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Abstract: In order to meet the increasing demand of non-destructive testing (NDT) in engineering
practice, a continuous terahertz NDT platform based on linear scanning has been developed, with
a center frequency of 154 GHz and a bandwidth of 56 GHz. This system combines frequency
modulation continuous wave (FMCW) radar technology with a continuous scanning structure, as
well as a data acquisition platform to provide a non-contact detection method; this is highly efficient
and compensates for the shortcomings of traditional methods such as microwave, X-ray, ultrasonic,
and others in safety inspection and special detection. In addition, a signal processing method of
spectral refinement and correction is proposed in this paper for accurate thickness measurement. The
results show that the method has a high accuracy for ABS, PVC, and ceramic matrix composites. By
extracting the characteristic parameters, the detection and imaging of prefabricated defects, such
as debonding and bubbles in composite materials, have been successfully achieved. This helps to
evaluate the internal state of the inspected object more intuitively and further meets the requirements
of industrial NDT.

Keywords: terahertz imaging; FMCW; non-destructive testing; spectral refinement

1. Introduction

With the extensive application of new manufacturing technologies and new materials
in the industrial field, the problems of inspecting quality and evaluating reliability have be-
come increasingly prominent [1,2]. In recent years, terahertz technology has been proven to
have strong application prospects and development potential in industrial non-destructive
testing (NDT). This area has gradually become a research hotspot due to its various advan-
tages, such as the fact that it is low-energy, harmless to the human body, non-contact, and
has the ability to penetrate non-metallic materials, amongst others [3-5].

Terahertz waves lie between millimeter waves and infrared light on the electromag-
netic spectrum, placing them within the transitional zone from electronics technology to
optical technology [6,7]. However, they are not fully applicable to microwave and optical
theory research; therefore, their generation and detection are limited [8]. It was not un-
til the 1980s—with the development of technologies such as photoconductive antennas
(PCAs), optical rectification (OR), and electro-optical sampling (EOS)—that the research
into terahertz waves made some progress [9-12]. Various bodies of research show that
terahertz waves have a high application value in wireless communication [13,14], safety
inspection [15-17], biomedical imaging [18], composite material detection [19-21], art
protection [22], etc.

In general, terahertz imaging systems are categorized as either active or passive.
However, even in the terahertz band, with frequencies up to 100 GHz or more, passive
detection still reduces the detection sensitivity and image resolution, while the radiation
source of active systems can overcome these deficiencies. Therefore, the application of
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terahertz imaging technology in NDT mainly relies on active systems. According to the
type of emission source, terahertz imaging systems are subdivided into two forms of
radiation: pulsed wave and continuous wave. Representative devices are the terahertz
time-domain spectrometer (THz-TDS) and frequency-modulated continuous wave (FMCW)
radars [23-26]. The former is a technique used for NDT through analyzing the terahertz
spectrum, which is reflected, transmitted, and scattered by the measured object. The
spectral resolution determines the identification accuracy of the fingerprint spectrum, and
a shorter coherent wavelength means that there is a higher longitudinal resolution, which
is crucial for the detection of extremely small-size defects. However, the THz-TDS also
has insurmountable limitations. Although femtosecond laser technology has made great
progress in recent years, drawbacks such as the complex structure of the system, low
detection efficiency, and tedious operation limit the application and popularization of the
THz-TDS, meaning that it is not suitable for rapid detection scenarios [27]. In contrast,
the sensor scheme based on a frequency-modulated continuous wave (FMCW) has the
characteristics of high integration, miniaturization, and fast imaging speed, meaning that it
is favored in engineering applications [28].

In recent years, many universities and research institutes have conducted research
on FMCW radars and achieved certain results. NASA’s Jet Propulsion Laboratory (JPL),
which is committed to the development of high-performance FMCW imaging systems, has
introduced two systems in the frequency ranges of 576~604.8 GHz and 662.4~691.2 GHz
for safety inspection, and it is researching a 95 GHz FMCW Doppler radar for space
exploration [15,29]. The Pacific Northwest National Laboratory (PNNL) is dedicated to
terahertz radar imaging with sparse arrays and reconstruction algorithms, and the designed
imaging system has a bandwidth of only 19.2 GHz [30]. The Fraunhofer Institute for High-
Frequency Physics and Radar Techniques (FHR) has developed an imaging system with a
frequency range of 44 GHz, which uses an inverse synthetic aperture radar (ISAR) algorithm
for imaging [31]. The SynView Head-300, produced by a German company, is one of the
few devices currently used in the field of NDT, with a frequency range of 90 GHz [32].
Many research groups have studied signal and image processing algorithms based on this
system. Terahertz FMCW imaging technology has also been studied in Sweden, China, and
Spain, as well as other countries. Most of the above systems use the ISAR algorithm for
imaging. For special equipment or composite material inspection where a higher accuracy
is required, further research should be conducted.

