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Abstract: Air-coupled ultrasound overcomes the limitations of traditional contact-based
ultrasonic methods that rely on liquid couplants. Still, it faces challenges due to the acoustic
impedance mismatch between air and wood, causing significant signal scattering and
attenuation. This results in weak transmission signals contaminated by clutter and noise,
compromising measurement accuracy. This study proposes a coded pulse air-coupled
ultrasonic method for detecting defects in wood. The method utilizes Golay code comple-
mentary sequences (GCCSs) to generate excitation signals, with its feasibility validated
through mathematical analysis and simulations. A-scan imaging was performed to an-
alyze the differences in signal characteristics between defective and non-defective areas,
while C-scan imaging facilitated a quantitative assessment of defects. Experimental results
demonstrated that GCCS-enhanced signals improved the ultrasonic penetration and axial
resolution compared to conventional multi-pulse excitation. The method effectively identi-
fied defects such as knots and pits, achieving a coincidence area of 85% and significantly
enhancing the detection accuracy.

Keywords: phase encoding; air-coupled ultrasound; non-destructive testing

1. Introduction
Wood undergoes a biologically inherent defect generation (including knot formations

and pit cavities) during biological maturation phases and industrial handling stages (har-
vesting, transportation, and machining), with these anomalies interrupting fiber alignment
and inducing stress concentrations that irreversibly degrade both the mechanical strength
and esthetic uniformity [1–3]. Non-destructive testing (NDT) technologies, when applied
before wood processing, facilitate the detection of defects and the creation of rational
cutting plans. This leads to an improved product quality, minimized material waste, and
reduced safety risks [4,5]. Ultrasonic waves, characterized by strong directivity, high pen-
etration capability, and versatility, are widely employed in wood defect detection [6–8].
Studies demonstrate that analyzing ultrasonic energy attenuation or time-of-flight varia-
tions during propagation through wood enables the accurate identification of defect types,
locations, and dimensions [9,10]. However, conventional ultrasonic methods, whether
using contact or immersion techniques, require liquid couplants between the transducer
and the sample surface to enhance signal transmission. This, however, risks contaminating
the material [11–13].

To avoid the pollution of wood, non-contact and non-destructive testing methods
have gradually come into people’s vision, and it is very common to use machine vision
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technology to detect wood defects. Hittawe et al. employed machine vision technology to
detect knots and classify them into transverse knots and non-transverse knots. Based on
this classification, they calculated the knot depth ratio (KDR) using all identified transverse
knots and subsequently improved the wood mechanical model with the KDR. The accuracy
of their findings—including the knot quantity, spatial distribution, elastic modulus, and
rupture modulus—was validated through a dataset containing 252 images [14]. Nurthohari
et al. utilized a Histogram of Oriented Gradients (HOG) based on machine learning (ML)
techniques to identify wood grain patterns and textures. They employed Support Vector
Machines (SVMs) to classify images of five cedar species, achieving a recognition accuracy
of up to 90% [15]. Ji et al. implemented a wood defect detection system by integrating
deep learning-based predictive models with YOLO-embedded network architectures. This
framework incorporates SIFT-feature-based image stitching, segmentation, and fusion
techniques to enhance defect localization capabilities. Experimental results demonstrate
that the system maintains a robust performance under complex conditions, achieving a
detection accuracy of 90.37% even with significant background noise and interference
factors [16]. Lukovic et al. developed a ResNet50-based residual network model trained
on 15,000+ high-resolution images to predict the strength-related properties of Norway
spruce (Picea abies) wood veneers through a color image analysis. The model achieved a
coefficient of determination (R2) slightly exceeding 0.9, demonstrating a robust correlation
between visual features and mechanical characteristics [17]. While machine vision technol-
ogy achieves high-precision detection for wood surface defects, it faces critical blind spots
in subsurface inspections. Due to restrictions on its external visual analysis, this method
cannot identify internal structural flaws (e.g., hidden cracks or voids), significantly increas-
ing the risk of associated safety hazards. Ultrasonic testing (UT), however, overcomes this
limitation by leveraging material-penetrating waves to directly evaluate wood integrity.

Air-coupled ultrasound (ACU) uses air as the coupling medium, allowing for a non-
contact inspection. This method avoids contaminating the sample and achieves a true
non-destructive evaluation [18–20]. However, when employing air-coupled ultrasound for
the non-destructive testing of wood, the detection capabilities and accuracy are frequently
limited by the axial resolution and penetration depth of the ultrasonic waves. Axial resolu-
tion is the minimum distance that can be distinguished between two adjacent structures
along the direction of the ultrasound beam. It is mainly determined by the pulse width and
the center frequency of the ultrasonic signal. Narrower pulse widths and higher frequencies
generally result in a higher axial resolution, thereby enhancing the detection clarity. The
penetration depth, defined as the maximum distance ultrasonic waves can propagate in
a medium, is inversely proportional to the frequency in high-acoustic-impedance solids
such as wood. This relationship exists because higher frequencies undergo greater energy
attenuation within dense materials. As a result, increasing the axial resolution through
frequency optimization will inherently decrease the penetration depth. Thus, enhancing
the axial resolution while preserving a sufficient penetration depth is crucial for achieving
high detection accuracy in wood defect characterization.

