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Abstract: In this study, an algorithm for denoising ultrasound echo signals in industrial settings
is proposed to address the problem of high noise and low signal-to-noise ratio. The algorithm
combines complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN),
mutual information entropy (MIE), and wavelet threshold denoising to ensure effectiveness given
the unique structure of ultrasound echo signals. Initially, CEEMDAN is used to decompose the signal
into intrinsic mode function (IMFs) and residual signals. The MIE is then used to determine the
correlation of neighboring IMF signals, which are then divided into a noise- and a signal-dominated
part. Finally, using wavelet thresholding, noise is suppressed in the signal-dominant part, and the
resulting denoised signal is reconstructed using the residual signal. The performance of the algorithm
is verified through simulations and physical experiments, and the results show that it is superior to
traditional signal denoising methods.

Keywords: ultrasonic echo signal; complete ensemble empirical mode decomposition with adaptive
noise; wavelet thresholding denoising; mutual information entropy

1. Introduction

Ultrasonic waves are non-linear physical signals [1] consisting of high-frequency
mechanical waves that propagate easily. Due to their high penetrative power [2], the
use of these waves has become an essential aspect of modern technological applications.
Ultrasonic technology employs the vibrations caused by high-frequency sound waves
to realize detection or processing, and it is gaining increasing importance in fields such
as medicine [3], industry [4], materials [5], and environmental [6] protection. Owing to
its non-hazardous nature to humans [7], ultrasound technology is widely utilized in the
medical and industrial sectors, while non-destructive testing with ultrasonic waves has
become an established and popular method [8,9]. Due to these characteristics, ultrasound
technology will further advance and shape the progress and development of science and
technology. Therefore, the accurate estimation of ultrasonic echo signals is crucial for
obtaining precise echo information, particularly in applications with high measurement
accuracy requirements.

Several scholars have proposed different calculation methods for analyzing ultrasonic
echo signals, including the optimization of transducer models [10], analysis of echo signal
spectra [11], and modeling of echo signal parameters [12]. Effective noise reduction is a cru-
cial prerequisite for the accurate analysis of ultrasonic echo signals using various analysis
methods [13]. The conventional contemporary method for filtering ultrasonic echo signals
involves the use the concepts of Fourier and wavelet transforms. Nevertheless, Fourier
transform only suits stable-frequency signals without details of the embodied signal, as
it is based on sine functions and delivers a comprehensive transformation [14]. On the
contrary, wavelet transform is more suitable for analyzing unstable ultrasonic echo signals
for the presence of specific components [15]. However, the limited ability to generalize hin-
ders its practical application. Empirical mode decomposition (EMD) outperforms wavelet
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transform when dealing with non-periodic and non-stationary signals, but results in modal
aliasing in the intrinsic mode functions (IMFs) obtained [16,17]. Ensemble empirical mode
decomposition (EEMD) mitigates modal aliasing through the introduction of white noise
to the input signal, repeated application of EMD, and averaging of the results [18]. Despite
this, some residual white noise remains in the final reconstructed signal. Complementary
ensemble empirical mode decomposition (CEEMD) is used to reduce the effects of modal
aliasing by introducing positive and negative white noise perturbations into the original
signal, decomposing the signal with EMD, and finally averaging the results of multiple
decompositions [19]. However, its IMF components are difficult to align in the final en-
semble averaging. The complete ensemble empirical mode decomposition with adaptive
noise (CEEMDAN) was introduced to address these difficulties [20]. CEEMDAN employs
adaptive white noise to address the problems of high-to-low frequency transfer of white
noise and IMF alignment, and has shown excellent completeness [21].

In this study, the CEEMDAN algorithm is first used to decompose the acoustic signal
into several IMFs and residues. The result is then partitioned into components dominated
by noise and the signal itself based on the mutual information entropy (MIE) of the IMFs. A
modified wavelet threshold method is applied to reduce the level of noise in the dominant
part of the signal. This results in a denoised signal, which is then reconstructed along with
the residual signal. Through simulation and the evaluation of actual measurement data,
the signal-to-noise ratio (SNR) and other indicators, including the root-mean-square error
(RMSE), show that this algorithm has superior noise reduction capabilities compared to
traditional processing methods.

