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A B S T R A C T

The multilayer structure of fiber-reinforced polymers may be extracted by ultrasonic pulse-echo
inspection. Depending on the employed ultrasonic frequency and subsequent processing method-
ology, different depth resolution and dynamic depth range can be achieved. This study compares
the performance of different ultrasonic pulse-echo approaches for extracting the ply-by-ply struc-
ture of multilayered composites. The following methodologies are studied: Method 1: 50 MHz,
15 MHz, and 5 MHz ultrasound with low-pass filtering using analysis of the instantaneous ampli-
tude, Method 2: 15 MHz ultrasound with Wiener deconvolution (and AR spectral extrapolation)
using analysis of the instantaneous amplitude, and Method 3: 5 MHz ultrasound with low-pass
or log-Gabor filtering using analysis of the instantaneous phase. In the simulation study, the
performance of the various techniques are investigated on synthetic data representative for a 24-
ply carbon fiber reinforced polymer. The robustness of the techniques is evaluated for different
signal-to-noise ratios. The various techniques are further investigated on experimental data of
a 24-ply cross-ply carbon fiber reinforced polymer. The ply-by-ply structure is extracted and
presented in the form of both B-scan and C-scan images. The thickness of each ply is estimated
for quantitative analysis. The obtained results indicate that the 5 MHz ultrasound coupled to
analytic-signal analysis with log-Gabor filter shows the best performance for reconstructing the
multilayer structure of the studied composites.

1. Introduction
Carbon and glass fiber-reinforced polymers (CFRP and GFRP) are widely used in contemporary applications,

including space and aviation, automotive, and maritime [1, 2] because of their high specific stiffness (strength) and good
corrosion resistance amongst others [3, 4, 5]. To ensure the quality and structural integrity of composite materials, non-
destructive testing (NDT) methods can be used [6]. NDT methods play a critical role in the evaluation and maintenance
of composite materials. A wide variety of NDT techniques has been built on different principles [7, 8], including x-ray
computed tomography [9], terahertz testing [10, 11], infrared thermography [12, 13], shearography [14], eddy current
testing [15, 16], ultrasonic testing (UT) [17, 18, 19], etc.

Among the various NDT techniques, UT has been most commonly used for the inspection of multilayer composites
[20, 21, 22]. A major advantage of using UT is that it is highly sensitive to the multilayered structure and various
damage types commonly found in composites [23]. High-frequency ultrasound can be utilized for the characterization
of sub-surface damage with a high spatial and temporal resolution [24, 25, 26]. As the thickness and the number of
plies increases, the attenuation of high-frequency ultrasound becomes a concern, especially for high damping fiber-
reinforced composites [27]. A recent study reported the inspection of an impacted CFRP laminate using 50 MHz
ultrasound and demonstrated a depth probing as deep as 2-2.5 mm [24]. Alternatively, one could lower the ultrasound
frequency in order to increase the dynamic depth range, but this is at the expense of the depth resolution. Therefore,
researchers have employed various signal processing steps to improve the temporal resolution of the ultrasonic response
signal [28, 29].

A simple approach concerns the application of a low-pass (LP) filter to reduce the high-frequency noise [30, 31].
Another common signal processing step is the deconvolution technique in order to estimate the impulse response from
the recorded signal in the presence of noise. Some studies have been conducted to compare various deconvolution
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techniques and found that Wiener filtering-based techniques yield good results for online applications [32, 33]. How-
ever, a major problem with the Wiener filter is that it produces a deconvolved signal with a narrowband spectrum.
Naturally, the signal with a narrowband spectrum has a decreased temporal resolution. Therefore, it was proposed
to additionally use an autoregressive (AR) spectral extrapolation [34, 35, 36]. In the application of the AR spectral
extrapolation, the deconvolved spectrum with a high signal-to-noise ratio (SNR) is modeled as an AR process, which
is then used to extrapolate the low SNR part of the signal spectrum. The combination of the Wiener deconvolution and
AR spectral extrapolation in the frequency domain improves temporal resolution and SNR further [37]. This method,
however, suffers from the fact that the optimized parameters need to be found through trial and error [36, 37]. Further,
the Wiener deconvolution is not valid when both the input signal and the system are unknown [38]. Based on the fact
that the input signal typically has a sparse distribution, it has been proposed to find a deconvolution filter whose output
distribution is as sparse as possible [39, 40]. Several of such blind deconvolution methods have been developed in order
to improve the temporal resolution of the ultrasonic signal [41, 42, 43]. However, note that such blind deconvolution
is seldom considered in ultrasonic testing because the impulse response function of an employed ultrasonic system is
often well known (or can be easily measured).

Recently, it was proposed to employ an ultrasonic frequency around the ply resonance frequency [44]. Hence, this
results in a procedure with a low operating frequency and as such yields a high probing depth in multilayer composites
[45, 46]. It was indicated that the instantaneous phase of the analytic-signal becomes locked to the interfaces between
plies in certain circumstances. It has been also shown that the phase is more stable than the amplitude for tracking plies,
especially when the amplitude is affected by the strong surface echoes [44]. To ensure the accuracy and stability of the
phase-derived interply tracking, it is required to fulfill several conditions. The most important condition concerns the
use of a pulse with a center frequency that is close to the fundamental ply-resonance frequency. Further, an appropriate
bandwidth is required to cope with the various thickness. Too narrow bandwidth cannot cope with variations in ply
thickness, while a too wide bandwidth might excite a strong second-harmonic ply resonance, resulting in wrong depth
estimations [44, 47, 48]. Furthermore, the application of a log-Gabor filter has been presented to make the phase-
derived interply tracking more stable and robust [47].

This study compares the performance of the different ultrasonic approaches for extracting the ply-by-ply structure
of composites:

Method 1: 50 MHz, 15 MHz, and 5 MHz ultrasound with LP filtering, using analysis of the instantaneous amplitude,
Method 2: 15 MHz ultrasound with Wiener deconvolution (and AR spectral extrapolation), using analysis of the
instantaneous amplitude,
Method 3: 5 MHz ultrasound with LP or log-Gabor filtering, using analysis of the instantaneous phase.

Note that the 5 MHz is a frequency which is commonly used in industry for inspections of aerospace components.
Hence, Method 3 can be directly transferred to such an inspection environment without having to change any hardware,
or having to scan the parts multiple times.

This paper is organized as follows. Section 2 describes the theoretical framework of the signal processing tech-
niques, including the LP filtering, the deconvolution technique and the analytic-signal technique. Sections 3.1 and 3.2
introduce the analytical model and the used parameters in the simulation. The quantitative evaluation metrics are pro-
posed and described in section 3.3. Sections 3.4 and 3.5 investigate the performance of the different techniques for the
synthetic data with different SNR. The experimental results are discussed in section 4. Finally, section 5 presents the
conclusions.

2. Background
Finite impulse response (FIR) filters are widely used for LP filtering due to their inherent stability when imple-

mented in non-recursive form and simple extensibility to multi-rate cases. In this study, a FIR LP filter is applied as
a pre-processing step to the recorded signals in order to reduce noise features [31]. The cutoff frequency of the FIR
LP filter is twice the center frequency of the employed ultrasonic pulse. The transition band steepness is 0.8 and the
stopband attenuation is 60 dB.

2.1. Wiener deconvolution with spectral extrapolation
In a linear time-invariant (LTI) system, the response signal 𝑦(𝑡) can be modeled as the convolution of the input

signal ℎ(𝑡) with the reflection sequence of the specimen 𝑥(𝑡), plus the addition of noise 𝑛(𝑡) (see Fig. 1):

𝑦(𝑡) = 𝑥(𝑡) ∗ ℎ(𝑡) + 𝑛(𝑡), (1)
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where ∗ denotes the convolution operator. Eq. (1) can be expressed in the frequency domain as follows:

𝑌 (𝜔) = 𝑋(𝜔)𝐻(𝜔) +𝑁(𝜔), (2)

where 𝑌 (𝜔), 𝑋(𝜔), 𝐻(𝜔), and 𝑁(𝜔) represent the Fourier transforms of 𝑦(𝑡), 𝑥(𝑡), ℎ(𝑡), and 𝑛(𝑡) respectively.

Figure 1: The response signal 𝑦(𝑡) from the LTI testing system as the convolution of the input signal ℎ(𝑡) with the reflection
sequence of the 24-layer structure 𝑥(𝑡) plus the addition of noise 𝑛(𝑡). The input signal ℎ(𝑡) has a center frequency of 15
MHz and a fractional bandwidth (-6 dB) of 0.8. The scaling of these waveforms is different both in horizontal (time) and
vertical (amplitude) directions.

Considering that 𝑦(𝑡) is measured and ℎ(𝑡) is known, a deconvolution procedure can be performed to obtain the
deconvolved signal 𝑥𝑒(𝑡) in the presence of noise 𝑛(𝑡). To reduce the impact of noise or measurement error, a Wiener
filtering in the frequency domain can be applied. A common approach of the Wiener deconvolution can be formulated
as [33]

𝑋𝑒(𝜔) =
𝑌 (𝜔)𝐻∗(𝜔)|𝐻(𝜔)|2 +𝑄2

, (3)

where 𝑋𝑒(𝜔) represents the Fourier transforms of 𝑥𝑒(𝑡) and 𝑄 is the noise desensitizing factor. A commonly recom-
mended value for 𝑄2 is applied in this study [49, 33]:

𝑄2 = 10−2|𝐻(𝜔)|2max, (4)

where |𝐻(𝜔)|max is the maximum amplitude of |𝐻(𝜔)|. The final stage is to employ the inverse Fourier transform to
obtain the deconvolved signal in the time domain:

𝑥𝑒(𝑡) = 𝐼𝐹𝑇 (𝑋𝑒(𝜔)), (5)

where 𝐼𝐹𝑇 (∙) denotes the inverse Fourier transform.
To improve the temporal resolution further, AR spectral extrapolation can be applied to the reflection spectrum

𝑋𝑒(𝜔) obtained by Wiener filtering. First, a certain bandwidth of the measured reflection spectrum with a high SNR
should be selected, whose lower and upper bounds are 𝑓1 and 𝑓2 respectively. The maximum-entropy algorithm of
Burg [50] is then used to calculate the AR coefficients from the selected frequency window. Based on the high SNR
reflection spectrum, the lower and upper parts of the reflection spectrum are extrapolated as follows:

�̂�𝑒(𝑚) = −
𝑝∑

𝑘=1
𝑎𝑘𝑋𝑒(𝑚 + 𝑘) 𝑚 = 1, 2,… ,

𝑁𝑓1
𝑓𝑠

− 1, (6)

�̂�𝑒(𝑛) = −
𝑝∑

𝑘=1
𝑎∗𝑘𝑋𝑒(𝑛 − 𝑘) 𝑛 =

𝑁𝑓2
𝑓𝑠

+ 1,… , 𝑁
2
, (7)

where �̂�𝑒(𝑚) and �̂�𝑒(𝑛) are the lower and upper parts of the extrapolated spectrum respectively, 𝑁 is the sampling
points, 𝑓𝑠 is the sampling rate, 𝑎𝑘 and 𝑎∗𝑘 are the AR coefficients and their complex conjugates, respectively, and 𝑝 is
the order of the AR model.