Numerous studies have explored methods to maintain the ultrasonic penetration
depth. Kazys et al. developed high-performance air-coupled ultrasonic transducers using
PMN-32% PT crystals, which enhance the acoustic pressure output through optimized
piezoelectric properties and vibration modes [21]. Zhang et al. used a piezoelectric trans-
ducer with a sandwich structure and a longitudinal vibration of a step-shaped ultrasonic
transformer to excite the vibration of a metal ball, which improved the output power of
the ultrasonic transducer [22]. Zhang et al. designed an air-coupled capacitive ultrasonic
transducer array with MXenes as the sensitive material and found that this structure can
significantly affect the sound pressure level of the transducer [23]. Yu et al. used multiple



Sensors 2025, 25, 3168 3 of 20

Helmholtz resonator holes and increased the output pressure of the ultrasonic transducer
by 32.1% [24]. Fang et al. used anodically oxidized aluminum as the ultrasonic transducer
matching layer to reduce the bidirectional insertion loss and improve the transducer output
efficiency [25].

Reducing the ringing effect of the ultrasonic transducer can enhance the axial reso-
lution of the ultrasonic wave without changing the center frequency. Kusano et al. im-
proved the oscillation time of piezoelectric micro-machined ultrasonic transducers (PMUTs)
by adjusting the polarization of the piezoelectric material [26,27]. Liu et al. reduced
the ringing time of the piezoelectric micro-machined ultrasonic transducer (PMUT) by
phase shifting [28]. Yang et al. proposed a new optimization scheme for the geometry
of 1–3 piezoelectric materials to reduce acoustic crosstalk between the pulse–echo and
frequency ultrasound [29]. Wu et al. discovered that a direct current bias voltage can effec-
tively reduce the ringing time of piezoelectric micro-machined ultrasonic sensors based on
aluminum nitride [30]. Wu et al. proposed a transmission-based attenuation suppression
system that can reduce the oscillation time of the 115 kHz PMUT array by up to 93% [31].
Although these studies have enhanced the performance of ultrasonic transducers, they
generally require significant modifications to the transducers’ internal structure or external
circuitry. Such alterations not only increase hardware costs but also compromise their
versatility across diverse application scenarios.

Encoding the excitation signal and decoding the received echoes through pulse com-
pression techniques enables simultaneous improvements in the ultrasound penetration
depth (via wide pulses) and axial resolution (via matched filtering) [32–36]. In 2010, Garcia-
Rodriguez proposed a non-destructive testing system based on an air-coupled piezoelectric
array that uses Golay sequences to encode the Lamb waves excited in thin materials, and
the copper plate is used as the experimental object; the results show that compared with the
traditional pulse transmission, the signal-to-noise ratio is improved by 21 dB [37]. In 2022,
Tang et al. introduced phase encoding excitation and pulse compression technology in
order to reduce the influence of the chromatic dispersion characteristics of waves, the
signal attenuation, and other factors on the signal-to-noise ratio and realized the accurate
evaluation of defects in the detected sample [38]. In 2024, Yang et al. used multivariate
coding excitation (MCE) to excite the ultrasonic guided wave to monitor the rail, and it
was found that the gain of the echo amplitude after the rail fracture and the amplitude
difference (DIA) of the healthy rail increased significantly. Experimental results show that
MCE compensates for the shortcomings of traditional excitation methods and improves the
excitation energy and detection accuracy of the monitoring system [39]. In 2025, Germano
et al. used a lead-free high-frequency array to detect 100 mm thick flat aluminum and
found that compared with the conventional pulse excitation time-of-flight method (TFM),
the time-of-flight method (TFM) based on the Golay code showed a better performance,
and the signal-to-noise ratio, penetration depth, and image quality were more excellent [40].
Although coding excitation technology has been scaled up and implemented in industrial
non-destructive testing, the current research focus remains largely on the detection of metal-
lic materials. However, the potential of this technology in terms of the signal modulation
strategy, noise suppression method, and quantitative characterization of defects has not
been systematically explored for wood, a material with complex anisotropic characteristics.
The field urgently needs to develop a new system of coded pulse ultrasound technology
for wood to achieve the high precision non-destructive testing of defects.