The remaining contents of this article are as follows. The ultrasonic Gaussian echo
model is described in Section 2, and algorithmic framework and principles of the system
are presented in Section 3. The simulation and physical experiments are discussed in
Sections 4 and 5, respectively. Finally, the conclusions and outlook of the proposed system
are given in Section 6.

2. Establishing Ultrasonic Echo Signal Model

The most commonly used transducer in the application of ultrasound detection is
the piezoelectric transducer. The ideal ultrasonic echo signal exhibits Gaussian random
characteristics, i.e., the envelope follows a Gaussian distribution [22,23]. The mathematical
models used to analyze ultrasonic signals received by transducers mainly consist of the
Gaussian model, the double Gaussian attenuation model, and the asymmetrical Gaussian
model [12]. These models are widely adopted in the numerical analysis of ultrasonic signals.
The functional description of the Gaussian model is as follows:

s(0;1) = e~ = cos2rtfe(t — T) + 9] 1)

In this equation, s(6;t) represents the Gaussian model, while the model parameter

6 = {B,«, T, fc, p} comprises five different vectors that have intuitive meanings: § is the

ultrasonic echo amplitude (V/), a is the bandwidth factor (MHZ)?, 7 is the delay time

(us), fc is the center frequency (MHZ), and ¢ is the phase (rad). In practical applications,

ultrasonic signals are subjected to varying degrees of noise. Thus, during simulations,

different levels of Gaussian white noise need to be incorporated so that the resulting signal

constitutes a realistic simulation of real-life scenarios. The ultrasonic echo model can be
therefore be defined as:

x(t) =s(6;t) + w(t) ()

In this equation, x(t) denotes the ultrasonic echo signal degraded by noise and w(t) is

defined as the random Gaussian white noise.

3. Method for Analysis of Echo Signals

In this section, a brief introduction to three signal feature analysis methods is first
provided: CEEMDAN decomposition, MIE extraction, and the improved wavelet thresh-
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old denoising algorithm. Subsequently, we will explain the algorithm for analyzing the
ultrasonic echo signals proposed in this paper.

3.1. CEEMDAN

EMD involves the decomposition of a non-smooth signal into IMFs components and
residual components [24]. Each IMF represents the intrinsic vibration mode of the signal at
a particular time or time—frequency scale, which reflects the flow characteristics of the signal
at different time scales, and can be used for local analysis of the signal. EMD decomposes
the signal using the following equation:

K

x(t) = ) ci(t) +re(t) ®)

i=1

Here, the input signal is represented using x(t), where t = 1,2,... N, ¢;(t) denotes the
IMF component, and i = 1,2, ... K. Furthermore, r¢(t) denotes the residual component.

Although EMD is commonly used for the decomposition of non-smooth signals, it
suffers from modal mixing. To solve this problem, Huang et al. [25] proposed a new time-
frequency analysis method, EEMD. EEMD is based on the EMD method and introduces
randomization processing and integration methods to overcome the shortcomings of EMD.
However, EEMD still has some drawbacks. For example, the decomposition process of a
composite signal is independent and they are not linked, which can lead to incomplete
decomposition [26]. To overcome the drawbacks of EEMD, the CEEMDAN algorithm was
proposed by Torres et al. [20]. In this algorithm, reconstruction errors are gradually elimi-
nated through the adaptive addition of while noise to each signal decomposition level, thus
reducing mode mixing, while ensuring the effectiveness of the signal decomposition [27].
The first step of the method presented in this paper is the application of CEEMDAN for the
decomposition of the ultrasonic echo signal.