It has been proposed that the extrapolated signals obtained from different frequency windows could improve the
robustness of this technique [36]. Hence, the extrapolated spectra from various frequency windows are averaged prior
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to performing the inverse Fourier transform for converting the signal into the time domain. The 3 dB to 10 dB drop
frequency windows, which are recommended in literature [36], are applied. Following the selection of the frequency
window, the following equation is used to select the optimal order 𝑝𝑜𝑝𝑡 for performing the AR spectral extrapolation
(with Burg as the fitting method) [51]:

𝑝𝑜𝑝𝑡 = 0.014𝑆𝑁𝑅 + 0.21, (8)

where 𝑆𝑁𝑅 is expressed in decibel. Finally, the inverse Fourier transform can be employed on the extrapolated
spectrum to obtain the extrapolated signal in the time domain:

𝑥𝑒(𝑡) = 𝐼𝐹𝑇 (�̂�𝑒(𝜔)). (9)

2.2. Analytic-signal with log-Gabor filter
The analytic-signal 𝑠𝑎(𝑡) represents a signal in its complex form, which is composed of a real part 𝑠(𝑡) (see Fig. 2a),

and an imaginary part 𝑔(𝑡) as follows:

𝑠𝑎(𝑡) = 𝑠(𝑡) + 𝑖𝑔(𝑡). (10)

The imaginary part 𝑔(𝑡) is derived from the real part 𝑠(𝑡) by the Hilbert transform:

𝑔(𝑡) =

+∞

∫
−∞

𝑠(𝜏)
𝜋(𝑡 − 𝜏)

𝑑𝜏. (11)

The complex-valued analytic-signal can be represented by its magnitude and phase (see Fig. 2b). The mathematical
form also reads as follows:

𝑠𝑎(𝑡) = 𝐴𝑖𝑛𝑠𝑡(𝑡)𝑒𝑖𝜙𝑖𝑛𝑠𝑡(𝑡), (12)

where 𝐴𝑖𝑛𝑠𝑡(𝑡) =
√
𝑠2(𝑡) + 𝑔2(𝑡) and 𝜙𝑖𝑛𝑠𝑡(𝑡) = arctan 𝑔(𝑡)

𝑠(𝑡) are the instantaneous amplitude and instantaneous phase,
respectively (see Figs. 2c and 2d). The instantaneous frequency 𝑓𝑖𝑛𝑠𝑡(𝑡) is then obtained from the time-derivative of
the instantaneous phase 𝜙𝑖𝑛𝑠𝑡(𝑡):

𝑓𝑖𝑛𝑠𝑡(𝑡) =
1
2𝜋

𝑑𝜙𝑖𝑛𝑠𝑡(𝑡)
𝑑𝑡

. (13)

The relationship between a signal and its analytic-signal can be represented in the frequency domain as follows [52]:

𝐹𝑎(𝜔) = (1 + 𝑠𝑔𝑛(𝜔))𝐹 (𝜔), (14)

where 𝐹𝑎(𝜔) and 𝐹 (𝜔) are the Fourier spectrum of 𝑠𝑎(𝑡) and 𝑠(𝑡) respectively, 𝜔 is the angular frequency, and 𝑠𝑔𝑛(∙)
denotes the sign function.

The instantaneous amplitude and instantaneous phase can be used to derive the positions of the resin-rich inter-
plies in a composite laminate, on the condition that the center frequency of the ultrasonic input signal approximately
corresponds to the fundamental ply-resonance frequency [44]. The instantaneous amplitude is analyzed to derive the
time-of-flight (TOF) of the front- and back-wall echoes. The instantaneous phases of the reflections from the resin-
rich interplies appear to be close to 𝜙0 −

𝜋
2 , where 𝜙0 is the instantaneous phase of the input pulse. And the peaks of

instantaneous amplitude can also be used to estimate the locations for the resin-rich interplies. The log-Gabor filter
[53] decomposes the analytic-signal in different appropriate scales, and as such provides better estimates for the in-
stantaneous phase and instantaneous frequency [47, 54]. The log-Gabor filter is defined in the frequency domain as
follows:

𝐺(𝜔) = exp
−(log |𝜔|

𝜔0
)2

2(log 𝜎0)2
, (15)

where 𝜔0 is the angular center frequency of the passband, 𝜎0 is the parameter governing the bandwidth of the passband.
The log-Gabor filtered analytic-signal in the frequency domain 𝐹𝑎(𝜔) can be obtained by

𝐹𝑎(𝜔) = 𝐺(𝜔)𝐹𝑎(𝜔). (16)

Its time-domain representation 𝑠𝑎(𝑡) is then obtained by application of the inverse Fourier transform:

𝑠𝑎(𝑡) = 𝐼𝐹𝑇 (𝐹𝑎(𝜔)). (17)
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Figure 2: (a) The recorded signal, (b) the analytic-signal in 3-dimensional representation, (c) the instantaneous amplitude,
and (d) the instantaneous phase.

3. Simulation study
3.1. Analytical model

The analytical model is implemented in MATLAB. Firstly, the reflection spectrum of the structure is calculated.
Secondly, the frequency response is obtained by the multiplication of the Fourier representation of the input signal and
the reflection spectrum. Finally, the time-domain reflected signal is obtained and the noise is added. The multilayered
structure of a composite laminate immersed in water is illustrated in Fig. 3. The simulated structure consists of 25
interplies (including the front and back surfaces) and 24 plies. Prior to obtaining the complex reflection spectrum of
the structure, the acoustic impedance of the n-layered structure is calculated by the recursive method as follows [55]:

𝑍(𝑛)
𝜆 (𝜔) = 𝑍𝑛

𝑍(𝑛−1)
𝜆 (𝜔)(𝑒2𝑑𝑛(𝑖𝑘𝑧𝑛−𝜔𝛼𝑛) + 1) −𝑍𝑛(𝑒2𝑑𝑛(𝑖𝑘𝑧𝑛−𝜔𝛼𝑛) − 1)

𝑍𝑛(𝑒2𝑑𝑛(𝑖𝑘𝑧𝑛−𝜔𝛼𝑛) + 1) −𝑍(𝑛−1)
𝜆 (𝜔)(𝑒2𝑑𝑛(𝑖𝑘𝑧𝑛−𝜔𝛼𝑛) − 1)

𝑛 ≥ 1, (18)

where 𝑍(𝑛)
𝜆 is the total acoustic impedance of the n-layered structure, 𝑍𝑛 = 𝜌𝑛𝑐𝐿𝑛 is the acoustic impedance of the 𝑛th

layer, 𝑘𝑧𝑛 = 𝜔∕𝑐𝐿𝑛 is the wavenumber in the thickness direction of the 𝑛th layer, 𝛼𝑛, 𝑑𝑛, 𝜌𝑛, and 𝑐𝐿𝑛 are the attenuation,
thickness, density, and longitudinal wave velocity of the 𝑛th layer respectively. The initial condition is set as𝑍(0)

𝜆 = 𝑍0,
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which denotes the acoustic impedance of the infinite medium below. The complex reflection spectrum is then obtained
as follows:

𝑋𝑠(𝜔) =
𝑍𝑛

𝜆(𝜔) −𝑍𝑛+1

𝑍𝑛
𝜆(𝜔) +𝑍𝑛+1

, (19)

where 𝑍𝑛+1 denotes the acoustic impedance of the infinite media above. The reflected signal 𝑦0𝑠(𝑡) is then obtained as
follows:

𝑦0𝑠(𝑡) = 𝐼𝐹𝑇 (𝑋𝑠(𝜔)𝐻𝑠(𝜔)), (20)

where 𝐻𝑠(𝜔) is the complex Fourier representation of the input signal ℎ𝑠(𝑡). White Gaussian noise 𝑛𝑠(𝑡) is considered
which has uniform power over the considered frequency band and normal distribution in the time domain with zero
mean value. The reflected signal 𝑦𝑠(𝑡) finally becomes:

𝑦𝑠(𝑡) = 𝑦0𝑠(𝑡) + 𝑛𝑠(𝑡). (21)

Figure 3: The schematic of the multilayered structure and the signal response.

3.2. Simulation parameters
The interply is considered as a thin epoxy layer of 10 𝜇𝑚 with a density of 1270 𝑘𝑔∕𝑚3. The ply is considered as a

mixture of unidirectional fibers and epoxy matrix with a fiber volume fraction of 60% [56]. When defining the effective
mass density of the ply, the rule of mixture is applied, assuming a density of the carbon fibers of 1800 𝑘𝑔∕𝑚3. The
stiffness matrix for each ply is calculated by the Chamis model [57] from the properties of carbon fiber [58] and epoxy
matrix. The longitudinal wave velocity propagating in the thickness direction is then calculated from the stiffness
matrix. To fully evaluate the performance of the various ultrasonic techniques, a 24-layer laminate with various ply
thicknesses is simulated. It is important to consider possible variations in the ply thickness because CFRP plies do
not have necessarily a uniform thickness. This variation is mainly introduced during the manufacturing cycle due to
resin flow effects before the polymerisation in the autoclave [59, 60]. Hence, a combination of 3 different ply thickness
sequences is applied for the simulated data as follows: (i) a uniform ply thickness of 220 𝜇𝑚, (ii) a ply thickness
sequence of [220𝜇𝑚∕210𝜇𝑚∕230𝜇𝑚]8, and (iii) a ply thickness sequence of [220𝜇𝑚∕230𝜇𝑚∕210𝜇𝑚]8. It is worth
noting that the varying ply thickness is more challenging for the analysis of the instantaneous phase due to the fact that
it requires a center frequency close to the ply-resonance frequency. Table 1 displays the used properties of the interply,
the ply, and the immersion liquid.

The input signal is modeled as a cosine modulated by a Gaussian function:

ℎ𝑠(𝑡) = exp(
𝑡2𝑊 2𝐹 2

𝑐 𝜋
2

4 ln(0.5)
) cos (2𝜋𝐹𝑐𝑡), (22)

where 𝑡 is the time vector, 𝑊 is the -6 dB fractional bandwidth of the pulse, 𝐹𝑐 is the center frequency (see Fig. 4).
A nominal SNR of 25 dB is used, which can be considered representative for actual experiments. A sampling rate of
250 MS/s is adopted. Table 2 provides the parameters concerning the input signal and data acquisition.
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Figure 4: (a) The input signal with a center frequency of 15 MHz and the nominal SNR of 25 dB and (b) its corresponding
frequency spectrum.

Table 1
The properties of the interply, the ply, and the immersion liquid.

Name Materials Density
(𝑘𝑔∕𝑚3)

Thickness (𝜇𝑚) Wave velocity
(𝑚∕𝑠)

Attenuation
(dB/mm/MHz)

Interply epoxy 1270 [61] 10 2499 [58] 0.15 [61]
Ply Mixture of unidirec-

tional fibers and epoxy
matrix with a fiber
volume fraction of 60%

1588 (i) 220
(ii) [220∕210∕230]8
(iii) [220∕230∕210]8

2906 0.1 [62]

Immersion
liquid

water 1000 1480

Table 2
Parameters of the input signal and data acquisition.

Center Frequency (MHz) -6 dB fractional bandwidth Bonding media Nominal SNR (dB) Sampling rate (MS/s)

5, 15, 50 0.8 water 25 250

3.3. Evaluation metrics
This study uses a quantitative approach to investigate the performance of different ultrasonic techniques. The LP

filtered signal is obtained by the application of the LP filter to the original signal 𝑦𝑠(𝑡) in Eq. (21), and the TOF of the
interplies is estimated from the local maxima in the instantaneous amplitude (see Fig. 5a). The deconvolved signal
equals 𝑥𝑒(𝑡) in Eq. (5) (or 𝑥𝑒(𝑡) in Eq. (9) when considering spectral extrapolation), and the TOF of the interplies
is estimated from the local maxima in the instantaneous amplitude (see Fig. 5a). The analytic-signal equals 𝑠(𝑡) in
Eq. (10) (or 𝑠𝑎(𝑡) in Eq. (17) when considering a log-Gabor filter), and the TOF of the interplies is estimated from
the instantaneous phase (see Fig. 5b). The detailed procedure for estimating the TOF of the interplies is given in the
flowcharts in Fig. 6.

Once the TOF of the interplies are estimated, the error 𝜀𝑖 is calculated as (see also Fig. 5):

𝜀𝑖 = 𝑇𝑂𝐹 𝑖
𝑒𝑠𝑡 − 𝑇𝑂𝐹 𝑖

𝑡𝑟𝑢𝑒, (23)

where 𝑇𝑂𝐹 𝑖
𝑒𝑠𝑡 and 𝑇𝑂𝐹 𝑖

𝑡𝑟𝑢𝑒 are the estimated and the true TOF of the 𝑖th interply respectively. The measurement error
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Figure 5: Schematic illustration of TOF estimation of the interplies based on (a) the instantaneous amplitude of a 15
MHz signal, and (b) the instantaneous phase of a 5 MHz signal. Note: the graphs are only for illustration purposes, and
do not correspond to real data.

𝐸𝑖 of each interply 𝑖 is calculated as follows:

𝐸𝑖 = 𝜀𝑖

𝑇𝑂𝐹 𝑝𝑙𝑦 × 100[%], (24)

where 𝑇𝑂𝐹 𝑝𝑙𝑦 is the true TOF of a single-ply. For each ply thickness sequence, each simulation procedure is repeated
100 times. The statistical information is extracted from the 300 runs in total. The mean measurement errors (𝑀𝐸𝑖)
and the standard deviations of the measurement errors (𝑆𝑇𝐷𝐸𝑖) are evaluated:

𝑀𝐸𝑖 =
∑𝑁

𝑗=1 𝐸
𝑖
𝑗

𝑁 , (25)

𝑆𝑇𝐷𝐸𝑖 =

√∑𝑁
𝑗=1(𝐸

𝑖
𝑗−𝐸

𝑖
𝑗 )
2

𝑁 , (26)

where 𝐸𝑖
𝑗 is the measurement errors 𝐸𝑖 in the 𝑗th repeat, and N is the number of signals considered.