This study discusses the application of a coded pulse technique in air-coupled ultra-
sonic testing for internal defects in wood. By employing a combination of Golay codes to
encode the wide pulse excitation signal and decoding and compressing the received echo,
the penetration depth and axial resolution of the ultrasonic wave can be enhanced while
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maintaining a constant output power of the ultrasonic transducer, ensuring the reliabil-
ity of the detection results. Compared to non-encoded pulse excitation, the coded pulse
technique significantly enhances the accuracy of ultrasonic detection for wood defects.
In the detection of knots and pits in wood, it can accurately determine the types and sizes
of defects, and the coincidence rate of its detection results with the actual defective area
is 85%.

The following sections will sequentially introduce the system composition, experimen-
tal principles, scanning methods, and experimental procedures. First, the system archi-
tecture is presented using a block diagram, with a detailed explanation of the ultrasonic
transmission method. Second, the principles of encoding and decoding eight-bit Golay
complementary sequences are explained, accompanied by MATLAB R2022B simulation
experiments. Third, physical images of the experimental platform are displayed, with par-
ticular emphasis on the motion system, scanning approaches, and imaging methodologies
of the detection platform. Finally, defect detection tests are conducted on different wooden
board specimens, followed by a comparative analysis of various inspection methods.

2. The Principle of Air-Coupled Ultrasonic Wood Defect Detection Based
on the Golay Code
2.1. The Composition of Air-Coupled Ultrasonic Wood Defect Detection System Based on the
Golay Code

The air-coupled ultrasonic wood defect detection system, which utilizes the Golay
code, is depicted in Figure 1. The experimental platform, constructed from an aluminum
alloy, incorporates vertically aligned 75 kHz ultrasonic transducers. The STM32F103VET6
which produced by STMicroelectronics (Geneva, Switzerland) generates two unique eight-
bit sequence signals, Sequence A and B, which are then processed by an H-bridge driver
circuit to produce ±200 V Golay-coded excitation signals. The propagation of ultrasonic
waves through the specimen is significantly attenuated due to scattering phenomena
arising from the acoustic impedance mismatch at the air–sample interface. This results in a
transmitted signal with weak energy, making it susceptible to interference from stray waves.
Consequently, a Golay code transmission signal reception module has been designed to
enhance the signal quality. Firstly, the preamplifier actively suppresses DC offset artifacts
inherent in the Golay code transmission signal. Secondly, the transmitted signal is amplified
by a gain amplifier, and the bandpass filter circuit removes the interference and noise
therein. Finally, the Golay code transmission signal is transmitted to the upper computer
for analysis and processing through the DAQ card. Once the upper computer transmits the
scanning range and interval parameters of the C-scan to the lower computer controller, the
STM32 controller directs the movement of the two-axis stepping motor by these instructions
until the C-scan process is completed. Following the C-scan, the upper computer analyzes
the changes in the key characteristic parameters of ultrasonic waves and converts them into
colored pixel points, thus forming an RGB color map that displays the position of defects,
so as to realize the visual positioning of wood defects.

2.2. Principle of Air-Coupled Ultrasonic Plate Testing

This study implemented a non-destructive evaluation of timber panels through the
air-coupled ultrasonic technique. The ultrasonic transducer generated ultrasonic signals
under the excitation of high-pressure pulse signals. The signal passes through the air
and arrives at the interface between the wooden plate and the air. Due to the mismatch
of the acoustic impedance between the two media, most of the sound energy is lost due
to reflection. A minor proportion of the ultrasonic energy traverses the wooden panel,
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propagates through the intervening air medium, and is ultimately detected by the reception
transducer (Figure 2).

Figure 1. The block diagram of the air-coupled ultrasonic wood defect detection system based on the
Golay code.

Figure 2. Schematic diagram of ultrasonic transmission method.

Let Z1 represent the acoustic impedance of air and Z2 represent the acoustic impedance
of the wood.

The sound pressure reflection coefficient is denoted by r, as shown in Equation (1):

r =
Z2 − Z1

Z2 + Z1
(1)

The sound pressure transmission coefficient is represented by t, as shown in Equation (2):

t =
2Z2

Z2 + Z1
(2)

The acoustic impedance of air media is significantly lower than that of liquids and
solids, typically around 400 Rayls. In contrast, the acoustic impedance of solid media is
generally higher, with wood having an impedance of approximately 1,600,000 Rayls. From
Equations (1) and (2) above, it is evident that the sound pressure reflection rate is roughly
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99%, while the sound pressure transmission rate is about 1%. Consequently, the ultrasonic
signal transmitted through wood may become very weak or even vanish.