In this paper, a linear terahertz FMCW scanning system is constructed, which is suit-
able for the non-contact detection of multilayer non-metallic materials, including thickness
measurement and defect detection. The scanning system includes the terahertz sensor,
three linear actuators, a control platform, and a human—computer interaction module. In
this paper, the key contents of the system are introduced, and the test results are given to
verify its detection ability. The main contributions of this paper are as follows.

First, combined with terahertz sensing technology, a set of continuous terahertz imag-
ing platforms is built. By connecting the scanner and the data acquisition system, the real
aperture terahertz imaging of continuous scanning is obtained.

Second, due to traditional frequency modulation (FM) signal processing methods
having a low resolution accuracy and low efficiency, a complex resolving bandpass filter is
constructed for signal processing and feature extraction. The effectiveness of the method is
verified through simulation and comparison experiments.

Finally, the proposed continuous terahertz detection system is used to detect thermal
protection structures in the aerospace field and successfully localize the defect locations.

2. FMCW Theory and System Description
2.1. FMCW Radar and Measuring Principle

According to the operating mode of the transmitting source, terahertz continuous
wave (CW) systems can be divided into single-frequency continuous wave (SFCW), step-
frequency-modulated continuous wave (SFMCW), and linear-frequency-modulated con-
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tinuous wave (LFMCW) [28]. SFCW means that the transmission frequency of the signal
source contains only one component. Therefore, it is generally believed that the SFCW
system has no resolution in the distance direction and can only perform two-dimensional
imaging [33]. Due to the presence of the FM cycle, the SFEMCW system is required to dwell
for one FM cycle at each detection position and then conduct a point-to-point scan to obtain
the fully sampled data [28]. In contrast, the LFMCW system is more popular because of
its short scanning time and fast imaging speed [34]. Figure 1 shows the principle of the
measurement of the LFMCW system. The terahertz radar emits waves with a linearly
varying frequency. Then, the reflected signals are captured by the system. These signals are
shifted in time; therefore, their current frequency is also shifted compared to the transmitted
signal.

™ Transmitted signal
' Reflected signal ========+
Beatsignal =— + =

~\
U

Figure 1. The principle of LFMCW measurement.

The transmitted signal St(¢) and the reflected signal Sg(f) can be represented by the
following formulas:

St(t) = Awexp []271: ( fot + ;Ktz)] (1)

Sr(t) = Arexp{jzn[ o(t — Ab) + %K(t — At)z} } )

where At and A, represent the amplitudes of transmitted and reflected signals, respectively,
fo is the initial frequency, B is the sweep frequency bandwidth, f; is the period of a sweep
cycle, K = B/ts is the chirp rate, and At is the time offset caused by the distance of the
measured target.

As shown in Figure 1, these signals produce a beat frequency Af at the output of the
mixer that is proportional to the propagation length. The formula for calculating the range
domain can be obtained as follows:

d = ctsAf/2nB (©)

where c is the speed of light and # is the refractive index of the transmission medium
(n = 1in the air). As the FM signal changes periodically, according to the Fast Fourier
Transform (FFT) theory, the minimum frequency interval that the frequency can be resolved
within in the observation window f; is reciprocal of the observation time. Therefore, the
range resolution of FMCW sensing theoretically depends on the bandwidth, which can be
expressed by the following formula:

6 =c/2nB 4)
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2.2. System Description