Step 3.1.1. The noise-containing ultrasound echo signal x(f) undergoes processing
through the addition of a Gaussian white noise signal e, (t), where n = 1,2, ... N represents
the number of groups with Gaussian white noise added. This process results in the
composite signal x,,(t), which is the sum of the addition of noise and the original signal:

xu(t) = x(t) + en(t) 4)

Step 3.1.2. The resulting N composite signals x, () are decomposed using EMD and
the first modal IMF components obtained from all decompositions are averaged. This
is taken as the first IMF of the CEEMDAN decomposition, and is expressed through the
following equation:

N
IMF, = % Y IMF,, (5)
n=1

Step 3.1.3. The residual signal r;(t) is updated based on IMF; obtained from the
previous step.
n(t) = x(t) - TMF; ©)

Step 3.1.4. E;(*) is defined as the g-th IMF of the EMD signal. Eq(e,(t)) is added to
the residual signal r1 (¢) to obtain a new signal, to which EMD is then applied. The first
IMF components of these decompositions are then averaged to obtain the second IMF of

CEEMDAN: N

TVE = 55 ) Ev(r (1) + Ei(en () @)

n=1

Step 3.1.5. The residual component of the second I MF is calculated as:

ra(t) = ri(t) — IMFE ®)
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Step 3.1.6. The updated residual signal undergoes i = 1,2, ... ., K iterative decomposi-
tions according to the processes defined in Steps 3.1.4 and 3.1.5 until it cannot be further
decomposed. The intrinsic mode components are obtained, K in total, along with the final
residual signal rk (). The processed ultrasound echo signal can then be expressed using
the following equation:

K
x(t) = ) IMF; + ri(t) ©)
i=1

The IMF components obtained via CEEMDAN are sequenced and sorted according
to their spectral frequencies from high to low, with each IMF representing the spectral
amplitude contribution proportion present within distinct frequency bands of the signal.

Using the parameters 6 = {1.01,25,1.07,5.34,0.87} of the ultrasonic echo Gaussian
model from [22], the resulting Gaussian model is shown in Figure 1. A Gaussian white noise
w(t) was added to Figure 1 and decomposition was then performed using the CEEMDAN
algorithm described in this section to obtain the IMF and residual components at different
frequency bands. The decomposition is shown in Figure 2.

1 T T T
Gaussian model

0.5

Amplitude(mV)
o

_ 1 1 1 1
0 0.5 1 1.5 2

Time(us)
Figure 1. Gaussian model for ultrasonic signals.

3.2. Mutual Information Entropy

MIE is a dimensionless statistic used to measure the amount of information that a
random variable X can provide about changes in another random variable Y [28]. It reflects
the amount of information that the random variables contain about each other, or their
statistical interdependence. The signal is decomposed using CEEMDAN to obtain K IMF
components, where the set of IMFs that contribute more to the original signal is considered
as the dominant part of the signal, while IMFs that contribute little to the original signal,
which are mainly composed of high frequency noise, are defined as the noise-dominated
part. Since CEEMDAN addresses the modal mixing phenomenon of IMF, it can be assumed
that the noise-dominated part does not contain the characteristics of the signal analyzed.
Therefore, the boundary between the noise- and signal-dominated parts must be found, and
the noise-dominated part is discarded before the signal-dominated part is processed. From
the properties of the MIE, it can be seen that a higher MIE corresponds to a greater degree
of correlation between two random variables and more, mutual information. When two
random variables are independent and uncorrelated, their MIE value is zero [29]. Therefore,
it can be assumed that the high and the low frequency components are partially statistically
independent of each other. When calculating the MIE of adjacent IMFs, the local minimum
is used as the dividing point between the high and low frequency components [30]. If X is
set to be the g-th IMF component IMFq, 1 < q < k, and Y is the valid IMF signal adjacent
to X, then the MIE algorithm is implemented as follows:
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Step 3.2.1. Divide the time interval of X equally into m groups, each of length 1/m.
From the definition and the equation of the information entropy, it follows that:

m
H(X) = =} p(xi)log; p(xi) (10)
i=1
where p(x;) = p{X = x;} is the marginal probability distribution.

CEEMDAN decomposition(SNR=9)
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Figure 2. Results of CEEMDAN decomposition.

Step 3.2.2. Similarly, find the information entropy H(Y) of Y.
Step 3.2.3. The joint distribution entropy is obtained from the definition of information

entropy as:
m n

H(X,Y) ==} p(xi,y;) logy p(xi ;) (11)
i=1j=1
where p(x;,y;) = p{X = x;,Y = y;} is the joint probability distribution.
Step 3.2.4. The MIE between the random variables X and Y is:
I(X,Y)=H(X)+H(Y)—-H(X,Y) (12)

Written in collated from, this gives:

i‘, p(xi,y;) log, plaiy) (13)

1= = p(xi)p(v))

I
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It is therefore possible to find the MIE for each neighboring IMF.

