pulses received by the PCA detector. Thus, just reflections from the layers situated close

to front surface can be observed with an acceptable signal to noise ratio (SNR). An example of such

a situation is presented in Figure 6. Information about the layers situated close to the back surface is

not available in this case—it is not possible to measure the layer thickness. Fortunately, the detection

of defects like delamination, voids, and inclusions is still possible because of their noticeable difference

of permittivity compared with fibers and polymer resin.

 
Figure 4. Interaction of the Gaussian pulse with single dielectric layer; results of the 1D FDTD

simulation for various time instances.

Figure 5. Signals acquired in case of inspection of layered composite material (basalt fiber-reinforced) 
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Figure 5. Signals acquired in case of inspection of layered composite material (basalt fiber-reinforced)

consisting of six layers: (a) A-scan; and (b) B-scan; FSR-front surface reflection, BSR—back

surface reflection.
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Figure 6. Signals acquired in the case of the inspection of the layered composite material (glas

λ
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Figure 6. Signals acquired in the case of the inspection of the layered composite material (glass

fiber-reinforced) consisting of 30 layers: (a) A-scan; and (b) B-scan.

In order to obtain detailed information about the layers close to back surface of examined material

the algorithm of double–sided terahertz inspection is proposed. It is presented in Figure 7. First,

a double-sided measurement arrangement, shown in Figure 3d, is performed. The application of

this setup is possible using a two-channel terahertz spectroscope (e.g., Tray 4000 from Picometrix).

A more time consuming equivalent of the proposed arrangement is a separate measurement using

a reflection setup (Figure 3c) from both sides of the evaluated material. This method of inspection

needs an additional data registration process in order to match the obtained results to the same (x,y)

position. The proposed algorithm can be utilized in both cases.

In order to increase the ability of separate layers distinguishing, a deconvolution operation was

performed. Such processing is utilized in the case of THz imaging for noise cancelation and spatial

resolution improvement [24,31]. The basic deconvolution process is very sensitive to noise and can

result in considerable errors in the case of experimental results (if noise is present). In this work

an improved, least squares deconvolution method was utilized [40], according to a following equation:

gm =
(

HTH + λI
)−1

HTsm (1)

where: H is the convolution matrix, I is the identity matrix, λ is the regularization parameter, sm is the

measured signal, and gm is the deconvolved signal—reflectivity profile of material.

In the next step, weighting functions wCH1 and wCH2 were calculated as an envelope based on the

signal obtained using the analytical model (presented in Section 2.3). This step is shown in Figure 7.

The utilized model enabled the calculation of the waveform reflected from a given multi-layered

structure if an incident wave is in the form of a wideband Gaussian pulse. In order to obtain analytical

form of weighting function the following approximation was utilized:

wCHk(t) =
I

∑
i=1

pie
qit (2)

where wCHk(t) is the weighting function of given channel k = 1 or 2, and pi, qi are the

approximation coefficients.
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Figure 7. An algorithm of double-sided terahertz inspection of a layered structures. 
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Figure 7. An algorithm of double-sided terahertz inspection of a layered structures.
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The sum of two exponential functions (I = 2) is sufficient to obtain acceptable level of

approximation. In the next step both signals are combined using weighted sum:

gcmb(t) =
wnCH1(t)gmCH1(t)− wnCH2(−t)gmCH2(−t)

wnCH1(t) + wnCH2(−t)
(3)

where gcmb(t) is the combined signal, wnCH1(t) and wnCH2(t) are the weighting functions normalized

to the 〈0;1〉 range, associated with channel one and two, respectively, and gmCH1(t) and gmCH2(t) are

the deconvolved signal of channel one and two, respectively. The reconstructed signal gcmb(t) in the

vicinity of the FSR pulse is calculated mainly based on gmCH1(t), and close to the BSR pulse based

on gmCH2(t). The signal from channel two was multiplied by −1 and time-reversed (−gmCH2(−t)).

This operation enabled obtaining the same polarization of FSR, BSR, and defect-caused pulses, thus,

constructive interference is possible. The combined signal in case of measurements will be presented in

Section 3. Finally, the obtained signal contains high amplitude pulses caused by material-air interfaces

(FSR and BSR). The signal caused by layers reflections is symmetrical—the highest values are close to

FSR/BSR. Even in the center of whole material response—where the signal is weakest—its amplitude

is noticeably higher than in the case of the raw signal (obtained for single-side inspection).

2.3. Analytical Model

Analytical model is utilised in order to obtain envelope based layers reflection attenuation

function, which is used in proposed algorithm as a source of time delay dependent weight value in

weighted summing of both signals. A chain matrix-based model of harmonic electromagnetic wave

propagation in cascade connection of n non-lossy sections in the case of normal incidence will be

considered [41,42]. This situation is schematically presented in Figure 8a. ci and bi are forward- and

backward-traveling wave amplitudes in each layer in the case of the considered frequency. For cascade

connections of n sections (layers) we have the following equation [41,42]:

[

c1

b1

]

=
n

∏
i=1

1

Ti

[

ejφi Rie
−jφi

Rie
jφi e−jφi

][

cn+1

bn+1

]

=

[

A11 A12

A21 A22

][

cn+1

bn+1

]

, (4)

where φi = kidi is the electrical length, di is the layer thickness, ki = k0
√

εr i is the propagation constant,

Ri =
Zi−Zi−1
Zi+Zi−1

is the reflection coefficient, Zi is the wave impedance, Ti = 1 + Ri is the transmission

coefficient, and Akl are the elements of the chain matrix.