The proposed FMCW scanner is a complete imaging system, which is composed of
the terahertz sensor, three linear actuators, a control platform, and a human—computer
interaction module. The terahertz sensor, produced by the company TRILITEC in Germany,
works in the frequency range of 126 GHz to 182 GHz, which includes a horn antenna with
a set of lenses placed in front of the horn. Efficient illumination and the finest resolution
can be ensured by placing the sample at the focal point of the lenses. Figure 2a,b shows
the architecture of the terahertz imaging system and the linear scanning process. The
workflow of the terahertz sensor is shown in Figure 2c. First, a voltage-controlled oscillator
(VCO) is driven by a ramp generator to generate a fast saw-tooth low-frequency sweep
signal. The low-frequency sweep signal is amplified through a frequency doubling link to
become the transmission signal, TX, part of which is radiated into the air by the antenna,
and the other part is directed straight into the mixer. With a focusing lens, the energy
of this signal is concentrated in the focal plane for propagation. When the transmitted
signal encounters a different material bonding layer, it returns to the terahertz source in the
same path and is called the reflected signal, RX. Finally, the reflected signal and the other
part of the transmitted signal are down-converted by a mixer and finally recorded as an
intermediate frequency (IF) signal by an analog-to-digital converter (ADC). The frequency
doubling link is mainly acquired through the use of Schottky diodes. The Schottky diode is
a special diode with a high switching speed and low noise performance, which is widely
used in microwave and millimeter wave bands for the wireless communication, radar, and
measurement. In the frequency doubling link, the input signal is applied to the forward
bias end of the Schottky diode, and the frequency of the input signal can be multiplied by
the non-linear characteristics of the diode. In the mixer, the Schottky diode is used as a
non-linear element to generate the product and difference frequencies of the input signal,
where the product frequency is the product of the frequencies of two input signals and
the difference frequency is the difference in the frequencies of the two input signals. This
system mainly performs downward mixing.

dy
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Figure 2. Continuous terahertz scanning imaging scheme. (a) The architecture of the terahertz
imaging system. (b) Full matrix sampling process diagram. (c) The workflow of the terahertz sensor.

This modulation method is equivalent to an independent “time stamp” on each
transmitted signal, which provides a theoretical basis for thickness measurement. The
characteristic parameters of the proposed system are outlined in Table 1.



Photonics 2023, 10, 1020

50f17

Table 1. Characteristics and key parameters of the systems.

Parameters Value
Center frequency 154 GHz
Bandwidth 56 GHz
Sweep time 1.024 ms
Sampling rate 1 MHz
Maximum scanning area 400 mm x 400 mm
Radiation power 0.5 mW
Raster scanning clock Start-stop-start
Operating mode Active reflective
FM waveform LEMCW
Application scenario Laboratory and Field Testing

2.3. System Characteristic Analysis
2.3.1. Cross-Range Resolution

In order to investigate the propagation model of continuous terahertz waves under a
focusing lens, the finite element method is used for the simulation and modeling. Taking
a lens with a focal length of 50 mm as an example, the lens has a diameter of 70 mm,
a thickness of 10 mm, and a radius of curvature of 80 mm. The lens material is HDPE
with a refractive index of 1.6. When the terahertz beam radiates from the horn antenna,
it propagates outward in the form of fluctuations, which are Gaussian waves. However,
under the action of a set of optical lenses, this beam is successively converted into a parallel
beam and a focused beam. According to the Fresnel diffraction formula [35], the magnitude
of the electric field at the exit side of the lens can be transformed into the focal plane, which
is expressed as follows:

[e9)

E(a,u) = / E(xo,y)exp (—inyz/)\a) exp(i2rtuy/Aa)dy/\/af (5)
—00

where A is the wavelength, a is the focal length, 1/ Aa is called the spatial frequency, and

E(xo,y) and E(a, u) are the electric field amplitudes at the exit plane x = x( and at the focal

plane x = a, respectively.

In general, it is very challenging to simulate systems with optical lenses using stan-
dard full vector wave analysis methods. In this simulation experiment, the focusing lens is
analyzed using the “electromagnetic wave, frequency domain” interface and the “electro-
magnetic wave, beam envelope” interface. The former only analyzes the domain of the lens
and its vicinity, where the boundary field at the exit surface of the lens is propagated to the
focal plane using the Fresnel diffraction formula. The “transition” boundary condition is
based on the assumption that the wave propagates in a direction perpendicular to the inner
boundary of the thin antireflective coating. In particular, the wave propagates in a direction
close to the normal direction. The analysis of the latter includes the entire domain of the
focal plane and uses the same “transition” boundary conditions. This has the advantage
that the thin antireflective coating does not need to be represented by a thin domain around
the lens. Figure 3 shows the electromagnetic wave propagation model under a 50 mm
focusing lens. As the beam passes through the lens, the simulation results demonstrate
how the shape and refractive properties of the lens affect the behavior of the beam. The lens
causes the parallel beams to change their direction of propagation and converge toward
the focal point, forming a focused beam (Figure 3a). And there exists a focused spot with
a diameter of about 2 mm at the focal position; this also determines the minimum defect
size detected by the system. Figure 3b illustrates the variation in the energy curve on the
centerline of the lens.
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Figure 3. The electromagnetic wave propagation model under a 50 mm focusing lens. (a) Schematic
of the simulation results. (b) Change in the energy curve on the lens centerline.