3.3. Wavelet Thresholding Denoising Method

Wavelet transformation is a commonly utilized multiscale information analysis method
with excellent denoising capabilities, which has resulted in its widespread adoption in
different applications. The wavelet threshold denoising process flowchart is as shown
in Figure 3:

[ With noise signal y(t) ]

A
[ Multi-scale decomposition j

A
[ Threshold denoising ]

A
[ Signal Reconfiguration ]

A
[ Denoised signals y'(t) j

Figure 3. Wavelet threshold denoising flowchart.

The following steps can be taken to achieve wavelet decomposition of the signal:

y(t) = x1(t) +eeq(t) (14)

Step 3.3.1. In Equation (14), y(t) represents the signal with noise, x;(t) contains the
useful signal comprising the low-frequency information, and ej (t) represents the high-
frequency noise signal. x1(t) is then further decomposed to generate scale and wavelet
coefficients for each layer.

Step 3.3.2. An appropriate wavelet basis and decomposition layers are selected to
perform the multiscale wavelet decomposition of the noise signal and obtain the wavelet
coefficients wy, .

Step 3.3.3. Choosing an appropriate threshold function is critical for effective wavelet
threshold denoising. The two most common threshold methods, namely, hard and soft
thresholding, were proposed by Donoho and Johnstone [31] and both remove various types
of noise from the signal. This noise can interfere with the signal’s characteristic information,
making signal processing difficult, especially during the transmission process. Although
the ideal ultrasound signal is a stationary Gaussian random process, in practical terms,
the signals are non-stationary due to the influence of the measurement environment and
medium. In this paper, CEEMDAN decomposition of the ultrasonic echo signal is applied,
where the MIE classification is used to discard the noise-dominant parts of the process.
This is similar in function to a low-pass filter, which only suppresses the high-frequency
noise in the original signal and does not take into account the noise in the dominant part of
the signal. Therefore, selecting a reasonable threshold function is crucial for suppressing
noise in the dominant part of the signal.

The hard thresholding method is particularly suitable for denoising signals with
dispersed energy, as it directly removes any coefficients and noise below the specified
threshold. However, this method has a disadvantage in that the threshold result may be
discontinuous, producing additional oscillations. The soft thresholding method is often
used for signals with relatively concentrated energy, better preserving the smoothness and
continuity of the signal. However, it may lead to loss of signal detail and blurring. For this
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study, a custom threshold function was utilized for improved wavelet threshold denoising,
as described in [32]. This method involves the smoothing of the wavelet threshold location
to enhance the denoising effect. The threshold function is expressed as follows:

/.42 7)\2
_ Sgn(wa,b> X |\ Wap — % Xy Vo \wa,h] > A 15
Yap = (15)
sgn(wyp) X % x e10%(lwapl=4) 5 A |wap| <A

where y, ; is the output wavelet coefficient, w, j, is the input wavelet coefficient, sgn(x)
is the signum function, and é and A are the threshold function adjustment factors, where
4> 0,0 <y < 1. Inthe paper, § = 1 and vy = 0.5. The improved threshold function and
the hard the soft threshold function curves are plotted against each other.

As shown in Figure 4, the improved thresholding function overcomes the problem of
fixed deviation values for soft thresholding and improves the abruptness present in the
hard thresholding function at A, which results in a better denoising effect.

2 T T T T

Improving wavelet thresholding methods
1.5 F |~ — — — Spft Threshold
——————— Hard Threshold

“ab)

Figure 4. Curve comparison between the improved threshold function and the hard/soft
threshold functions.

Step 3.3.4. The threshold A is also a very important parameter, and the fixed threshold
function is defined as:

szs/ZlogM:W\/ZlogM (16)

In the above equation, ¢ is the standard deviation of the noise, median () is the median
operator, and M is the sample length of the noisy signal.

Step 3.3.5. The processed wavelet coefficients y, |, are used for the reconstruction
process and finally to obtain the wavelet threshold denoised signal i/ (t).