In general, the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 indicate the accuracy and the robustness for estimating the TOF of the 𝑖th
interply, respectively. Therefore, the error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 can provide a comprehensive
evaluation of the performance visually. However, the SNR of the signal is occasionally not high enough for properly
distinguishing the interply reflections. In case the 𝑇𝑂𝐹 𝑖

𝑒𝑠𝑡 is randomly distributed (over the 300 runs) in the searching
region and the true TOF of the interply is located in the middle of the searching region, this would result in an 𝑀𝐸𝑖

of 0% and an 𝑆𝑇𝐷𝐸𝑖 of 28.9%, which means the sensitivity to the variations of the ply thickness is completely lost.
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(a) (b)

Figure 6: Flowcharts for estimating the TOF of the interplies by using (a) the instantaneous amplitude (Methods 1 and
2) and (b) the instantaneous phase (Method 3).

Hence, to determine whether the interply reflections are distinguishable, a threshold of the 𝑆𝑇𝐷𝐸𝑖 is set at 22%. The
lower the 𝑆𝑇𝐷𝐸𝑖, the better the interply reflections are distinguishable.

3.4. Results
3.4.1. Low-pass filtered signal using instantaneous amplitude (50 MHz; 15 MHz; 5 MHz)

The resolution and dynamic depth range of an ultrasonic signal are directly linked to its frequency. Fig. 7 displays
the simulation results for an input signal with center frequencies of 5 MHz, 15 MHz, and 50 MHz, respectively. The
instantaneous amplitudes of the response signals have been extracted by Hilbert transform, from which the positions
of the interplies are estimated according to the procedure defined in section 3.3. The true TOF of the interplies are
indicated with the vertical dashed lines. From Fig. 7, it becomes clear that a higher center frequency produces sharper
peaks at the positions of the interplies, but at the same time experiences more severe attenuation. The 𝑀𝐸𝑖 and
𝑆𝑇𝐷𝐸𝑖 of the estimated interplies are presented in Fig. 8. The front-surface and back-surface interplies are indicated
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with 𝐹 and 𝐵 respectively. The interplies 𝑖 are indicated by their depth position, starting from 𝑖 = 1 for the first interply
until 𝑖 = 23 for the last interply. If the 𝑆𝑇𝐷𝐸𝑖 becomes larger than 22% ( = interply 𝑖 could not be distinguished in a
proper way), the value for interply 𝑖 is greyed out.

-0.2

0

0.2

0.4

M
ag

. (
ar

b.
)

(a)

Low-pass filtered signal
Instantaneous amplitude
True positions of interplies
Estimated positions of interplies

2.5 3 3.5

-2

0

2
10-3

-0.2

0

0.2

0.4

M
ag

. (
ar

b.
)

(b)2.5 3 3.5

-2
0
2
4

10-3

0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time ( s)

-0.5

0

0.5

M
ag

. (
ar

b.
)

(c)
2.5 3 3.5

-0.02

0

0.02

Figure 7: The LP filtered signals with center frequencies of (a) 50 MHz, (b) 15 MHz, and (c) 5 MHz respectively, including
the instantaneous amplitude (green trace), and the true and estimated positions of the interplies (red square and black
dot respectively).

The 50 MHz LP filtered signal produces sharp and clear peaks for the first 7 interplies, and locates the positions
of these interplies in an accurate and robust manner. After the 8th interply, there is a sharp rise in the 𝑆𝑇𝐷𝐸𝑖. It can
also be observed in Fig. 7a that a back-wall echo is not present due to excessive attenuation. Hence, the 50 MHz signal
provides high depth resolution in the near-surface plies but becomes impractical due to its low SNR for deeper layers
(see also the inset in Fig. 8a).

The 15 MHz LP filtered signal has higher 𝑆𝑇𝐷𝐸𝑖 for the near-surface plies, but it remains longer stable for deeper
layers. The 𝑆𝑇𝐷𝐸𝑖 remain within 10% for the first 9 interplies. The graph reveals the gradual rise in the 𝑆𝑇𝐷𝐸𝑖

until it becomes fully unstable for plies deeper than the 14th interply. And an increase in the bias can be seen from
the 𝑀𝐸𝑖 after the 12th interply. The observed gradual deterioration over depth makes the 15 MHz signal particularly
well suited for the deconvolution procedure in order to increase the depth resolution (section 3.4.2).

The 5 MHz ultrasound efficiently penetrates through the whole structure and produces a well-defined back-wall
echo. However, the instantaneous amplitude of the 5 MHz LP filtered signal is clearly not valid for extracting the
interpliy locations (see Fig. 7c). The amplitude near the surfaces is completely affected by the strong surface echoes.
Consequently, no peak of instantaneous amplitude is tracked for the 1st interply (see Fig. 8c). In order to cope with the
effects of the front-surface echo on the detection of the 1st interply echo, it is valid to adopt the local minimum of the
second derivative of the instantaneous amplitude. Whereas, this procedure is not included in the comparative study
since it is non-standard. It can also be seen that the 𝑀𝐸𝑖 is very large and 𝑆𝑇𝐷𝐸𝑖 exceeds the value of 22% instantly.
Hence, it may be expected that the application of deconvolution will not provide any significant improvement for the
5 MHz signal. Instead, the 5 MHz signal will be coupled to the analytic-signal analysis, and the instantaneous phase
will be used for estimating the positions of the interplies (section 3.4.3).
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Figure 8: Error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from the instantaneous amplitudes
of the LP filtered signals with center frequencies of (a) 50 MHz, (b) 15 MHz, and (c) 5 MHz respectively. The data is
represented as 𝑀𝐸𝑖 ± 𝑆𝑇𝐷𝐸𝑖.

3.4.2. Deconvolved signal using instantaneous amplitude (15 MHz)
Based on the response signals (see Figs. 7 and 8), it is anticipated that the application of deconvolution is a practical

way to improve the depth resolution for the 15 MHz signal. Fig. 9 displays the deconvolved signal with a center
frequency of 15 MHz from Wiener deconvolution and Wiener deconvolution combined with AR spectral extrapolation.
The input pulse with the nominal SNR of 25 dB is used as the deconvolution kernel. Table 3 lists the 3 dB to 10 dB
drop frequency windows for multiple frequency windows AR spectral extrapolation. The optimal order 𝑝𝑜𝑝𝑡 of the
AR process is chosen according to Eq. (8) for each window. The instantaneous amplitudes of the deconvolved signals
have been extracted by Hilbert transform, from which the positions of the interplies are estimated according to the
previously defined procedure (see section 3.3).

From Fig. 9 it can be seen that the deconvolution techniques improve the temporal resolution and SNR (compared
to the 15 MHz LP filtered signal in Fig. 7b). The 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from the LP filtered
and the deconvolved signals are compared in Fig. 10. Compared to the LP filtered signal, the Wiener deconvolution has
a minor effect on the 𝑀𝐸𝑖, but reduces the 𝑆𝑇𝐷𝐸𝑖 significantly. Hence, this indicates that the extraction of interply
locations is more stable and robust. Still, for very deep layers (>17th interply) the 𝑆𝑇𝐷𝐸𝑖 rapidly converges again to
the values above 22%, indicating completely random TOF estimation.

Contrary to the expectation, the deconvolved signal by Wiener filtering with optimized AR spectral extrapolation
shows the worst performance of the approaches used in Method 2. This is possibly due to the fact that the AR process
is quite sensitive to noise [63]. Further, it has been reported that some spurious spikes could be observed in the
deconvolved ultrasonic signal by optimized AR spectral extrapolation [51]. These spurious spikes could be large
in amplitude and could become comparable to the actual signal. This is especially valid for the current situation
because the reflection signal from the interplies is weak. Hence, the Wiener deconvolution combined with AR spectral
extrapolation is not a suitable approach for the here considered case.
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Figure 9: The 15 MHz deconvolved signals by (a) Wiener deconvolution and (b) Wiener deconvolution combined with
AR spectral extrapolation respectively, including the instantaneous amplitude (green trace), and the true and estimated
positions of the interplies (red square and black dot respectively).

Figure 10: Error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from the instantaneous amplitudes
of (a) the 15 MHz LP filtered signal, (b) the 15 MHz Wiener deconvolved signal, and (c) the 15 MHz Wiener deconvolved
signals combined with AR spectral extrapolation. The data are represented as 𝑀𝐸𝑖 ± 𝑆𝑇𝐷𝐸𝑖
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Table 3
The frequency windows and the optimal orders considered for multiple frequency windows AR spectral extrapolation.

Drop (dB) Frequency range (MHz) Data points 𝑝𝑜𝑝𝑡
-3 10.8-19.2 88- 158 39
-4 10.1-19.9 83- 163 45
-5 9.5-20.5 78- 168 50
-6 9.0-21.0 74- 172 55
-7 8.5-21.5 70- 176 59
-8 8.1-21.9 66- 180 64
-9 7.7-22.3 63- 183 67
-10 7.3-22.7 59- 186 71

3.4.3. Analytic-signal using instantaneous phase (5 MHz)
From the analysis presented in section 3.4.1, it became clear that the instantaneous amplitude of the 5 MHz LP

filtered signal could not be used for estimating the positions of the interplies, except for the front-surface and the back-
surface interplies. Considering that the frequency of 5 MHz is close to the ply-resonance frequency, the instantaneous
phase could offer an effective way of estimating the positions of the interplies (see section 2.2).

Fig. 11a displays the instantaneous amplitude, instantaneous phase, and instantaneous frequency of the 5 MHz LP
filtered analytic-signal. The TOF between the front- and back-wall echoes is approximately 3.8 𝜇𝑠, which indicates a
ply-resonance frequency of 6.3 MHz. So 5 MHz is lower than the ply-resonance frequency. However, the instantaneous
phase analysis still works here because the bandwidth in the 5 MHz pulse is sufficiently wide in order to excite the 6.3
MHz ply-resonance in an efficient manner. In order to match the input signal better to the ply resonance, a log-Gabor
filter is additionally applied for optimal scale selection. The center frequency and 𝜎0 for the log-Gabor filter are chosen
as 6.3 MHz and 0.7, respectively.

Figure 11: The 5 MHz analytic-signals (a) with LP filtering, and (b) log-Gabor filtering, including the instantaneous
amplitude (green trace), the instantaneous phase (blue trace), the instantaneous frequency (orange trace). The true and
estimated positions of the interplies are indicated by red squares and black dots respectively.
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Fig. 11b displays the instantaneous amplitude, instantaneous phase, and instantaneous frequency of the 5 MHz
analytic-signal with the application of the log-Gabor filter. One can readily see the effect of the filter on the quality
of the signals, especially on the instantaneous frequency. Compared to the LP filtered analytic-signal in Fig. 11a,
the log-Gabor filtered analytic-signal shows a steadier instantaneous frequency around the fundamental ply-resonance
frequency in Fig. 11b. The 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 obtained from the 5 MHz signals are compared in Fig.12.
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Figure 12: Error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from (a) the instantaneous
amplitude of the 5 MHz LP filtered signal, and the instantaneous phase of the 5 MHz (b) LP filtered and (c) log-Gabor
filtered signals. The data is represented as 𝑀𝐸𝑖 ± 𝑆𝑇𝐷𝐸𝑖.

While the instantaneous amplitude does not give any indication of the positions of the interplies, the instantaneous
phase provides steady results for all interplies. It is worth noting that the 𝑆𝑇𝐷𝐸𝑖 is significantly improved by the
application of the log-Gabor filter. However, the estimated TOF of the interplies near the surfaces shows large 𝑀𝐸𝑖

(around -15% for the 1st interply and +28% for the 23rd interply) due to the dominating effect of the front- and back-
wall echoes [44]. Compared to the analytic-signal with LP filtering in Fig. 12b, the log-Gabor filter reduces the random
errors considerably, but magnifies the 𝑀𝐸𝑖 in the 1st and the last plies. The 𝑆𝑇𝐷𝐸𝑖 steadily increases with depth, but
remains below 5% by application of the log-Gabor filter, indicating the high robustness of the TOF estimation. The
log-Gabor filter is suggested as a better choice because of its high robustness.

3.5. Comparative analysis for different noise levels
The performance of the various techniques for different noise levels is investigated in this section. The results for

3 SNRs (25 dB, 20 dB and 15 dB) are simulated and analyzed. Fig. 13 compares the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 for the
various techniques and noise levels.

From Fig. 13, it is clear that the 50 MHz ultrasound coupled to the LP filtering is not a good approach for extracting
the deep interply locations. For the SNR of 15 dB, this method already yields random results from the 7th interply on.
On the other hand, it keeps a very high resolution and good stability for the near-surface plies under all the considered
noise levels. In a similar way, the 15 MHz ultrasound with Wiener deconvolution becomes more unstable for lower
SNR. The 𝑆𝑇𝐷𝐸𝑖 increase significantly with the SNR, and for the lowest SNR of 15 dB the performance of this
approach dropped significantly.