2.3.2. Range Resolution

According to Equation (3), the range resolution of the continuous terahertz detection
system is limited by the transmission medium and the operating bandwidth. A Hanning
window is often introduced in chirp signal processing to reduce the return echo side-lobe
at the expense of widening the main lobe. However, this further reduces the resolution of
the measurement. In this way, the range resolution can be expressed as follows:

Ad = ac/2nB (6)

where « is the broadening factor. In a practical application, the minimum resolution also
relates to the sampling rate and number of sampling points. Therefore, the measured
minimum range resolution can be provided by the following formula:

Adyeq) = actsfs /20BN ?)

where f; is the system sampling rate, N is the number of sampling points, and f;/N
represents the minimum interval of the actual spectrum in the signal acquisition process. In
practice, the number of sampling points cannot be infinitely long. Therefore, it is necessary
to use the spectrum correction and refinement method to improve the accuracy of the
thickness measurement.

3. Spectrum Correction and Refinement Method

In fact, the continuous terahertz detection system acts as a detector and needs to be
combined with signal processing methods to achieve highly accurate measurements. A
new spectrum correction and refinement signal processing method is proposed in this
paper to address the problems of window truncation, spectrum leakage, and the picket
fence effect.

3.1. Frequency Correction Based on Ratio Method

The ratio method of discrete spectral correction is a method of correcting and com-
pensating for irregularities or aberrations in spectral measurements. The ratio method
involves introducing a reference signal and a correlation signal of a known flat spectrum
into the measurement system. The reference signal serves as a benchmark for comparison.
The principle of the ratio method is to calculate the ratio of the measured spectrum to the
reference spectrum at each frequency point. The ratio indicates the gain or attenuation
introduced by the measurement system at a particular frequency. The measured spectrum
is divided point-by-point with the reference spectrum, and the resulting ratio spectrum
represents the frequency response of the system. Irregularities or deviations in the ratio
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spectrum indicate areas where the measurement system introduces errors or variations in
the signal amplitude. For spectral correction, these irregularities need to be inverted and
applied to the measured spectrum. The measured spectrum is multiplied by the inverse of
the ratio spectrum to obtain the corrected spectrum. The common methods for solving the
equation are the ratio formula method, iterative solution method, and peak search method.
To simplify the calculation, the ratio formula method is used to directly derive the formula
for calculation. In terahertz FMCW systems, the frequency of the differential beat signal
reflects the distance information, while the phase is generally not analyzed. Therefore,
this paper only describes the frequency solving process of the ratio method and does not
analyze the phase solving process.

Figure 4 shows the spectral diagram of the window function, in which the highest
and second-highest lines in the discrete blue line spectrum are located on both sides of
the actual spectral peak. The amplitude ratio function of two adjacent spectral lines in the
spectrum can be expressed by the following formula:

y=F(x) = f(x)/f(x + Ax) ®)

where f(x) is defined as the spectral function, y = F(x) is the ratio function of f(x) and
f(x + Ax), Ax is the frequency interval, and the inverse function of the above equation can
be obtained as follows:

x=g(y) ©)

Figure 4. Window function spectrum diagram.

Then, the frequency correction is Ax = Ak. The corrected frequency is (k + Ak)-fs/N,
where k (k=0,1,2,---,N/2 —1) is the number of spectral lines, and N is the number of
sampling points.

As shown in Figure 4, the highest and second-highest spectral lines in the discrete blue
spectral lines are located on both sides of the actual spectral peak, respectively, denoted
as (xo, f(x0)) and (xg + Ax, f(xo + Ax)). For a single-frequency signal with frequency k,
the principal flap function can be expressed as y = Af(x — k). For the Hanning window
function, it is assumed that the FFT of the signal is N spectral lines, the maximum value
is located at the M th, and the frequency interval is Af. The corrected frequency f. and
amplitude A, can be expressed by the following equations:

fe=(M+AN)fs/N (10)

A = 27TAN- (1 - Ak2) ya/sin(TAk) 11)