3.4. Echo Signal Estimation Method

The proposed algorithm of the present study analyzes the echoic ultrasound echo
signal based on the theory explained above. The complete process is shown in Figure 5.
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<Ir1put the original signal x(tD

v

[Use CEEMDAN to process x(t)j

A A
EDecompose x(t) into k IMF Components] Residual signal r(t).

A
ECalculate the MIE of a neighboring IMF]

l

Classify the IMFs components.

|
v v

E Noise-dominated portion. ] [ Signal-dominated portion. ]

}

[Wavelet threshold noise reductionj

N <

AN
A

[ Output signal y(t). ]

Figure 5. Process diagram of the proposed wavelet threshold function denoising system based
on CEEMDAN.

Step 3.4.1. Assume that the input signal of the noise-laden ultrasound echo is x (). The
signal is first decomposed using the CEEMDAN algorithm to produce K IMF components
(IMF1, IMF2,..., IMFK) and the corresponding residual information rg(f). The IMF
components are arranged in descending order of frequency, with high-frequency noise
primarily forming the low-order IMFs. Conversely, high-order IMFs primarily include
low-frequency noise and the signal components of the original signal. The MIE MIE is
then used to calculate the correlation between adjacent I MFs:

K
x(t) = L IMEF(t) + r(t) (17)

& = MIE(IMF;, IMF;,1)

Step 3.4.2. The cut-off point y is then determined through the calculation of the MIE
values of the adjacent IMFs and finding the local MIE minimum. The K I MFs components
are decomposed into y noise-dominated components x; (t) and K — y signal-dominated
components x(t). The expressions for the cut-off points and signals are as follows:

p=frist] min (G)] 1<p<K-1
x1(t) = ¥ IME(t)
! (18)
()= Y IMFE(t)
i=p+1
x(t) = x1(t) + xa(t) +r(t)

Step 3.4.3. In order to remove the low-frequency noise components found in the
dominant part of the signal, wavelet threshold denoising is applied to this part. The
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resulting denoised signal, x5 (t), is then combined with the residual signal, ry(f), to produce
anew signal, y(t), that is calculated using the following equation:

x5(t) = wden(x(t))
Lot = ) 9

4. Simulation Experiments
4.1. Simulation Experiment Platform

In order to evaluate the impact of the proposed algorithm on ultrasonic echo signal
analysis, ultrasonic echo signals were synthesized using the Gaussian model. The experi-
mental platform used has a Windows 11 operating system with a Ryzen six-core R5-6600H
processor, 16.0GB of memory, and an RTX3050 4Gb discrete graphics card. The model
simulation experiments were conducted using MATLAB. The feasibility and effectiveness
of the CEEMDAN algorithm combined with the wavelet threshold denoising algorithm for
ultrasonic echo signal processing were verified for the simulated Gaussian model-based sig-
nals. This ultrasonic echo signal model was established using known parameters, providing
a suitable test framework.

The simulations were performed using the ultrasonic Gaussian model Equation (1) as
the reference signal, as shown below:

s(0;£(NT)) = e *NT)=0 coso7 £, (H(NT) — 7) + ¢ (20)

In this section, the proposed method is employed to process the simulated signal to
demonstrate its validity. The discretized sample, {(NT), was obtained using a sampling
interval of T = 0.005 ps, N = 1000 samples, and a total waveform duration of 5 ps.
Following Equation (2), zero-mean Gaussian white noise w(t) was added to the reference
signal s(6;t(NT)) to simulate the external disturbances typically encountered in practical
applications, and the original signal was replaced by the disturbed signal x(¢). Signal
sequences with an SNR of 0-30 dB were generated using different w(f), and simulation
experiments were performed to verify the proposed scheme.

4.2. Evaluation Index

Several metrics were utilized to assess the algorithm’s denoising performance. These
metrics included the SNR, RMSE, and normalized cross-correlation (NCC). Let x(f) denote
the reference signal of the Gaussian model, and y(t) represent the denoised signal, while N
represents the length of the signal.