In contrast to previous techniques, the 5 MHz ultrasound coupled to analytic-signal analysis with log-Gabor filter
performs very well for all considered noise levels. Further, for the SNR of 25 dB and 20 dB it can be noted that the𝑀𝐸𝑖
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Figure 13: Error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from the 50 MHz LP filtered
signal (first column), the 15 MHz signal with Wiener deconvolution (second column), and the 5 MHz analytic-signal with
log-Gabor filter (third column). Results are obtained for different SNRs: 25 dB (first row), 20 dB (second row), and 15
dB (third row). The data is represented as 𝑀𝐸𝑖 ± 𝑆𝑇𝐷𝐸𝑖.

of the second and second last interply peaks, while their 𝑆𝑇𝐷𝐸𝑖 is very small. This indicates a systematic error in
the extraction of the location of these two interplies through the instantaneous phase [44, 47]. For the lowest SNR, the
𝑀𝐸𝑖 remains quite stable over all interplies, although the 𝑆𝑇𝐷𝐸𝑖 increases to some extent. The good performance for
all considered SNR levels can be attributed to the use of a log-Gabor filter. Indeed, apart from providing an appropriate
scale selection, it also suppresses noise features.

4. Experimental study
4.1. Materials and Methods

A CFRP laminate (autoclave manufactured) with dimension 150 mm Œ 100 mm and a thickness of 5.52 mm is
studied. It consists of 24 unidirectional plies and has a stacking sequence [45∕0∕ − 45∕90]3𝑠. Each ply is assumed
to have a constant and uniform thickness. The inspection procedure takes approximately 10 minutes, such that water
diffusion in the inspected composite sample is of little concern [64, 65].

Three different spherically focused broadband immersion transducers (center frequency of 5 MHz, 15 MHz, and 50
MHz) are employed. Table 4 presents the properties of the transducers applied in this experimental study. Reference
signals reflected from a thick steel plate are acquired to calculate the SNR and the bandwidth (at -6 dB) of different
transducers. The reference signal of the 15 MHz transducer is used as the deconvolution kernel for the Wiener decon-
volution. The transducers are excited by an ultrasonic pulser (Tecscan UTPR-CC-50). The exciting pulse is a negative
square wave with a pulse width of 30-500 ns (according to the setting), a rise time below 5 ns, and a fall time below 20
ns. The employed settings for the pulser including the voltage, capacity, and damping are also presented in Table 4.
To achieve the raster scanning, a 3-axis Cartesian scanner is used which is controlled using a motion controller card
(NI PXI-7350). The scanning steps in both x and y directions are 0.5 mm and the scanning area X×Y = 50 mm×50
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Table 4
The properties of the employed transducers and the corresponding settings for the pulser

Properties of transducers Settings for pulser
Manufacturer Code Freq. Bandwidth (-6 dB) Elem. d. Focal l. SNR Voltage Capacity Damping

GE H5M 5 MHz 2.43 - 6.61 MHz 6.35 mm 25.4 mm 39.42 dB 120 V 1070 pF 45 Ohm
Olympus V313 15 MHz 10.84 - 23.08 MHz 6.35 mm 25.4 mm 28.20 dB 120 V 920 pF 78 Ohm
Olympus V390 50 MHz 26.31 - 61.85 MHz 6.35 mm 12.7 mm 26.84 dB 120 V 450 pF 500 Ohm

mm (100×100 data points) for all transducers. The scanning procedure and excitation/acquisition sequence have been
programmed in a custom-made LabVIEW® program. The reflected signals from the CFRP laminate, for the different
employed transducers, are displayed in A-scan mode in Fig. 14.
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Figure 14: The LP filtered signal, including the instantaneous amplitude (green trace), from the CFRP laminate for
different employed transducers with center frequency (a) 50 MHz, (b) 15 MHz, and (c) 5 MHz.

After collecting the data by the raster scanning, the 3D data matrix is sent to Matlab® in order to reconstruct the
positions of the interplies using the flow chart presented in section 3.3. According to the instantaneous amplitude of the
5 MHz LP filtered signals, the TOF between the front- and back-wall echo is approximately 3.67 𝜇𝑠, which indicates
an approximate ply-resonance frequency of 6.5 MHz. Thus, the center frequency and 𝜎0 of the log-Gabor filter applied
on the 5 MHz signals are chosen as 6.5 MHz and 0.7 respectively.

4.2. Comparison and discussion
Fig. 15 displays the B-scan representation at Y = 25 mm of the instantaneous amplitude from the 50 MHz LP filtered

signals, the 15 MHz Wiener deconvolved signals, and the 5 MHz log-Gabor filtered signals. 3 optimal techniques are
here applied to estimate positions of the interplies as follows:

Method 1: the 50 MHz LP filtered signal using analysis of the instantaneous amplitude,
Method 2: the 15 MHz Wiener deconvolved signal using analysis of the instantaneous amplitude,
Method 3: the 5 MHz log-Gabor filtered analytic-signal using analysis of the instantaneous phase.
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The estimated positions of the interplies and the uniformed-spaced positions of the interplies are superimposed on
these B-scan images. The difference in the quality to extract the interply locations can be readily seen in Fig. 15. In
order to quantify this, the thicknesses of the plies are estimated from the estimated positions of the interplies in each
data point. The mean estimated thickness 𝑀𝑇 𝑝 and the standard deviations of the estimated thickness 𝑆𝑇𝐷𝑇 𝑝 of the
𝑝th ply are calculated as:

𝑀𝑇 𝑝 =
∑𝑚

𝑞=1 𝑇
𝑝
𝑞

𝑚 , (27)

𝑆𝑇𝐷𝑇 𝑝 =

√∑𝑚
𝑞=1(𝑇

𝑝
𝑞 −𝑇

𝑝
𝑞 )2

𝑚 , (28)

where 𝑇 𝑝
𝑞 is the estimated thickness of the 𝑝th ply from the A-scan in the 𝑞th data point, and 𝑚 is the number of the

data points in the scanning area (100×100=10000).
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Figure 15: B-scan ultrasound images (at Y = 25 mm) of the instantaneous amplitude from (a) 50 MHz LP filtered signals,
(b) 15 MHz signals with Wiener deconvolution, and (c) 5 MHz analytic-signals with log-Gabor filter. Superimposed are
the estimated positions of the interplies and the uniformly-spaced positions of the interplies

Note that care has to be taken when interpreting these metrics because they include the variation of the actual
thickness in each single ply. Fig. 16 displays the obtained 𝑀𝑇 𝑝 and 𝑆𝑇𝐷𝑇 𝑝 for the three considered cases. From the
total thickness of the sample (5.52 mm), and the true number of plies (24 plies), the expected thickness of a single ply
is calculated as 5.52/24 = 0.23 mm (see the dashed line in Fig. 16). This is of course under the assumption that the
autoclave manufacturing process yields a uniformly-spaced ply thickness (𝑇 𝑢𝑠) over depth and over the CFRP sample.
Similarly as for the numerical case, if the 𝑆𝑇𝐷𝑇 𝑝 becomes higher than 22% the 𝑇 𝑢𝑠, the extracted results are assumed
to be random and are therefore greyed out in the graph.

The 50 MHz signals show a very uniform 𝑀𝑇 𝑝 over the full depth (see Fig. 16a). However, evaluation of 𝑆𝑇𝐷𝑇 𝑝

tells a different story and indicates the randomness of the estimated ply thickness for deeper plies. This can be also
verified in Fig. 15a. Hence, this clearly indicates the poor performance and robustness of this method to resolve the
ply structure of the CFRP composite. The 15 MHz signals with Wiener deconvolution provide better probing depth
and robustness (see Fig. 15b). Nearly 18 plies can be distinguished, but the 𝑆𝑇𝐷𝑇 𝑝 increases significantly with depth.
This can also be verified in Fig. 16b.

The 5 MHz analytic-signals with log-Gabor filter provide the best results and are able to extract all 24 plies in a
stable and robust way (see Fig. 16c). This can be also verified in Fig. 15c. However, one of the issues that emerge from
these results is that there are large systematic errors in the most shallow and deepest plies. The estimated thicknesses of
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Figure 16: Error bars representing the 𝑀𝑇 𝑝 and the 𝑆𝑇𝐷𝑇 𝑝 of the plies from (a) 50 MHz LP filtered signals, (b) 15
MHz signals with Wiener deconvolution, and (c) 5 MHz analytic-signals with log-Gabor filter. The data is represented as
𝑀𝑇 𝑝 ± 𝑆𝑇𝐷𝑇 𝑝.

those plies show significant deviations from the 𝑇 𝑢𝑠 (see Fig. 16c). A similar observation was made in the simulation
study (see Fig. 12c), and this systematic deviation has been attributed to the dominating effect of the front- and back-
wall echo.

Fig. 17 provides a C-scan representation of the estimated depth of several interplies by considering the three afore-
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Figure 17: The profiles of the 5th (first row), the 15th (second row), and the 22nd (third row) estimated interplies
respectively. The interplies are estimated from the 50 MHz LP filtered signals (first column), the 15 MHz deconvolved
signals (second column), and the 5 MHz analytic-signals (third column) respectively.
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mentioned techniques. The images of the depth profiles reconstructed by the 50 MHz LP filtered signals are evidently
very noisy. One could say that the profile of the 5th interply can be extracted, though with low quality. The 15 MHz
signals with Wiener deconvolution can reconstruct the profiles of the 5th and 15th interplies with higher quality but
yield fully unstable results for the 22nd ply. The 5 MHz analytic-signals with log-Gabor filter successfully reconstruct
the depth profile of all the interplies with high quality. Although, it is clear that the depth profile of the 22nd interply
becomes more unsteady and less accurate.

It is important to note that there is an intrinsic difference in the noise level between the different transducers (see
Table 4). The higher frequency transducer intrinsically produces more noise due to the electrical power loss as well
as the mechanical power loss [66]. Therefore, the low-frequency signals tend to be naturally more stable than the
high-frequency signals. This also contributes to worse performance of the 50 MHz and the 15 MHz signals in the
experiments. Another potential problem of using high-frequency ultrasound is that it could be sensitive to fiber tows
inside the plies [67]. There is an obvious difficulty in reconstructing the positions of the interplies because the echoes
from the fiber tows could be mistaken as the echoes from the interplies.

5. Conclusions
This study discussed and compared several ultrasonic techniques, operating in different frequency ranges, for re-

constructing the multilayered structure of composites. The performance of the different ultrasonic techniques is in-
vestigated on synthetic ultrasonic data, with various noise levels, a representative for a 24 layer composite immersed
in water. It is revealed that the 50 MHz ultrasound with LP filtering, coupled to the analysis of the instantaneous am-
plitude, can only effectively distinguish the near-surface interplies with good robustness. The 15 MHz ultrasound has
better probing depth and yields reasonably stable estimation, especially when it is coupled to Wiener deconvolution.
Though, for the deeper interplies the results become unstable and their locations could not be extracted in a robust
manner. Finally, the 5 MHz ultrasound coupled to analytic-signal analysis provides the best robustness and probing
depth under all noise levels. This approach makes use of the ply-resonance (around 6.5 MHz for the here considered
multilayered structure), and evaluates the instantaneous phase in order to estimate the depth of the interplies. This
approach yields good results over the full depth of the considered multilayered structure, especially when coupled to
a log-Gabor filter for optimal scaling of the signals. However, the analytic-signal results also indicate a systematic
deviation in the depth estimation of the two interplies closest to the front- and back surface. This is attributed to the
dominating effect of the front- and back-wall echo which locally distorts the instantaneous phase profile.

Also, an experimental study on a [45∕0∕ − 45∕90]3𝑠 CFRP sample with 24 plies is reported. The CFRP sample
has been raster-scanned in pulse-echo mode with several transducers operating in different frequency ranges. The
estimated interply locations are displayed in B-scan mode, and the extracted ply thicknesses are compared with the
nominal ply thickness. The profiles of the estimated interplies at several depths are displayed in C-scan mode. The
obtained experimental results fully confirm the observations and results from the simulation study.