The ratio correction method is better for single-frequency signal correction, but less
effective for multi-frequency signals. Particularly for thickness measurements of layered
structures, multiple media layers with tiny thicknesses mean that there are multiple peaks
in the signal spectrum. The spectrum refinement method provides a good solution, which
is analyzed in detail below.
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3.2. Zoom-FFT

In fact, the spacing between adjacent spectral lines—that is, the frequency resolution
(Af = fs/N)—determines the resolution of the signal detection. The smaller Af is, the
higher the resolution of the spectrum, and less useful information is lost due to the picket
fence effect. When the sampling frequency f; is determined, Af is determined by the
number of sampling points N, and the number of displayable spectral lines is N/2. In
this system, the number of sampling points N is 1024; therefore, the maximum number of
spectral lines is 512. Considering the transition band effect of the analog anti-aliasing filter,
the number of spectral lines is generally set to 400. To improve the frequency resolution
without changing the upper limit frequency (f;/2), the zero-padding method of increasing
the window length is commonly adopted. However, this can easily lead to an increase
in computational workload and complexity. In the case of a limited sampling length
and computational memory, a method of complex modulation fine spectrum analysis
is proposed for spectrum refinement, which takes into account both the computational
complexity and upper limit frequency without sacrificing the performance.

The complex modulation fine spectrum analysis method, also known as the Zoom-FFT
or ZFFT, is a band-selective frequency refinement analysis method [36]. Figure 5 shows the
processing flow of Zoom-FFT. The analog signal x(f) undergoes an anti-aliasing filter and
A/D conversion to obtain the sample time sequence x(7), the discrete Fourier transform
of which can be represented by the following equation:

Xolk) = Y xo(m)WHE, (k=0,1,2,--- ,N — 1) (12)

where Wy = ¢ /27/N_ The sampled time series xq(1) is complexly modulated and the
frequency shift signal can be expressed by the following equation:

x(n) = xo(n)-exp(—j2nnf./ fs) = xo(n)-cos(2nnLy/N) — jxo(n)-sin(2nLy/N)  (13)

where f. = (f1 + f2)/2 is the center frequency of the target band, and Ly = f./Af is the
frequency center shift. According to the discrete Fourier transform (DFT) frequency shift
characteristic, the relationship between the discrete spectrum X (k) of x(n) and the discrete
spectrum Xy (k) can be expressed by the following equation:

X(k) = Xo(k+Lo), (k=10,1,2,--- ,N—1) (14)

o727 0i)

—

x(n) y(n) g(m) G(k)
Low-pass filter Resampling NI point FFT ——>

%o (n Frequency shift with

complex modulation

Figure 5. Window function spectrum diagram.

The resampling of the signal spectrum after complex modulation can be performed by
reducing the sampling frequency to fs;/D, where D is the scale factor, also known as the
selected sampling ratio. To avoid mixing after resampling, a low-pass filter should also be
introduced. The cut-off frequency of the low-pass filter is f; /2D, and the output signal can
be expressed by the following equation:

Y(k) = X(k)H(k) (15)

where H (k) is the frequency response of the low-pass filter. The output time domain signal
can be expressed as follows:

y(n) =Y o Y(R)Wy"™ /N (16)
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Specimen (top view)

Resampling y(n) through a scale factor D yields a new signal, which can be expressed
as:

g(m) =y(Dm) (17)

According to the DFT principle, the spectrum of g(m) can be obtained by the following
equation:

N-1 mk xo(k+ Lg)/D k=0,12,---,N/2—-1

Gk) =) _,—o 8(M)WR* = {xo(kS—Lo —)N)/D (k ! N/2,N/2+1,--- N ) y 19

It can be seen that after the above conversion, the frequency resolution can be improved
by a factor of D compared to the direct FFT method. Commonly used spectrum analyzers
use this algorithm for refinement analysis. However, the maximum refinement multiplier
D is limited by the characteristics of the low-pass filter. The Zoom-FFT eliminates the
computation of narrow-band and out-of-band spectral lines, but the complex modulation
and digital filtering still require a large amount of computation. In fact, the memory space
needed to store the intermediate data limits the maximum refinement multiplier. When
D = 1000, then 1000 * 1024 * 2 points of memory space are required to store the data. As the
refinement multiplier increases, the transition band width has an increasing impact on the
filtering accuracy, which can easily lead to the non-target frequency components not being
effectively filtered out or the target frequency components being misjudged as noise. The
complex modulation refinement spectrum method based on the complex analytic bandpass
filter proposed in this paper only offsets the refinement selection sampling points, which
takes into account the computational accuracy and efficiency.