The equation for SNR is as follows:

N .2
SNR = 10 x log;y — Lo v ()

21
TN () — x(OF ey

The equation for RMSE is as follows:

RMSE = J ~ L) —x(0F (22)

The equation for NCC is as follows:

NCC = Ezzil(x(t)y(t)) (23)
VIR, 22() TN y2(0)
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4.3. Simulation Result

Figure 6 illustrates the echo signal simulation generated using a Gaussian model. The
time-domain graph of the pure ultrasonic echo signal is displayed in Figure 6a, while the
time-domain graph of the noisy signal with an SNR ratio of 9 dB is shown in Figure 6b.

Amplitude(V)

T . T
B 1T ‘ Noise added signal ‘ b

=

9]

o

2

=

€

<
2 3 4 5 0 1 2 3 4 5

Time(us) Time(us)
(a) (b)

Figure 6. Time-domain plot of ultrasonic echoes. (a) Pure ultrasonic echo signal. (b) Ultrasonic echo
signal with a signal-to-noise ratio of 9dB.

The CEEMDAN method was employed as a first step to decompose the noisy signal
into multiple IMF components and residue signals. The decomposed signal’s structure is
illustrated in Figure 7.
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Figure 7. CEEMDAN decomposition of a noisy signal with an SNR of 9 dB.
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Figure 7 illustrates that IMF1 to IMF4 represent high-frequency signals, while IMF5
to IMF9 depict low-frequency signals. Each IMF contains specific information about the
signal. However, not all signal decompositions differentiate between the signal- and noise-
dominated boundaries effectively. The results of calculating the adjacent IMF signals using
MIE are shown in Table 1. At this point, 4 = 4 means that the MIE of IMF4-5 is a local
minimum, so it can be concluded that IMF1-IMF4 constitute the noise-dominated part and
IMF5-IMF9 contain the signal-dominated part.

Table 1. MIE values of adjacent IMFs.

IMF1-2

IMF2-3

IMF3-4 IMF4-5 IMF5-6 IMF6-7 IMF7-8 IMF8-9 IMF9-R

1.945

2.053

2.502 1.338 1.706 2215 2.791 3.612 4252

The signal-dominated part from IMF5 to IMF9 was reconstructed. It can be seen from
Figure 8 that some noise still remained in the signal-dominated part, which was removed
using wavelet thresholding during the next step.

1 T T T T

Signal-dominated

o
&)

Amplitude(V)
o

-05

Time(us)
Figure 8. Signal’s dominant portion identified through MIE filtering.

The signal-dominated part was denoised in the improved wavelet thresholding
method using reasonable wavelet bases and threshold functions. In this paper, the thresh-
old function selected was obtained from [32] for processing and the coif5 wavelet base
function was adopted; the general thresholding method (visushrink) was used for denois-
ing. The comparison between the denoised signal and the reconstructed version of the
residual signal obtained from CEEMDAN decomposition and the original signal is shown
in Figure 9.

To validate the efficacy of the proposed algorithm for noise reduction, its performance
was evaluated based on the SNR, RMSE, and NCC, as illustrated in Table 2.

From Table 2, it is evident that at maximum noise interference levels, the SNR is 0 dB.
The proposed denoising algorithm improved the SNR up to 12.6890 dB, while maintaining
an RMSE of 0.058 and an NCC of 0.974. At lower noise levels, such as when the SNR
was 30 dB, the corresponding denoising values achieve were 37.4580, 0.0033, and 0.99992.
Thus, it can be inferred that the similarity between the received signal and the pure signal
increases through the application of the proposed denoising algorithm.

To conduct further comparisons of the noise reduction effects of different methods
under identical noise levels, a comparison of the traditional algorithms was conducted
using an original signal with an SNR of 9 dB, as demonstrated in Table 3. Based on the
three evaluation criteria, it is evident that the denoising algorithm presented in this study
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had the highest SNR and NCC values for the reference signal, as well as the lowest RMSE.
Therefore, it can be concluded that the proposed algorithm exhibits superior performance.

1r | Noise added signal |
Receiving signals

Amplitude(V)
o o
[@)] (@) (@)]

|
-_—

T

I

Time(us)
Figure 9. Comparison between the original noisy signal and the received signal.

Table 2. Different indicators of the original noisy signal after denoising with the proposed algorithm.