The comparative analysis of this research provides deeper insights into the performance of the ultrasonic techniques
operating in different frequency ranges. It could serve as a base for selecting the appropriate ultrasonic techniques for
reconstructing the multilayered structure of composite laminates.
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A B S T R A C T

The multilayer structure of fiber-reinforced polymers may be extracted by ultrasonic pulse-echo
inspection. Depending on the employed ultrasonic frequency and subsequent processing method-
ology, different depth resolution and dynamic depth range can be achieved. This study compares
the performance of different ultrasonic pulse-echo approaches for extracting the ply-by-ply struc-
ture of multilayered composites. The following methodologies are studied: Method 1: 50 MHz,
15 MHz, and 5 MHz ultrasound with low-pass filtering using analysis of the instantaneous ampli-
tude, Method 2: 15 MHz ultrasound with Wiener deconvolution (and AR spectral extrapolation)
using analysis of the instantaneous amplitude, and Method 3: 5 MHz ultrasound with low-pass
or log-Gabor filtering using analysis of the instantaneous phase. In the simulation study, the
performance of the various techniques are investigated on synthetic data representative for a 24-
ply carbon fiber reinforced polymer. The robustness of the techniques is evaluated for different
signal-to-noise ratios. The various techniques are further investigated on experimental data of
a 24-ply cross-ply carbon fiber reinforced polymer. The ply-by-ply structure is extracted and
presented in the form of both B-scan and C-scan images. The thickness of each ply is estimated
for quantitative analysis. The obtained results indicate that the 5 MHz ultrasound coupled to
analytic-signal analysis with log-Gabor filter shows the best performance for reconstructing the
multilayer structure of the studied composites.

1. Introduction
Carbon and glass fiber-reinforced polymers (CFRP and GFRP) are widely used in contemporary applications,

including space and aviation, automotive, and maritime [1, 2] because of their high specific stiffness (strength) and good
corrosion resistance amongst others [3, 4, 5]. To ensure the quality and structural integrity of composite materials, non-
destructive testing (NDT) methods can be used [6]. NDT methods play a critical role in the evaluation and maintenance
of composite materials. A wide variety of NDT techniques has been built on different principles [7, 8], including x-ray
computed tomography [9], terahertz testing [10, 11], infrared thermography [12, 13], shearography [14], eddy current
testing [15, 16], ultrasonic testing (UT) [17, 18, 19], etc.

Among the various NDT techniques, UT has been most commonly used for the inspection of multilayer composites
[20, 21, 22]. A major advantage of using UT is that it is highly sensitive to the multilayered structure and various
damage types commonly found in composites [23]. High-frequency ultrasound can be utilized for the characterization
of sub-surface damage with a high spatial and temporal resolution [24, 25, 26]. As the thickness and the number of
plies increases, the attenuation of high-frequency ultrasound becomes a concern, especially for high damping fiber-
reinforced composites [27]. A recent study reported the inspection of an impacted CFRP laminate using 50 MHz
ultrasound and demonstrated a depth probing as deep as 2-2.5 mm [24]. Alternatively, one could lower the ultrasound
frequency in order to increase the dynamic depth range, but this is at the expense of the depth resolution. Therefore,
researchers have employed various signal processing steps to improve the temporal resolution of the ultrasonic response
signal [28, 29].

A simple approach concerns the application of a low-pass (LP) filter to reduce the high-frequency noise [30, 31].
Another common signal processing step is the deconvolution technique in order to estimate the impulse response from
the recorded signal in the presence of noise. Some studies have been conducted to compare various deconvolution
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techniques and found that Wiener filtering-based techniques yield good results for online applications [32, 33]. How-
ever, a major problem with the Wiener filter is that it produces a deconvolved signal with a narrowband spectrum.
Naturally, the signal with a narrowband spectrum has a decreased temporal resolution. Therefore, it was proposed
to additionally use an autoregressive (AR) spectral extrapolation [34, 35, 36]. In the application of the AR spectral
extrapolation, the deconvolved spectrum with a high signal-to-noise ratio (SNR) is modeled as an AR process, which
is then used to extrapolate the low SNR part of the signal spectrum. The combination of the Wiener deconvolution and
AR spectral extrapolation in the frequency domain improves temporal resolution and SNR further [37]. This method,
however, suffers from the fact that the optimized parameters need to be found through trial and error [36, 37]. Further,
the Wiener deconvolution is not valid when both the input signal and the system are unknown [38]. Based on the fact
that the input signal typically has a sparse distribution, it has been proposed to find a deconvolution filter whose output
distribution is as sparse as possible [39, 40]. Several of such blind deconvolution methods have been developed in order
to improve the temporal resolution of the ultrasonic signal [41, 42, 43]. However, note that such blind deconvolution
is seldom considered in ultrasonic testing because the impulse response function of an employed ultrasonic system is
often well known (or can be easily measured).

Recently, it was proposed to employ an ultrasonic frequency around the ply resonance frequency [44]. Hence, this
results in a procedure with a low operating frequency and as such yields a high probing depth in multilayer composites
[45, 46]. It was indicated that the instantaneous phase of the analytic-signal becomes locked to the interfaces between
plies in certain circumstances. It has been also shown that the phase is more stable than the amplitude for tracking plies,
especially when the amplitude is affected by the strong surface echoes [44]. To ensure the accuracy and stability of the
phase-derived interply tracking, it is required to fulfill several conditions. The most important condition concerns the
use of a pulse with a center frequency that is close to the fundamental ply-resonance frequency. Further, an appropriate
bandwidth is required to cope with the various thickness. Too narrow bandwidth cannot cope with variations in ply
thickness, while a too wide bandwidth might excite a strong second-harmonic ply resonance, resulting in wrong depth
estimations [44, 47, 48]. Furthermore, the application of a log-Gabor filter has been presented to make the phase-
derived interply tracking more stable and robust [47].

This study compares the performance of the different ultrasonic approaches for extracting the ply-by-ply structure
of composites:

Method 1: 50 MHz, 15 MHz, and 5 MHz ultrasound with LP filtering, using analysis of the instantaneous amplitude,
Method 2: 15 MHz ultrasound with Wiener deconvolution (and AR spectral extrapolation), using analysis of the
instantaneous amplitude,
Method 3: 5 MHz ultrasound with LP or log-Gabor filtering, using analysis of the instantaneous phase.

Note that the 5 MHz is a frequency which is commonly used in industry for inspections of aerospace components.
Hence, Method 3 can be directly transferred to such an inspection environment without having to change any hardware,
or having to scan the parts multiple times.

This paper is organized as follows. Section 2 describes the theoretical framework of the signal processing tech-
niques, including the LP filtering, the deconvolution technique and the analytic-signal technique. Sections 3.1 and 3.2
introduce the analytical model and the used parameters in the simulation. The quantitative evaluation metrics are pro-
posed and described in section 3.3. Sections 3.4 and 3.5 investigate the performance of the different techniques for the
synthetic data with different SNR. The experimental results are discussed in section 4. Finally, section 5 presents the
conclusions.

2. Background
Finite impulse response (FIR) filters are widely used for LP filtering due to their inherent stability when imple-

mented in non-recursive form and simple extensibility to multi-rate cases. In this study, a FIR LP filter is applied as
a pre-processing step to the recorded signals in order to reduce noise features [31]. The cutoff frequency of the FIR
LP filter is twice the center frequency of the employed ultrasonic pulse. The transition band steepness is 0.8 and the
stopband attenuation is 60 dB.

2.1. Wiener deconvolution with spectral extrapolation
In a linear time-invariant (LTI) system, the response signal 𝑦(𝑡) can be modeled as the convolution of the input

signal ℎ(𝑡) with the reflection sequence of the specimen 𝑥(𝑡), plus the addition of noise 𝑛(𝑡) (see Fig. 1):

𝑦(𝑡) = 𝑥(𝑡) ∗ ℎ(𝑡) + 𝑛(𝑡), (1)
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where ∗ denotes the convolution operator. Eq. (1) can be expressed in the frequency domain as follows:

𝑌 (𝜔) = 𝑋(𝜔)𝐻(𝜔) +𝑁(𝜔), (2)

where 𝑌 (𝜔), 𝑋(𝜔), 𝐻(𝜔), and 𝑁(𝜔) represent the Fourier transforms of 𝑦(𝑡), 𝑥(𝑡), ℎ(𝑡), and 𝑛(𝑡) respectively.

Figure 1: The response signal 𝑦(𝑡) from the LTI testing system as the convolution of the input signal ℎ(𝑡) with the reflection
sequence of the 24-layer structure 𝑥(𝑡) plus the addition of noise 𝑛(𝑡). The input signal ℎ(𝑡) has a center frequency of 15
MHz and a fractional bandwidth (-6 dB) of 0.8. The scaling of these waveforms is different both in horizontal (time) and
vertical (amplitude) directions.

Considering that 𝑦(𝑡) is measured and ℎ(𝑡) is known, a deconvolution procedure can be performed to obtain the
deconvolved signal 𝑥𝑒(𝑡) in the presence of noise 𝑛(𝑡). To reduce the impact of noise or measurement error, a Wiener
filtering in the frequency domain can be applied. A common approach of the Wiener deconvolution can be formulated
as [33]

𝑋𝑒(𝜔) =
𝑌 (𝜔)𝐻∗(𝜔)|𝐻(𝜔)|2 +𝑄2

, (3)

where 𝑋𝑒(𝜔) represents the Fourier transforms of 𝑥𝑒(𝑡) and 𝑄 is the noise desensitizing factor. A commonly recom-
mended value for 𝑄2 is applied in this study [49, 33]:

𝑄2 = 10−2|𝐻(𝜔)|2max, (4)

where |𝐻(𝜔)|max is the maximum amplitude of |𝐻(𝜔)|. The final stage is to employ the inverse Fourier transform to
obtain the deconvolved signal in the time domain:

𝑥𝑒(𝑡) = 𝐼𝐹𝑇 (𝑋𝑒(𝜔)), (5)

where 𝐼𝐹𝑇 (∙) denotes the inverse Fourier transform.
To improve the temporal resolution further, AR spectral extrapolation can be applied to the reflection spectrum

𝑋𝑒(𝜔) obtained by Wiener filtering. First, a certain bandwidth of the measured reflection spectrum with a high SNR
should be selected, whose lower and upper bounds are 𝑓1 and 𝑓2 respectively. The maximum-entropy algorithm of
Burg [50] is then used to calculate the AR coefficients from the selected frequency window. Based on the high SNR
reflection spectrum, the lower and upper parts of the reflection spectrum are extrapolated as follows:

�̂�𝑒(𝑚) = −
𝑝∑

𝑘=1
𝑎𝑘𝑋𝑒(𝑚 + 𝑘) 𝑚 = 1, 2,… ,

𝑁𝑓1
𝑓𝑠

− 1, (6)

�̂�𝑒(𝑛) = −
𝑝∑

𝑘=1
𝑎∗𝑘𝑋𝑒(𝑛 − 𝑘) 𝑛 =

𝑁𝑓2
𝑓𝑠

+ 1,… , 𝑁
2
, (7)

where �̂�𝑒(𝑚) and �̂�𝑒(𝑛) are the lower and upper parts of the extrapolated spectrum respectively, 𝑁 is the sampling
points, 𝑓𝑠 is the sampling rate, 𝑎𝑘 and 𝑎∗𝑘 are the AR coefficients and their complex conjugates, respectively, and 𝑝 is
the order of the AR model.

It has been proposed that the extrapolated signals obtained from different frequency windows could improve the
robustness of this technique [36]. Hence, the extrapolated spectra from various frequency windows are averaged prior
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to performing the inverse Fourier transform for converting the signal into the time domain. The 3 dB to 10 dB drop
frequency windows, which are recommended in literature [36], are applied. Following the selection of the frequency
window, the following equation is used to select the optimal order 𝑝𝑜𝑝𝑡 for performing the AR spectral extrapolation
(with Burg as the fitting method) [51]:

𝑝𝑜𝑝𝑡 = 0.014𝑆𝑁𝑅 + 0.21, (8)

where 𝑆𝑁𝑅 is expressed in decibel. Finally, the inverse Fourier transform can be employed on the extrapolated
spectrum to obtain the extrapolated signal in the time domain:

𝑥𝑒(𝑡) = 𝐼𝐹𝑇 (�̂�𝑒(𝜔)). (9)

2.2. Analytic-signal with log-Gabor filter
The analytic-signal 𝑠𝑎(𝑡) represents a signal in its complex form, which is composed of a real part 𝑠(𝑡) (see Fig. 2a),

and an imaginary part 𝑔(𝑡) as follows:

𝑠𝑎(𝑡) = 𝑠(𝑡) + 𝑖𝑔(𝑡). (10)

The imaginary part 𝑔(𝑡) is derived from the real part 𝑠(𝑡) by the Hilbert transform:

𝑔(𝑡) =

+∞

∫
−∞

𝑠(𝜏)
𝜋(𝑡 − 𝜏)

𝑑𝜏. (11)

The complex-valued analytic-signal can be represented by its magnitude and phase (see Fig. 2b). The mathematical
form also reads as follows:

𝑠𝑎(𝑡) = 𝐴𝑖𝑛𝑠𝑡(𝑡)𝑒𝑖𝜙𝑖𝑛𝑠𝑡(𝑡), (12)

where 𝐴𝑖𝑛𝑠𝑡(𝑡) =
√
𝑠2(𝑡) + 𝑔2(𝑡) and 𝜙𝑖𝑛𝑠𝑡(𝑡) = arctan 𝑔(𝑡)

𝑠(𝑡) are the instantaneous amplitude and instantaneous phase,
respectively (see Figs. 2c and 2d). The instantaneous frequency 𝑓𝑖𝑛𝑠𝑡(𝑡) is then obtained from the time-derivative of
the instantaneous phase 𝜙𝑖𝑛𝑠𝑡(𝑡):

𝑓𝑖𝑛𝑠𝑡(𝑡) =
1
2𝜋

𝑑𝜙𝑖𝑛𝑠𝑡(𝑡)
𝑑𝑡

. (13)

The relationship between a signal and its analytic-signal can be represented in the frequency domain as follows [52]:

𝐹𝑎(𝜔) = (1 + 𝑠𝑔𝑛(𝜔))𝐹 (𝜔), (14)

where 𝐹𝑎(𝜔) and 𝐹 (𝜔) are the Fourier spectrum of 𝑠𝑎(𝑡) and 𝑠(𝑡) respectively, 𝜔 is the angular frequency, and 𝑠𝑔𝑛(∙)
denotes the sign function.