3.3. Improved Refinement Spectrum Method

By constructing a complex analytic bandpass filter, a faster computation speed and
smaller storage space can be obtained, and the frequency aliasing caused by edge errors of
low-pass antialiasing filters can be effectively avoided. This improved method increases
the efficiency of its detection while maintaining its accuracy. Figure 6 demonstrates the
principle and advantages of the improved spectrum refinement method. Multiple bandpass
filters are constructed to reduce computational redundancy.

high data redundancy
high processing complexity

! |
Data storage Al
\é Target frequency d
> y Traditional Zoom-FFT method
> | A4 >
> | A y
-~ AT
> | d : AN
. g
Equally spaced output pulse signals Spectrum of a original signal | d

|

i maintaining a high degree of)
i | Multiple band-pass filters » Spectrum refinement|— accuracy while balancing !
i efficiency ;
|

Figure 6. The principle and advantages of the improved spectrum refinement method.
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First, a real low-pass filter is constructed, for which the cutoff frequency and impulse
response can be expressed by the following equations:

wy = (wp —w1)/2 (19)

W .
hy (k) = / * e dw /27 = sin(kwo) /kr (k = 0,41, £2, - - ) (20)
ey

where the bandwidth is wy — wj. Then, the low-pass filter is complexly shifted to make its
congruence center move from 0 to w,.. The impulse response of the new analytic filter can
be represented by the following equation:

1O(k) = hy(k)el“k = hy (k) [cos(wek) + jsin(wck)] (k=0,41,42,---) (21)

Obviously, h° is a complex function, meaning its real and imaginary parts can be
represented as follows:

Y (k) = [sin(wok)cos(we)]/ 7k (k=0,+1,42,---) (22)

n) (k) = [sin(wok)sin(we)]/mk (k= 0,41,+2,---) (23)

where w, = (wj + wy)/2. Finally, decimation filtering and frequency shifting are per-
formed. Based on the above analysis, the processing flow of the improved continuous
terahertz detection algorithm can be summarized as follows (Algorithm 1):

Algorithm 1: Improved Refinement Spectrum Method.

Input: the original sampled signal xo(n), refinement multiplier D, Target band (f1, f2), Center
frequency fc = (f1 + f2)/2, and then the sampling rate after decimation is f; /D, and the
analyzed frequency band can be represented as [—fs/2D, fs/2D].

Step 1. Hanning window processes the original signal x( ().

Step 2. A real low-pass filter with cutoff frequency fs/2D is constructed, and the complex
modulation shift with offset 271 f; is performed to obtain a complex analytic band-pass
filter with width fs/D.

Step 3. The original signal x((n) is selectively sampled with a complex analytic bandpass filter
to generate a complex analytic signal ¥(n) with a frequency in the range of f to f,, with
the selective sampling ratio of D.

Step 4. The signal ¥(n) is frequency shifted by complex modulation to shift the starting
frequency of refinement to zero frequency point. (1) = ¥(n)s(n), where s(n) = e~J«1"
is multiple carrier signals, and wy = 27f1/ f5; the amount of complex modulation
frequency shift is w; = wyD.

Step 5. N-point FFT was conducted for 7(n) and spectral analysis was performed.

Output: Spectrum with distinct independent dominant flaps.

4. Results
4.1. Cross-Range Test

In this experiment, circular rings with different aperture diameters were fabricated
using a 3D printer to verify the lateral resolution of the system under a 50 mm lens. The
dimensional specifications and detection scheme of the sample are shown in Figure 6. The
samples were placed on a metal plate, and the effect of the total reflection on the metal
surface was utilized to quantitatively analyze the minimum resolving distance under the
50 mm lens. Figure 7 shows the test results. The minimum detectable diameter is about
2 mm, which is close to the theoretical value.
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Figure 7. Cross-range test schematic. (a) Specimen structure. (b) System detection scheme. (c) Scan-
ning image.

4.2. Range Test
4.2.1. Simulation

We used simulation software to generate a set of multi-frequency signals, which can
be represented by the following formula:

x(t) = Aqcos(2mfit) + Axcos(27 fot) + Aszcos(27tf3t) (24)

The above equation is a generalized expression for the simulation experiment. When
two of f1, f2, and f3 are 0, this represents the measurement of the distance. When any
two are not equal to 0, this represents the measurement of the single-layer thickness. When
none of them are 0, this represents the measurement of the two-layer thickness.