SNR of the Noisy Signal Received Signal
(dB) SNR (dB) RMSE NCC
0 12.6890 0.0580 0.97412
3 15.2926 0.0430 0.98552
6 18.9602 0.0282 0.99373
9 21.8262 0.0202 0.99675
12 24.6710 0.0146 0.99830
15 27.5058 0.0105 0.99911
18 29.9366 0.0079 0.99950
21 32.2653 0.0061 0.99971
24 34.4046 0.0048 0.99982
27 36.5031 0.0037 0.99989
30 37.4580 0.0034 0.99992

Table 3. Comparison of noise reduction outcomes obtained using different denoising algorithms.

Denoising Algorithm SNR (dB) RMSE NCC
CEEMD 16.3761 0.0379 0.98845
CEEMDAN 19.9904 0.0250 0.99500
Wavelet Threshold 20.1588 0.0245 0.99527
Proposed Algorithm 21.8262 0.0202 0.99675

A further comparison was conducted with several advanced research methods, as
shown in Table 4. The experiments were performed with a signal-to-noise ratio of 10 dB
and Gaussian model parameters using B, i.e., 6 = {1.01,25,1.07,5.34,0.87}. Group C refers
to the method presented in this paper. The results show that the denoising algorithms
in this paper have a higher SNR, lower RMSE, and better denoising effect compared to
other algorithms.
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Table 4. Comparison of several advanced echo signal processing methods.
Group Research Methodology SNR (dB) RMSE References
A VMD-MIE-WTD 20.494 0.021 [30]
B CEEMD-GRA-SSWT 20.936 0.020 [33]

C Proposed Algorithm 21.062 0.019 *
* denotes the algorithm in this paper.

5. Physical Experiments

In this section, the algorithm’s performance is verified through its application in
measuring an engine’s oil level. The engine oil level is a critical parameter that affects
automobile operation. Ultrasonic oil level gauges operate on the principle of measuring the
propagation time of ultrasonic waves in the oil and estimating ultrasonic echo signals. The
experimental setup for measuring the oil level included an integrated immersion ultrasonic
transducer, a pulse generator, a digital oscilloscope, an oil tank, a high-speed switch, and a
computer. Figure 10 shows the schematic diagram of the system.

- Signal Wire.
- g << oo
motor oil O O |Data Cable|
[O}e) i
l Signal Generator
PC
oo
Transducers f\/\/\} oo
automotive enginei T T O O
<+ /| Oscilloscope.
— \

Figure 10. Schematic diagram of an engine oil level detection experiment.

The signal generator produced pulses that drove the transducer to generate ultrasonic
waves. The ultrasonic signal, propagated through the oil medium, was reflected by the
oil surface, received and converted into an electrical signal by the transducer, and, finally,
collected using the oscilloscope. The oscilloscope had a sampling frequency of 1 GHz,
collecting 50,000 data points at intervals of 0.001 ps. Figure 11 displays the original echo
signal, indicating the presence of high-frequency noise before 60 ps and after 75 ps.

80 T T T T

The transducer receives the signal | |

60

40 .
20 .
0
o0k

Amplitude(mV)

T

_40 -

_60_ -

-80 1 I 1 1
40 50 60 70 80 90

Time(us)

Figure 11. Time-domain curve of actual signal received by the transducer.
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The raw signal received by the sensor was decomposed using CEEMDAN, which
yielded 16 IMF components and one residual signal, as shown in Figure 12.

g
‘B
5 CEEMDAN decomposition
‘% 100[ | | ] VAAAAAAAAAAAAAA' ] J | | [
[$) _100' 1 1 1 VVVVVIVVVVVVV" 1 1 1 1 j
e 4 50 55 60 65 70 75 80 8 90
v 8 %
c
SE-5
45 50 55 60 65 70 75 80 85 90
N
[T
L S
45 50 55 60 65 70 75 80 85 90
&) 5 T T T T
E _g 1 1 1
45 50 55 60 65 70 75 80 85 90
v 5 T T T T
L
g _g 1 1 1 1
45 50 b 60 65 70 75 80 85 90
E 5 T T T T T T T T T
; _g 1 1 1 1 1 1 1 1 1

w

E 0. E T T T T T

=

©

é_ggg/f\/\ /q
e 0

L OOSW 4

-0.1
() "‘08 T T T T T T T T T
2-09 i | . T 1 I L
45 50 55 60 65 70 75 80 85 90
time(ps)

Figure 12. CEEMDAN decomposition of the ultrasonic echo signal in the oil medium.
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As shown in Table 5, the MIE of IMFs 8-9 were local minima and therefore IMF1-IMF8
were considered the noise-dominated part and discarded. IMF9-IMF16 constituted the
signal-dominated part.