The instantaneous amplitude and instantaneous phase can be used to derive the positions of the resin-rich inter-
plies in a composite laminate, on the condition that the center frequency of the ultrasonic input signal approximately
corresponds to the fundamental ply-resonance frequency [44]. The instantaneous amplitude is analyzed to derive the
time-of-flight (TOF) of the front- and back-wall echoes. The instantaneous phases of the reflections from the resin-
rich interplies appear to be close to 𝜙0 −

𝜋
2 , where 𝜙0 is the instantaneous phase of the input pulse. And the peaks of

instantaneous amplitude can also be used to estimate the locations for the resin-rich interplies. The log-Gabor filter
[53] decomposes the analytic-signal in different appropriate scales, and as such provides better estimates for the in-
stantaneous phase and instantaneous frequency [47, 54]. The log-Gabor filter is defined in the frequency domain as
follows:

𝐺(𝜔) = exp
−(log |𝜔|

𝜔0
)2

2(log 𝜎0)2
, (15)

where 𝜔0 is the angular center frequency of the passband, 𝜎0 is the parameter governing the bandwidth of the passband.
The log-Gabor filtered analytic-signal in the frequency domain 𝐹𝑎(𝜔) can be obtained by

𝐹𝑎(𝜔) = 𝐺(𝜔)𝐹𝑎(𝜔). (16)

Its time-domain representation 𝑠𝑎(𝑡) is then obtained by application of the inverse Fourier transform:

𝑠𝑎(𝑡) = 𝐼𝐹𝑇 (𝐹𝑎(𝜔)). (17)
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Figure 2: (a) The recorded signal, (b) the analytic-signal in 3-dimensional representation, (c) the instantaneous amplitude,
and (d) the instantaneous phase.

3. Simulation study
3.1. Analytical model

The analytical model is implemented in MATLAB. Firstly, the reflection spectrum of the structure is calculated.
Secondly, the frequency response is obtained by the multiplication of the Fourier representation of the input signal and
the reflection spectrum. Finally, the time-domain reflected signal is obtained and the noise is added. The multilayered
structure of a composite laminate immersed in water is illustrated in Fig. 3. The simulated structure consists of 25
interplies (including the front and back surfaces) and 24 plies. Prior to obtaining the complex reflection spectrum of
the structure, the acoustic impedance of the n-layered structure is calculated by the recursive method as follows [55]:

𝑍(𝑛)
𝜆 (𝜔) = 𝑍𝑛

𝑍(𝑛−1)
𝜆 (𝜔)(𝑒2𝑑𝑛(𝑖𝑘𝑧𝑛−𝜔𝛼𝑛) + 1) −𝑍𝑛(𝑒2𝑑𝑛(𝑖𝑘𝑧𝑛−𝜔𝛼𝑛) − 1)

𝑍𝑛(𝑒2𝑑𝑛(𝑖𝑘𝑧𝑛−𝜔𝛼𝑛) + 1) −𝑍(𝑛−1)
𝜆 (𝜔)(𝑒2𝑑𝑛(𝑖𝑘𝑧𝑛−𝜔𝛼𝑛) − 1)

𝑛 ≥ 1, (18)

where 𝑍(𝑛)
𝜆 is the total acoustic impedance of the n-layered structure, 𝑍𝑛 = 𝜌𝑛𝑐𝐿𝑛 is the acoustic impedance of the 𝑛th

layer, 𝑘𝑧𝑛 = 𝜔∕𝑐𝐿𝑛 is the wavenumber in the thickness direction of the 𝑛th layer, 𝛼𝑛, 𝑑𝑛, 𝜌𝑛, and 𝑐𝐿𝑛 are the attenuation,
thickness, density, and longitudinal wave velocity of the 𝑛th layer respectively. The initial condition is set as𝑍(0)

𝜆 = 𝑍0,
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Comparative study of ultrasonic techniques for reconstructing multilayer structure

which denotes the acoustic impedance of the infinite medium below. The complex reflection spectrum is then obtained
as follows:

𝑋𝑠(𝜔) =
𝑍𝑛

𝜆(𝜔) −𝑍𝑛+1

𝑍𝑛
𝜆(𝜔) +𝑍𝑛+1

, (19)

where 𝑍𝑛+1 denotes the acoustic impedance of the infinite media above. The reflected signal 𝑦0𝑠(𝑡) is then obtained as
follows:

𝑦0𝑠(𝑡) = 𝐼𝐹𝑇 (𝑋𝑠(𝜔)𝐻𝑠(𝜔)), (20)

where 𝐻𝑠(𝜔) is the complex Fourier representation of the input signal ℎ𝑠(𝑡). White Gaussian noise 𝑛𝑠(𝑡) is considered
which has uniform power over the considered frequency band and normal distribution in the time domain with zero
mean value. The reflected signal 𝑦𝑠(𝑡) finally becomes:

𝑦𝑠(𝑡) = 𝑦0𝑠(𝑡) + 𝑛𝑠(𝑡). (21)

Figure 3: The schematic of the multilayered structure and the signal response.

3.2. Simulation parameters
The interply is considered as a thin epoxy layer of 10 𝜇𝑚 with a density of 1270 𝑘𝑔∕𝑚3. The ply is considered as a

mixture of unidirectional fibers and epoxy matrix with a fiber volume fraction of 60% [56]. When defining the effective
mass density of the ply, the rule of mixture is applied, assuming a density of the carbon fibers of 1800 𝑘𝑔∕𝑚3. The
stiffness matrix for each ply is calculated by the Chamis model [57] from the properties of carbon fiber [58] and epoxy
matrix. The longitudinal wave velocity propagating in the thickness direction is then calculated from the stiffness
matrix. To fully evaluate the performance of the various ultrasonic techniques, a 24-layer laminate with various ply
thicknesses is simulated. It is important to consider possible variations in the ply thickness because CFRP plies do
not have necessarily a uniform thickness. This variation is mainly introduced during the manufacturing cycle due to
resin flow effects before the polymerisation in the autoclave [59, 60]. Hence, a combination of 3 different ply thickness
sequences is applied for the simulated data as follows: (i) a uniform ply thickness of 220 𝜇𝑚, (ii) a ply thickness
sequence of [220𝜇𝑚∕210𝜇𝑚∕230𝜇𝑚]8, and (iii) a ply thickness sequence of [220𝜇𝑚∕230𝜇𝑚∕210𝜇𝑚]8. It is worth
noting that the varying ply thickness is more challenging for the analysis of the instantaneous phase due to the fact that
it requires a center frequency close to the ply-resonance frequency. Table 1 displays the used properties of the interply,
the ply, and the immersion liquid.

The input signal is modeled as a cosine modulated by a Gaussian function:

ℎ𝑠(𝑡) = exp(
𝑡2𝑊 2𝐹 2

𝑐 𝜋
2

4 ln(0.5)
) cos (2𝜋𝐹𝑐𝑡), (22)

where 𝑡 is the time vector, 𝑊 is the -6 dB fractional bandwidth of the pulse, 𝐹𝑐 is the center frequency (see Fig. 4).
A nominal SNR of 25 dB is used, which can be considered representative for actual experiments. A sampling rate of
250 MS/s is adopted. Table 2 provides the parameters concerning the input signal and data acquisition.
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Figure 4: (a) The input signal with a center frequency of 15 MHz and the nominal SNR of 25 dB and (b) its corresponding
frequency spectrum.

Table 1
The properties of the interply, the ply, and the immersion liquid.

Name Materials Density
(𝑘𝑔∕𝑚3)

Thickness (𝜇𝑚) Wave velocity
(𝑚∕𝑠)

Attenuation
(dB/mm/MHz)

Interply epoxy 1270 [61] 10 2499 [58] 0.15 [61]
Ply Mixture of unidirec-

tional fibers and epoxy
matrix with a fiber
volume fraction of 60%

1588 (i) 220
(ii) [220∕210∕230]8
(iii) [220∕230∕210]8

2906 0.1 [62]

Immersion
liquid

water 1000 1480

Table 2
Parameters of the input signal and data acquisition.

Center Frequency (MHz) -6 dB fractional bandwidth Bonding media Nominal SNR (dB) Sampling rate (MS/s)

5, 15, 50 0.8 water 25 250

3.3. Evaluation metrics
This study uses a quantitative approach to investigate the performance of different ultrasonic techniques. The LP

filtered signal is obtained by the application of the LP filter to the original signal 𝑦𝑠(𝑡) in Eq. (21), and the TOF of the
interplies is estimated from the local maxima in the instantaneous amplitude (see Fig. 5a). The deconvolved signal
equals 𝑥𝑒(𝑡) in Eq. (5) (or 𝑥𝑒(𝑡) in Eq. (9) when considering spectral extrapolation), and the TOF of the interplies
is estimated from the local maxima in the instantaneous amplitude (see Fig. 5a). The analytic-signal equals 𝑠(𝑡) in
Eq. (10) (or 𝑠𝑎(𝑡) in Eq. (17) when considering a log-Gabor filter), and the TOF of the interplies is estimated from
the instantaneous phase (see Fig. 5b). The detailed procedure for estimating the TOF of the interplies is given in the
flowcharts in Fig. 6.

Once the TOF of the interplies are estimated, the error 𝜀𝑖 is calculated as (see also Fig. 5):

𝜀𝑖 = 𝑇𝑂𝐹 𝑖
𝑒𝑠𝑡 − 𝑇𝑂𝐹 𝑖

𝑡𝑟𝑢𝑒, (23)

where 𝑇𝑂𝐹 𝑖
𝑒𝑠𝑡 and 𝑇𝑂𝐹 𝑖

𝑡𝑟𝑢𝑒 are the estimated and the true TOF of the 𝑖th interply respectively. The measurement error

Xiaoyu Yang et al.: Preprint submitted to Elsevier Page 7 of 22

Jo
urn

al 
Pre-

pro
of



Comparative study of ultrasonic techniques for reconstructing multilayer structure

Figure 5: Schematic illustration of TOF estimation of the interplies based on (a) the instantaneous amplitude of a 15
MHz signal, and (b) the instantaneous phase of a 5 MHz signal. Note: the graphs are only for illustration purposes, and
do not correspond to real data.

𝐸𝑖 of each interply 𝑖 is calculated as follows:

𝐸𝑖 = 𝜀𝑖

𝑇𝑂𝐹 𝑝𝑙𝑦 × 100[%], (24)

where 𝑇𝑂𝐹 𝑝𝑙𝑦 is the true TOF of a single-ply. For each ply thickness sequence, each simulation procedure is repeated
100 times. The statistical information is extracted from the 300 runs in total. The mean measurement errors (𝑀𝐸𝑖)
and the standard deviations of the measurement errors (𝑆𝑇𝐷𝐸𝑖) are evaluated:

𝑀𝐸𝑖 =
∑𝑁

𝑗=1 𝐸
𝑖
𝑗

𝑁 , (25)

𝑆𝑇𝐷𝐸𝑖 =

√∑𝑁
𝑗=1(𝐸

𝑖
𝑗−𝐸

𝑖
𝑗 )
2

𝑁 , (26)

where 𝐸𝑖
𝑗 is the measurement errors 𝐸𝑖 in the 𝑗th repeat, and N is the number of signals considered.