In this experiment, the bandwidth B is 56 GHz, the sweep time f; is 1.024 ms, the
refractive index 7 is 1, the sampling frequency f; is 1 MHz, the number of sampling points
N is 1024, and the refinement multiplier D is 50. Therefore, the frequency resolution Af is
976.56 Hz. According to Equation (3), assuming that the targets to be detected are located at
50 mm, 60 mm, and 63 mm, respectively, the frequencies f; ~ f3 are 18,229 Hz, 21,875 Hz,
and 22,969 Hz. By adding a Hanning window function and FFT transformation, the
panoramic spectrum can be obtained. As the differences in the frequencies corresponding
to these targets satisfy the frequency resolution condition, the ratio method can be used
for correction. Table 2 presents the results of direct FFT transformation, the zero-padding
method, the ratio method, the energy centrobaric method, FFT + FT, CZT, and the proposed
method. Frequency deviation is defined as the difference between the frequency calculated
by each method and the theoretical frequency. The deviations in the frequency in the table
are related to the theoretical values, where a positive deviation means that the frequency
value is greater than the theoretical value and a negative deviation means that the frequency
value is less than the theoretical value. The computational complexity is outlined in Table 3,
where N is the signal length and M is the number of sampling points.



Photonics 2023, 10, 1020

12 of 17

Table 2. Results of different signal processing methods (frequency deviation).

Thickness Measurement

Distance Single Layer Two Layers
Measurement Spectral Spectral Spectral Spectral Spectral
Peak 1 Peak 2 Peak 1 Peak 2 Peak 3
Range (mm) 50 60 63 50 60 50 60 63
Theoretical frequency (Hz) 18,229 21,875 22,969 18,229 21,875 18,229 21,875 22,969
FFT —321 395 —471 —321 395 —321 395 —471
Zero-padding —31 —25 —21 29 —55 29 115 —881
Ratio method 0 0 0 -7 7 -8 —241 25
Energy centrobaric method -9 15 -25 —6 12 -5 297 —138
FFT + FT —16 —10 —6 19 —55 49 55 —211
CZT -11 -5 -1 19 —55 49 55 —211
Proposed method -1 5 -1 19 -50 42 49 —181

Table 3. Computational complexity of different signal processing methods.

Methods Computational Complexity
Ratio method O(N)
Energy centrobaric method O(NIlogN)
FFT + FT O(NIogN + N?)
CZT O(NlogN + MlogM + N x M)
Proposed method O(D * NlogN)

Combining the experimental principles and simulation results, it can be seen that
for the correction of single-frequency signals (distance measurement), the ratio method is
superior in terms of the accuracy and computational complexity. The energy centrobaric
method performs spectral correction by calculating the energy center of gravity of the
spectrum, which has a relatively high computational complexity and reduced accuracy.
For the correction of multi-frequency signals (thickness measurement), both the energy
centrobaric method and ratio method have large errors. The FFT + FT method requires
Fourier interpolation, and the CZT method requires the introduction of a chirp signal
to replace the complex exponential function for non-uniform frequency sampling and a
high-resolution estimation. Therefore, the FFT + FT and CZT methods are computationally
intensive and are not applicable to engineering practice. The method proposed in this
paper can balance the computational accuracy and efficiency and can effectively deal with
the dense frequency analysis problem.

4.2.2. System Test

To test the actual detection capability of the proposed system, thickness measurement
experiments were conducted on specimens bonded to ABS and PVC plates (n4ps = 1.6,
and npyc = 1.9 in the range of 126 GHz~182 GHz). The specimen structure and detection
results are shown in Figure 8. The real thickness of the ABS and PVC are 5.10 mm and
5.13 mm, respectively.
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Figure 8. The specimen structure and detection results. (a) Structural scheme. (b) Original signal
of typical location. (c) The Spectrum of window function change and FFT. (d) The result of typical
spectrum refinement method (zero-padding).

As shown in Figure 8b,c, the original signals collected by the system are time-domain
signals, which can be characterized after the filtering of the Hanning window and FFT
transformation. Figure 8d shows the calculation results of a typical spectrum refinement
method (zero-padding), and the calculation results of the other methods are outlined in
Table 4. The actual detection capability is improved by the other calibration algorithms.
The spectral refinement method proposed in this paper balances detection efficiency and
accuracy, and it has high applicability, but the steps are more cumbersome. The appropriate
signal processing method should be selected according to the actual demand in engineering
applications. In addition, there is still a deviation between the measured results and the
actual measured values, which may be caused by the Fabry—Perot effect. Future research
should focus on using a continuous terahertz propagation model in the layered structure to
correct the final results.