Table 5. MIE values of adjacent IMFs.

(a)

IMF1-2 IMF2-3 IMF3-4 IMF4-5 IMF5-6 IMF6-7 IMF7-8 IMF8-9 IMF9-10
2.729 2.688 2.630 2.490 2.372 2.579 2.778 0.987 1.529
(b)
IMF10-11 IMF11-12 IMF12-13 IMF13-14 IMF14-15 IMF15-16 IMF16-17 IMF17-R
2.120 2.531 3.135 4.540 5.775 6.364 7.000 7.586
Therefore, IMF9-IMF17 were reconstructed to obtain the signal dominant portion, as shown
in Figure 13. It can be seen that there was still some noise in the signal-dominated portion.
T T T T T T T
Signal-dominated
50 | g
>
S
]
S ol
=
S
S
<
- 50 - -
1 | | | | | | 1 1
40 45 50 55 60 65 70 75 80 85 90

Time(us)
Figure 13. Filtered signal-dominant section.

The curves shown in Figure 14 were obtained via processing the dominant part of the
signal using the wavelet threshold function. The algorithm was effective in suppressing
the high-frequency noise present in the received signals. SNRs were used as evaluation
indicators to quantify the noise suppression effect of the algorithm. The SNR of the original
signal was measured to be 12.453 dB when using the received signal as the reference
signal and applying a band-pass filter (1.5 M~2.5 M). Upon processing the signal using the
proposed algorithm, the SNR increased to 30.949 dB.

To illustrate the noise suppression effects of different methods, the 58 1s-78 us range
was highlighted, as presented in Figure 15. The proposed algorithm was compared to
several traditional denoising methods, including CEEMD, CEEMDAN, and the wavelet
thresholding algorithm. Our results demonstrate that the proposed algorithm achieved a
smoother and more complete received signal at the receiving peak compared to the other
three methods, which exhibited some noise in the parts before 60 us and after 75 ps.
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Figure 14. Comparison of signal received by the transducer to the curve obtained after applying the
proposed denoising algorithm.
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Figure 15. Effectiveness comparison chart of different noise reduction algorithms on received signals.

6. Conclusions

In this paper, an ultrasound echo signal denoising algorithm based on CEEMDAN,
MIE, and improved wavelet thresholding is proposed. The method eliminates high-
frequency components with excessive noise while maintaining the low-frequency character-
istics that are dominated by the signal. This results in a reduction in noise levels, improving
the quality and clarity of the echo signals while achieving effective signal denoising. First,
the ultrasound echo signal with noise is decomposed using CEEMDAN. Then, it is divided
into IMF components and residual signals, whose complexity is calculated using MIE. Next,
the dominant part of the signal is extracted from the IMF components and wavelet-based
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thresholding is applied to denoise it. Finally, the denoised signal and residual signals are
reconstructed. The denoising efficacy of the algorithm was confirmed using simulation
experiments and an experimental oil level measurement device. In the future, the algorithm
will be further refined to enhance its denoising effect and to improve its suitability for
practical applications.
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Abbreviations

EMD Empirical Mode Decomposition

EEMD Ensemble Empirical Mode Decomposition

CEEMD Complementary Ensemble Empirical Mode Decomposition
CEEMDAN  Complete Ensemble Empirical Mode Decomposition with Adaptive Noise
IMF Intrinsic Mode Function

NCC Normalized Cross Correlation

RMSE Root Mean Square Error

MIE Mutual information entropy

VMD Variational Mode Decomposition

GRA Grey Relational Analysis

SSWT Synchro Squeezing Wavelet Transform

WTD Wavelet Threshold Denoising
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