In general, the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 indicate the accuracy and the robustness for estimating the TOF of the 𝑖th
interply, respectively. Therefore, the error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 can provide a comprehensive
evaluation of the performance visually. However, the SNR of the signal is occasionally not high enough for properly
distinguishing the interply reflections. In case the 𝑇𝑂𝐹 𝑖

𝑒𝑠𝑡 is randomly distributed (over the 300 runs) in the searching
region and the true TOF of the interply is located in the middle of the searching region, this would result in an 𝑀𝐸𝑖

of 0% and an 𝑆𝑇𝐷𝐸𝑖 of 28.9%, which means the sensitivity to the variations of the ply thickness is completely lost.
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(a) (b)

Figure 6: Flowcharts for estimating the TOF of the interplies by using (a) the instantaneous amplitude (Methods 1 and
2) and (b) the instantaneous phase (Method 3).

Hence, to determine whether the interply reflections are distinguishable, a threshold of the 𝑆𝑇𝐷𝐸𝑖 is set at 22%. The
lower the 𝑆𝑇𝐷𝐸𝑖, the better the interply reflections are distinguishable.

3.4. Results
3.4.1. Low-pass filtered signal using instantaneous amplitude (50 MHz; 15 MHz; 5 MHz)

The resolution and dynamic depth range of an ultrasonic signal are directly linked to its frequency. Fig. 7 displays
the simulation results for an input signal with center frequencies of 5 MHz, 15 MHz, and 50 MHz, respectively. The
instantaneous amplitudes of the response signals have been extracted by Hilbert transform, from which the positions
of the interplies are estimated according to the procedure defined in section 3.3. The true TOF of the interplies are
indicated with the vertical dashed lines. From Fig. 7, it becomes clear that a higher center frequency produces sharper
peaks at the positions of the interplies, but at the same time experiences more severe attenuation. The 𝑀𝐸𝑖 and
𝑆𝑇𝐷𝐸𝑖 of the estimated interplies are presented in Fig. 8. The front-surface and back-surface interplies are indicated
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with 𝐹 and 𝐵 respectively. The interplies 𝑖 are indicated by their depth position, starting from 𝑖 = 1 for the first interply
until 𝑖 = 23 for the last interply. If the 𝑆𝑇𝐷𝐸𝑖 becomes larger than 22% ( = interply 𝑖 could not be distinguished in a
proper way), the value for interply 𝑖 is greyed out.
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Figure 7: The LP filtered signals with center frequencies of (a) 50 MHz, (b) 15 MHz, and (c) 5 MHz respectively, including
the instantaneous amplitude (green trace), and the true and estimated positions of the interplies (red square and black
dot respectively).

The 50 MHz LP filtered signal produces sharp and clear peaks for the first 7 interplies, and locates the positions
of these interplies in an accurate and robust manner. After the 8th interply, there is a sharp rise in the 𝑆𝑇𝐷𝐸𝑖. It can
also be observed in Fig. 7a that a back-wall echo is not present due to excessive attenuation. Hence, the 50 MHz signal
provides high depth resolution in the near-surface plies but becomes impractical due to its low SNR for deeper layers
(see also the inset in Fig. 8a).

The 15 MHz LP filtered signal has higher 𝑆𝑇𝐷𝐸𝑖 for the near-surface plies, but it remains longer stable for deeper
layers. The 𝑆𝑇𝐷𝐸𝑖 remain within 10% for the first 9 interplies. The graph reveals the gradual rise in the 𝑆𝑇𝐷𝐸𝑖

until it becomes fully unstable for plies deeper than the 14th interply. And an increase in the bias can be seen from
the 𝑀𝐸𝑖 after the 12th interply. The observed gradual deterioration over depth makes the 15 MHz signal particularly
well suited for the deconvolution procedure in order to increase the depth resolution (section 3.4.2).

The 5 MHz ultrasound efficiently penetrates through the whole structure and produces a well-defined back-wall
echo. However, the instantaneous amplitude of the 5 MHz LP filtered signal is clearly not valid for extracting the
interpliy locations (see Fig. 7c). The amplitude near the surfaces is completely affected by the strong surface echoes.
Consequently, no peak of instantaneous amplitude is tracked for the 1st interply (see Fig. 8c). In order to cope with the
effects of the front-surface echo on the detection of the 1st interply echo, it is valid to adopt the local minimum of the
second derivative of the instantaneous amplitude. Whereas, this procedure is not included in the comparative study
since it is non-standard. It can also be seen that the 𝑀𝐸𝑖 is very large and 𝑆𝑇𝐷𝐸𝑖 exceeds the value of 22% instantly.
Hence, it may be expected that the application of deconvolution will not provide any significant improvement for the
5 MHz signal. Instead, the 5 MHz signal will be coupled to the analytic-signal analysis, and the instantaneous phase
will be used for estimating the positions of the interplies (section 3.4.3).

Xiaoyu Yang et al.: Preprint submitted to Elsevier Page 10 of 22

Jo
urn

al 
Pre-

pro
of

xiayang
Highlight



Comparative study of ultrasonic techniques for reconstructing multilayer structure

Figure 8: Error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from the instantaneous amplitudes
of the LP filtered signals with center frequencies of (a) 50 MHz, (b) 15 MHz, and (c) 5 MHz respectively. The data is
represented as 𝑀𝐸𝑖 ± 𝑆𝑇𝐷𝐸𝑖.

3.4.2. Deconvolved signal using instantaneous amplitude (15 MHz)
Based on the response signals (see Figs. 7 and 8), it is anticipated that the application of deconvolution is a practical

way to improve the depth resolution for the 15 MHz signal. Fig. 9 displays the deconvolved signal with a center
frequency of 15 MHz from Wiener deconvolution and Wiener deconvolution combined with AR spectral extrapolation.
The input pulse with the nominal SNR of 25 dB is used as the deconvolution kernel. Table 3 lists the 3 dB to 10 dB
drop frequency windows for multiple frequency windows AR spectral extrapolation. The optimal order 𝑝𝑜𝑝𝑡 of the
AR process is chosen according to Eq. (8) for each window. The instantaneous amplitudes of the deconvolved signals
have been extracted by Hilbert transform, from which the positions of the interplies are estimated according to the
previously defined procedure (see section 3.3).

From Fig. 9 it can be seen that the deconvolution techniques improve the temporal resolution and SNR (compared
to the 15 MHz LP filtered signal in Fig. 7b). The 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from the LP filtered
and the deconvolved signals are compared in Fig. 10. Compared to the LP filtered signal, the Wiener deconvolution has
a minor effect on the 𝑀𝐸𝑖, but reduces the 𝑆𝑇𝐷𝐸𝑖 significantly. Hence, this indicates that the extraction of interply
locations is more stable and robust. Still, for very deep layers (>17th interply) the 𝑆𝑇𝐷𝐸𝑖 rapidly converges again to
the values above 22%, indicating completely random TOF estimation.

Contrary to the expectation, the deconvolved signal by Wiener filtering with optimized AR spectral extrapolation
shows the worst performance of the approaches used in Method 2. This is possibly due to the fact that the AR process
is quite sensitive to noise [63]. Further, it has been reported that some spurious spikes could be observed in the
deconvolved ultrasonic signal by optimized AR spectral extrapolation [51]. These spurious spikes could be large
in amplitude and could become comparable to the actual signal. This is especially valid for the current situation
because the reflection signal from the interplies is weak. Hence, the Wiener deconvolution combined with AR spectral
extrapolation is not a suitable approach for the here considered case.
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Figure 9: The 15 MHz deconvolved signals by (a) Wiener deconvolution and (b) Wiener deconvolution combined with
AR spectral extrapolation respectively, including the instantaneous amplitude (green trace), and the true and estimated
positions of the interplies (red square and black dot respectively).

Figure 10: Error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from the instantaneous amplitudes
of (a) the 15 MHz LP filtered signal, (b) the 15 MHz Wiener deconvolved signal, and (c) the 15 MHz Wiener deconvolved
signals combined with AR spectral extrapolation. The data are represented as 𝑀𝐸𝑖 ± 𝑆𝑇𝐷𝐸𝑖
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Table 3
The frequency windows and the optimal orders considered for multiple frequency windows AR spectral extrapolation.

Drop (dB) Frequency range (MHz) Data points 𝑝𝑜𝑝𝑡
-3 10.8-19.2 88- 158 39
-4 10.1-19.9 83- 163 45
-5 9.5-20.5 78- 168 50
-6 9.0-21.0 74- 172 55
-7 8.5-21.5 70- 176 59
-8 8.1-21.9 66- 180 64
-9 7.7-22.3 63- 183 67
-10 7.3-22.7 59- 186 71

3.4.3. Analytic-signal using instantaneous phase (5 MHz)
From the analysis presented in section 3.4.1, it became clear that the instantaneous amplitude of the 5 MHz LP

filtered signal could not be used for estimating the positions of the interplies, except for the front-surface and the back-
surface interplies. Considering that the frequency of 5 MHz is close to the ply-resonance frequency, the instantaneous
phase could offer an effective way of estimating the positions of the interplies (see section 2.2).

Fig. 11a displays the instantaneous amplitude, instantaneous phase, and instantaneous frequency of the 5 MHz LP
filtered analytic-signal. The TOF between the front- and back-wall echoes is approximately 3.8 𝜇𝑠, which indicates a
ply-resonance frequency of 6.3 MHz. So 5 MHz is lower than the ply-resonance frequency. However, the instantaneous
phase analysis still works here because the bandwidth in the 5 MHz pulse is sufficiently wide in order to excite the 6.3
MHz ply-resonance in an efficient manner. In order to match the input signal better to the ply resonance, a log-Gabor
filter is additionally applied for optimal scale selection. The center frequency and 𝜎0 for the log-Gabor filter are chosen
as 6.3 MHz and 0.7, respectively.

Figure 11: The 5 MHz analytic-signals (a) with LP filtering, and (b) log-Gabor filtering, including the instantaneous
amplitude (green trace), the instantaneous phase (blue trace), the instantaneous frequency (orange trace). The true and
estimated positions of the interplies are indicated by red squares and black dots respectively.
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Fig. 11b displays the instantaneous amplitude, instantaneous phase, and instantaneous frequency of the 5 MHz
analytic-signal with the application of the log-Gabor filter. One can readily see the effect of the filter on the quality
of the signals, especially on the instantaneous frequency. Compared to the LP filtered analytic-signal in Fig. 11a,
the log-Gabor filtered analytic-signal shows a steadier instantaneous frequency around the fundamental ply-resonance
frequency in Fig. 11b. The 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 obtained from the 5 MHz signals are compared in Fig.12.
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Figure 12: Error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from (a) the instantaneous
amplitude of the 5 MHz LP filtered signal, and the instantaneous phase of the 5 MHz (b) LP filtered and (c) log-Gabor
filtered signals. The data is represented as 𝑀𝐸𝑖 ± 𝑆𝑇𝐷𝐸𝑖.

While the instantaneous amplitude does not give any indication of the positions of the interplies, the instantaneous
phase provides steady results for all interplies. It is worth noting that the 𝑆𝑇𝐷𝐸𝑖 is significantly improved by the
application of the log-Gabor filter. However, the estimated TOF of the interplies near the surfaces shows large 𝑀𝐸𝑖

(around -15% for the 1st interply and +28% for the 23rd interply) due to the dominating effect of the front- and back-
wall echoes [44]. Compared to the analytic-signal with LP filtering in Fig. 12b, the log-Gabor filter reduces the random
errors considerably, but magnifies the 𝑀𝐸𝑖 in the 1st and the last plies. The 𝑆𝑇𝐷𝐸𝑖 steadily increases with depth, but
remains below 5% by application of the log-Gabor filter, indicating the high robustness of the TOF estimation. The
log-Gabor filter is suggested as a better choice because of its high robustness.

3.5. Comparative analysis for different noise levels
The performance of the various techniques for different noise levels is investigated in this section. The results for

3 SNRs (25 dB, 20 dB and 15 dB) are simulated and analyzed. Fig. 13 compares the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 for the
various techniques and noise levels.

From Fig. 13, it is clear that the 50 MHz ultrasound coupled to the LP filtering is not a good approach for extracting
the deep interply locations. For the SNR of 15 dB, this method already yields random results from the 7th interply on.
On the other hand, it keeps a very high resolution and good stability for the near-surface plies under all the considered
noise levels. In a similar way, the 15 MHz ultrasound with Wiener deconvolution becomes more unstable for lower
SNR. The 𝑆𝑇𝐷𝐸𝑖 increase significantly with the SNR, and for the lowest SNR of 15 dB the performance of this
approach dropped significantly.