Assuming only one direction of excitation pulse—there is no electromagnetic wave incident from

back side of examined material (bn+1 = 0)—we have:

b1 =
A21

A11
c1. (5)

Equation (5) enables calculation of the reflected wave amplitude b1 for a given frequency f based

on the incident field amplitude c1 and the selected chain matrix elements. A block scheme of the

reflected pulse calculation algorithm is presented in Figure 8b. Incident Gaussian pulse is transformed

to frequency domain, where the analytical model (Equation (5)) is applied for each harmonics. After

calculation of reflected wave b1(f ), the result is transformed back to the time domain. The incident

pulse and its spectrum, as well as the reflected pulse, are presented in Figure 8c,d, respectively. One can

observe the similarity of the obtained signal with the measured one presented in Figure 6. It consists

of FSR and BSR pulses, as well as the exponentially-attenuated layer reflection pulse.
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(a) (b)

(c) (d)

Figure 8. Analytical model: (a) cascade connection of multiple layers; (b) block scheme of reflected 

− −

−

Figure 8. Analytical model: (a) cascade connection of multiple layers; (b) block scheme of reflected

signal calculation; (c) time domain excitation signal (and its spectrum) in the form of a wideband

Gaussian pulse; and (d) the signal obtained using the analytical model for reflection arrangement

(and its spectrum).

3. Results and Discussion

The proposed algorithm was experimentally validated. A double-sided inspection of a polymer

composite was carried out. During the measurements a commercially-available material which

consists of 30 plies of glass fiber fabric with regularly-oriented fibers subjected to stress forces below

140 MPa was utilized. The photography of the exemplary specimen is presented in Figure 9. After

applying mechanical excitation, several delaminations were created on various depths of the layered

structure and both surfaces were perforated. Material in this condition has significantly worse

mechanical properties.

The exemplary A-scan signals gmCH1(t) and −gmCH2(−t) obtained using the proposed

double-sided inspection and signal processing are presented in Figure 10. One can observe constructive

interference of FSRCH1–BSRCH2, FSRCH2–BSRCH1 and defect/layer reflection pulses, respectively.

Similarly, B-scan signals obtained during a single line scan along the sample are presented in Figure 11

(deconvolved) and Figure 12 (channel 2 signal time-reversed). In each case BSR pulse has smaller

amplitude and frequency content in comparison with FSR pulse. This is caused by attenuation of

the pulse energy during propagation through multilayered structures and defocusing. As mentioned

before, layers’ reflection pulses (in the case of layers close to back surfaces) are blurred, as well. Based

on Figure 12, one can see that gmCH1(t) and gmCH2(−t) signals contain complementary information

about the layers.
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−

Figure 9. Photo of the multilayered polymer composite structure subjected to stress resulting in

multiple delaminations.
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Figure 10. Exemplary results of double-sided pulsed THz measurements for given (x,y) position

(signal from channel 2 was multiplied by −1 and time-reversed according to the proposed algorithm).
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Figure 11. Exemplary B-scan signals obtained using double-sided inspection of a composite sample

subjected to stress: (a) deconvolved channel 1 signal gmCH1(t,x); and (b) deconvolved channel 2 signal

gmCH2(t,x).
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Figure 12. B-scan signals prepared for weighted summing: (a) deconvolved channel 1 signal gmCH1(t,x);

and (b) time reversed channel 2 signal gmCH2(−t,x).

The B-scan signal combined using the proposed algorithm is presented in Figure 13. In comparison

to the results of standard, single-side inspection (shown in Figure 11), here both material-air interfaces

have “sharp” indications and the layers’ response is noticeable over the whole cross-section of the

examined structure (with maximum values in the vicinity of material boundaries). Moreover, the

pulses caused by reflection from defects (mainly delaminations) are detectable even on the background

of the layers’ responses.
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Figure 13. Combined B-scan signal gcmb(t,x) using the proposed algorithm.
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4. Conclusions

In this work an improvement of a relatively new nondestructive testing technique—pulsed

terahertz inspection—is presented. An algorithm of double-sided inspection and obtained data

treatment was proposed in order to preserve information about the layer arrangement in a multilayered

composite structures. The reasons for the loss of this information in the case of the standard pulsed THz

inspection technique were briefly characterized. The proposed algorithm is based on double-sided

reflection measurement, deconvolution, and weighted summing. The weighting functions were

obtained as envelopes of analytically-calculated signals. In this step some knowledge about examined

structure is needed (material type—permittivity, thickness, number of layers), but even if not all of this

information is available—a normalized weighting functions wnCH1(t) and wnCH2(t) can be calculated

based on approximation Equation (2) and measured signal, without application of analytical model.

It is possible, because the character of the layer reflection response (exponential decay) is similar in the

case of all multilayered materials as long as there is one type of layer within the whole thickness.

The algorithm was validated using glass fiber-reinforced composite consisting of 30 layers

and subjected to stress. As was expected, the application of the proposed algorithm enabled the

preservation of weak signals of layer reflections in the case of layers situated over opposite sides of

the examined structure. Retaining the layers’ reflection response has no negative influence on defects’

responses and detection. In the case of very thick or lossy samples, the problem with BSR pulse

detection may appear, which can prevent proper matching of gmCH1 and gmCH2 signals. Additionally

visible layer response (Figure 6) can be attenuated before reaching the central area of the material

cross-section. In this case, in the center of the combined signal gcmb(t) the amplitude and SNR are

very low.

An application of proposed technique is possible only if there is an access to both sides of

examined structure (restriction as in case of transmission inspection) and two channel measurements

are available. If the latter condition is not fulfilled, inspection can be performed with two separate

single-side measurements, but it doubles the examination time. Moreover, the proposed technique

can be utilized for nonconductive materials, like polymer composites reinforced with glass, basalt,

Kevlar, and natural fibers. Thus, polymer, ceramic or composite coatings of metallic objects cannot be

examined using the proposed algorithm.
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