Table 4. Measurement results of different signal processing methods.

ABS PVC
Real Measured Real Measured
Methods Thickness  Thickness Error Thickness  Thickness Error
(%) (%)
(mm) (mm) (mm) (mm)

FFT 5.10 494 3.14 5.13 4.16 18.91
Zero-padding 5.10 4.80 5.88 5.13 54 5.26
Ratio method 5.10 4.74 7.06 5.13 5.39 5.07

energy
centrobaric 5.10 4.72 7.45 5.13 5.20 1.37

method
FFT + FT 5.10 5.45 6.86 5.13 4.32 15.79
CZT 5.10 4.81 5.69 5.13 4.32 15.79
proposed 5.10 498 235 513 521 1.56

method

4.2.3. Application of Terahertz Detection in Ceramic Matrix Composites

Ceramic matrix composites (CMCs), as an important part of the thermal protection
structure (TPS), have been widely used in reusable spacecrafts due to their light weight,
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high-temperature resistance, and high hardness. The TPS is composed of CMCs, insulation
felt, and a protected structure. However, due to the harsh service environment, the TPS is
prone to defects such as debonding, delamination, or ceramic pores, which have potential
safety hazards. In this study, two TPS samples were prepared with pre-designed internal
defects. Sample 1 has three rows of pore defects with different depths of a 5 mm diameter
embedded in the ceramic layer at distances of 19 mm, 21 mm, and 24 mm from the surface,
respectively. Sample 2 has pre-designed debonding defects in different adhesive layers.
The basic structures of Sample 1 and Sample 2 are shown in Figure 9, and the detection
results and typical signal schemes are shown in Figure 10. In this experiment, a 50 mm lens
was used, and the surface of the CMCs was set as the focusing plane, with a step size of
1 mm.

structure structure

(b)

Figure 9. Structure of Sample 1 and Sample 2. Order of thickness in each layer is 29 mm (35 mm in
sample 2), 0.2 mm/2 mm/0.2 mm/10 mm from top to bottom. (a) Sample 1 with the hole defects in
the CMCs, which were in three rows of different depths. (b) Sample 2 with the debonding region in
glue layer 1 and glue layer 2, respectively.
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Figure 10. Terahertz test results for Sample 1 and Sample 2. (a) Scanning image of Sample 1.
(b) Typical signals of different positions, where A-D represents the signals of defect-1, defect-2,
defect-3, and no-defect, respectively. (c) Scanning image of Sample 2. (d) Typical signals of different
positions, where A-C represents the signals of defect-1, defect-2, and no-defect, respectively.
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Figure 10a shows the scanning imaging results of Sample 1, which clearly reveal
the pore defects in the ceramic layer. Figure 10b provides typical signal schemes of the
pore defects of different depths, and analysis of the data indicates that the distances from
the surface are 19.50 mm, 21.60 mm, and 24.10 mm, respectively. Figure 10c shows the
scanning imaging results of Sample 2. Figure 10d provides typical signal schemes for
different debonding layers. It is worth noting that in the distance dimension, the signal at
the no-defect position (black line) has two peaks at around 285 mm, corresponding to glue
layer 1 and glue layer 2, respectively. Thus, the debonding layer can be determined based
on characteristic signal analysis. These findings provide new detection ideas and methods
for the NDT of layered structures.

5. Conclusions

Continuous terahertz scanning imaging has a large application prospect in the field
of NDT in industry due to its advanced device integration and high output power. This
paper presents a continuous terahertz detection system with a central frequency of 154
GHz and a bandwidth of 56 GHz. An improved spectral refinement method is proposed
for the measurement of the calibration, which constructs a complex analytic bandpass filter
to improve the computational speed and reduce frequency aliasing. Several frequency
calibration methods are analyzed through the use of simulation and experimental tests,
and a method that balances measurement accuracy and efficiency is proposed. In addition,
research into the detection of the layered TPS is conducted. The experimental results
indicate that the proposed system and detection method provide new ideas for the detection
and location of internal defects in layered structures. However, due to the effects of spectral
scattering and the aperture size of the focused lens, the quantitative analysis of the defects
still requires further exploration.
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