In contrast to previous techniques, the 5 MHz ultrasound coupled to analytic-signal analysis with log-Gabor filter
performs very well for all considered noise levels. Further, for the SNR of 25 dB and 20 dB it can be noted that the𝑀𝐸𝑖
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Figure 13: Error bars representing the 𝑀𝐸𝑖 and the 𝑆𝑇𝐷𝐸𝑖 of the estimated interplies from the 50 MHz LP filtered
signal (first column), the 15 MHz signal with Wiener deconvolution (second column), and the 5 MHz analytic-signal with
log-Gabor filter (third column). Results are obtained for different SNRs: 25 dB (first row), 20 dB (second row), and 15
dB (third row). The data is represented as 𝑀𝐸𝑖 ± 𝑆𝑇𝐷𝐸𝑖.

of the second and second last interply peaks, while their 𝑆𝑇𝐷𝐸𝑖 is very small. This indicates a systematic error in
the extraction of the location of these two interplies through the instantaneous phase [44, 47]. For the lowest SNR, the
𝑀𝐸𝑖 remains quite stable over all interplies, although the 𝑆𝑇𝐷𝐸𝑖 increases to some extent. The good performance for
all considered SNR levels can be attributed to the use of a log-Gabor filter. Indeed, apart from providing an appropriate
scale selection, it also suppresses noise features.

4. Experimental study
4.1. Materials and Methods

A CFRP laminate (autoclave manufactured) with dimension 150 mm Œ 100 mm and a thickness of 5.52 mm is
studied. It consists of 24 unidirectional plies and has a stacking sequence [45∕0∕ − 45∕90]3𝑠. Each ply is assumed
to have a constant and uniform thickness. The inspection procedure takes approximately 10 minutes, such that water
diffusion in the inspected composite sample is of little concern [64, 65].

Three different spherically focused broadband immersion transducers (center frequency of 5 MHz, 15 MHz, and 50
MHz) are employed. Table 4 presents the properties of the transducers applied in this experimental study. Reference
signals reflected from a thick steel plate are acquired to calculate the SNR and the bandwidth (at -6 dB) of different
transducers. The reference signal of the 15 MHz transducer is used as the deconvolution kernel for the Wiener decon-
volution. The transducers are excited by an ultrasonic pulser (Tecscan UTPR-CC-50). The exciting pulse is a negative
square wave with a pulse width of 30-500 ns (according to the setting), a rise time below 5 ns, and a fall time below 20
ns. The employed settings for the pulser including the voltage, capacity, and damping are also presented in Table 4.
To achieve the raster scanning, a 3-axis Cartesian scanner is used which is controlled using a motion controller card
(NI PXI-7350). The scanning steps in both x and y directions are 0.5 mm and the scanning area X×Y = 50 mm×50
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Table 4
The properties of the employed transducers and the corresponding settings for the pulser

Properties of transducers Settings for pulser
Manufacturer Code Freq. Bandwidth (-6 dB) Elem. d. Focal l. SNR Voltage Capacity Damping

GE H5M 5 MHz 2.43 - 6.61 MHz 6.35 mm 25.4 mm 39.42 dB 120 V 1070 pF 45 Ohm
Olympus V313 15 MHz 10.84 - 23.08 MHz 6.35 mm 25.4 mm 28.20 dB 120 V 920 pF 78 Ohm
Olympus V390 50 MHz 26.31 - 61.85 MHz 6.35 mm 12.7 mm 26.84 dB 120 V 450 pF 500 Ohm

mm (100×100 data points) for all transducers. The scanning procedure and excitation/acquisition sequence have been
programmed in a custom-made LabVIEW® program. The reflected signals from the CFRP laminate, for the different
employed transducers, are displayed in A-scan mode in Fig. 14.
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Figure 14: The LP filtered signal, including the instantaneous amplitude (green trace), from the CFRP laminate for
different employed transducers with center frequency (a) 50 MHz, (b) 15 MHz, and (c) 5 MHz.

After collecting the data by the raster scanning, the 3D data matrix is sent to Matlab® in order to reconstruct the
positions of the interplies using the flow chart presented in section 3.3. According to the instantaneous amplitude of the
5 MHz LP filtered signals, the TOF between the front- and back-wall echo is approximately 3.67 𝜇𝑠, which indicates
an approximate ply-resonance frequency of 6.5 MHz. Thus, the center frequency and 𝜎0 of the log-Gabor filter applied
on the 5 MHz signals are chosen as 6.5 MHz and 0.7 respectively.

4.2. Comparison and discussion
Fig. 15 displays the B-scan representation at Y = 25 mm of the instantaneous amplitude from the 50 MHz LP filtered

signals, the 15 MHz Wiener deconvolved signals, and the 5 MHz log-Gabor filtered signals. 3 optimal techniques are
here applied to estimate positions of the interplies as follows:

Method 1: the 50 MHz LP filtered signal using analysis of the instantaneous amplitude,
Method 2: the 15 MHz Wiener deconvolved signal using analysis of the instantaneous amplitude,
Method 3: the 5 MHz log-Gabor filtered analytic-signal using analysis of the instantaneous phase.

Xiaoyu Yang et al.: Preprint submitted to Elsevier Page 16 of 22

Jo
urn

al 
Pre-

pro
of



Comparative study of ultrasonic techniques for reconstructing multilayer structure

The estimated positions of the interplies and the uniformed-spaced positions of the interplies are superimposed on
these B-scan images. The difference in the quality to extract the interply locations can be readily seen in Fig. 15. In
order to quantify this, the thicknesses of the plies are estimated from the estimated positions of the interplies in each
data point. The mean estimated thickness 𝑀𝑇 𝑝 and the standard deviations of the estimated thickness 𝑆𝑇𝐷𝑇 𝑝 of the
𝑝th ply are calculated as:

𝑀𝑇 𝑝 =
∑𝑚

𝑞=1 𝑇
𝑝
𝑞

𝑚 , (27)

𝑆𝑇𝐷𝑇 𝑝 =

√∑𝑚
𝑞=1(𝑇

𝑝
𝑞 −𝑇

𝑝
𝑞 )2

𝑚 , (28)

where 𝑇 𝑝
𝑞 is the estimated thickness of the 𝑝th ply from the A-scan in the 𝑞th data point, and 𝑚 is the number of the

data points in the scanning area (100×100=10000).
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Figure 15: B-scan ultrasound images (at Y = 25 mm) of the instantaneous amplitude from (a) 50 MHz LP filtered signals,
(b) 15 MHz signals with Wiener deconvolution, and (c) 5 MHz analytic-signals with log-Gabor filter. Superimposed are
the estimated positions of the interplies and the uniformly-spaced positions of the interplies

Note that care has to be taken when interpreting these metrics because they include the variation of the actual
thickness in each single ply. Fig. 16 displays the obtained 𝑀𝑇 𝑝 and 𝑆𝑇𝐷𝑇 𝑝 for the three considered cases. From the
total thickness of the sample (5.52 mm), and the true number of plies (24 plies), the expected thickness of a single ply
is calculated as 5.52/24 = 0.23 mm (see the dashed line in Fig. 16). This is of course under the assumption that the
autoclave manufacturing process yields a uniformly-spaced ply thickness (𝑇 𝑢𝑠) over depth and over the CFRP sample.
Similarly as for the numerical case, if the 𝑆𝑇𝐷𝑇 𝑝 becomes higher than 22% the 𝑇 𝑢𝑠, the extracted results are assumed
to be random and are therefore greyed out in the graph.

The 50 MHz signals show a very uniform 𝑀𝑇 𝑝 over the full depth (see Fig. 16a). However, evaluation of 𝑆𝑇𝐷𝑇 𝑝

tells a different story and indicates the randomness of the estimated ply thickness for deeper plies. This can be also
verified in Fig. 15a. Hence, this clearly indicates the poor performance and robustness of this method to resolve the
ply structure of the CFRP composite. The 15 MHz signals with Wiener deconvolution provide better probing depth
and robustness (see Fig. 15b). Nearly 18 plies can be distinguished, but the 𝑆𝑇𝐷𝑇 𝑝 increases significantly with depth.
This can also be verified in Fig. 16b.

The 5 MHz analytic-signals with log-Gabor filter provide the best results and are able to extract all 24 plies in a
stable and robust way (see Fig. 16c). This can be also verified in Fig. 15c. However, one of the issues that emerge from
these results is that there are large systematic errors in the most shallow and deepest plies. The estimated thicknesses of
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Figure 16: Error bars representing the 𝑀𝑇 𝑝 and the 𝑆𝑇𝐷𝑇 𝑝 of the plies from (a) 50 MHz LP filtered signals, (b) 15
MHz signals with Wiener deconvolution, and (c) 5 MHz analytic-signals with log-Gabor filter. The data is represented as
𝑀𝑇 𝑝 ± 𝑆𝑇𝐷𝑇 𝑝.

those plies show significant deviations from the 𝑇 𝑢𝑠 (see Fig. 16c). A similar observation was made in the simulation
study (see Fig. 12c), and this systematic deviation has been attributed to the dominating effect of the front- and back-
wall echo.

Fig. 17 provides a C-scan representation of the estimated depth of several interplies by considering the three afore-
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Figure 17: The profiles of the 5th (first row), the 15th (second row), and the 22nd (third row) estimated interplies
respectively. The interplies are estimated from the 50 MHz LP filtered signals (first column), the 15 MHz deconvolved
signals (second column), and the 5 MHz analytic-signals (third column) respectively.
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mentioned techniques. The images of the depth profiles reconstructed by the 50 MHz LP filtered signals are evidently
very noisy. One could say that the profile of the 5th interply can be extracted, though with low quality. The 15 MHz
signals with Wiener deconvolution can reconstruct the profiles of the 5th and 15th interplies with higher quality but
yield fully unstable results for the 22nd ply. The 5 MHz analytic-signals with log-Gabor filter successfully reconstruct
the depth profile of all the interplies with high quality. Although, it is clear that the depth profile of the 22nd interply
becomes more unsteady and less accurate.

It is important to note that there is an intrinsic difference in the noise level between the different transducers (see
Table 4). The higher frequency transducer intrinsically produces more noise due to the electrical power loss as well
as the mechanical power loss [66]. Therefore, the low-frequency signals tend to be naturally more stable than the
high-frequency signals. This also contributes to worse performance of the 50 MHz and the 15 MHz signals in the
experiments. Another potential problem of using high-frequency ultrasound is that it could be sensitive to fiber tows
inside the plies [67]. There is an obvious difficulty in reconstructing the positions of the interplies because the echoes
from the fiber tows could be mistaken as the echoes from the interplies.

5. Conclusions
This study discussed and compared several ultrasonic techniques, operating in different frequency ranges, for re-

constructing the multilayered structure of composites. The performance of the different ultrasonic techniques is in-
vestigated on synthetic ultrasonic data, with various noise levels, a representative for a 24 layer composite immersed
in water. It is revealed that the 50 MHz ultrasound with LP filtering, coupled to the analysis of the instantaneous am-
plitude, can only effectively distinguish the near-surface interplies with good robustness. The 15 MHz ultrasound has
better probing depth and yields reasonably stable estimation, especially when it is coupled to Wiener deconvolution.
Though, for the deeper interplies the results become unstable and their locations could not be extracted in a robust
manner. Finally, the 5 MHz ultrasound coupled to analytic-signal analysis provides the best robustness and probing
depth under all noise levels. This approach makes use of the ply-resonance (around 6.5 MHz for the here considered
multilayered structure), and evaluates the instantaneous phase in order to estimate the depth of the interplies. This
approach yields good results over the full depth of the considered multilayered structure, especially when coupled to
a log-Gabor filter for optimal scaling of the signals. However, the analytic-signal results also indicate a systematic
deviation in the depth estimation of the two interplies closest to the front- and back surface. This is attributed to the
dominating effect of the front- and back-wall echo which locally distorts the instantaneous phase profile.

Also, an experimental study on a [45∕0∕ − 45∕90]3𝑠 CFRP sample with 24 plies is reported. The CFRP sample
has been raster-scanned in pulse-echo mode with several transducers operating in different frequency ranges. The
estimated interply locations are displayed in B-scan mode, and the extracted ply thicknesses are compared with the
nominal ply thickness. The profiles of the estimated interplies at several depths are displayed in C-scan mode. The
obtained experimental results fully confirm the observations and results from the simulation study.

The comparative analysis of this research provides deeper insights into the performance of the ultrasonic techniques
operating in different frequency ranges. It could serve as a base for selecting the appropriate ultrasonic techniques for
reconstructing the multilayered structure of composite laminates.
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