The optimization of the ultrasonic transmission through lignocellulosic media requires
the precise adjustment of the actuating transducer’s excitation parameters to enhance the
output energy. The number of excitation signal pulses is typically increased from a single
pulse to multiple pulses to enhance the energy intensity of the ultrasonic signal. When
employing multiple pulse excitation, although the signal’s penetration ability is improved,
the length of the ultrasound signal also increases, which diminishes the signal’s resolution
and the accuracy of the system detection. Consequently, coded ultrasound technology
is employed to modulate the excitation waveform, and through the demodulation of the
propagated signals, it can preserve the high-fidelity axial resolution while augmenting the
penetration efficacy of the ultrasonic propagation.

2.3. Golay Coding Principle

Golay codes are a pair of equal-length complementary sequences generated by fixed
rules and containing only the elements of “1” and “−1”, with sequence A (a0, a1, . . ., aN)
and sequence B (b0, b1, . . ., bN) where N is the number of elements. The Golay code
exhibits superior pulse-like autocorrelation properties, where the side lobe values of the
autocorrelation functions of sequence A and sequence B are exactly opposite and cancel out
exactly, resulting in a composite correlation function with a main lobe of 2N and completely
absent side lobes, as shown in Equation (3):

A(n) ∗ A(−n) + B(n) ∗ B(−n) = 2Nδ(n) (3)

Figure 3 depicts the decoding process for the complementary sequences of the eight-bit
Golay code.

Figure 3. The decoding process for the complementary sequences of the 8-bit Golay code.

Reflect the eight-bit sequence A (1, 1, 1, −1, 1, 1, −1, 1) upside down to obtain filter
A (1, −1, 1, 1, −1, 1, 1, 1), and reflect the eight-bit sequence B (1, 1, −1, −1, −1, 1, −1)
upside down to obtain matched filter B (−1, 1, −1, −1, −1, 1, 1). Then, sequence A is
cross-correlated with matched filter A to obtain output A, and sequence B is cross-correlated
with matched filter B to obtain output B. Output A and output B add up to a single main
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lobe of magnitude 16, with all side lobes exactly canceled, and is exactly twice the length of
the sequence of 8.

Compared with the traditional single-pulse method, the use of the Golay code to
encode the excitation signal can completely suppress the side lobe interference, thereby
improving the axial resolution and penetration capability of the signal.

2.4. Eight-Bit Golay Code Wide Pulse Signal Modulation

Since the Golay code complementary sequence contains only two elements of “1” and
“−1”, it cannot be directly applied in detection, so a wide pulse is usually needed as its
carrier. The wide pulse is divided into many short sub-pulses of equal width, and each
sub-pulse is modulated with a specific phase.

For example, a wide pulse with a period length of 8T is modulated into a set of
eight-bit Golay code time domain signals W(t), as shown in Equation (4):

W(t) = 1 0 ≤ t ≤ 8T (4)

Firstly, it is discretized into eight equidistant temporal intervals. Secondly, based on
the complementary sequences of the eight-bit Golay code, a phase modulation is performed
on each sub-period, where “+1” represents a phase of 0◦ and “−1” represents a phase of
180◦. The eight-bit Golay code complementary sequences are shown in Figure 4.

After modulation, the wide pulse sequence A signal A(t) and the wide pulse sequence
B signal B(t) are obtained.

A(t) =

{
1 0 ≤ t < 3T, 5T ≤ t < 6T, 7T ≤ t ≤ 8T

−1 3T ≤ t < 6T, 6T ≤ t < 7T
(5)

B(t) =

{
1 0 ≤ t < 3T, 6T ≤ t < 7T

−1 3T ≤ t < 4T, 7T ≤ t < 8T
(6)

The autocorrelation calculation of A(t) and B(t) is performed separately, and then they
are added to obtain the result Y(t).

Y(t) =


16(1 − t

T ) 0 ≤ t < T
16(1 + t

T ) − T ≤ t < 0
0 − 8T ≤ t < −T, T ≤ t ≤ 8T

(7)

  

(a) (d) 

−2.0 0.0 2.0 4.0 6.0 8.0 10.0
time/T

−2.0

−1.0

0.0

1.0

2.0
8-cycle wide pulse signal

Figure 4. Cont.
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(b) (e) 

  

(c) (f) 

−2.0 0.0 2.0 4.0 6.0 8.0 10.0
time/T

−2.0

−1.0

0.0

1.0

2.0
Sequence A signal

−2.0 0.0 2.0 4.0 6.0 8.0 10.0
time/T

−2.0

−1.0

0.0

1.0

2.0
Sequence B signal

Figure 4. The modulation and decoding of wide pulse signals with 8 cycle lengths:(a) A wide pulse
signal with a length of 8 cycles; (b) the wide pulse sequence A signal; (c) the wide pulse sequence
B signal; (d) the autocorrelation result of the wide pulse sequence A signal; (e) the autocorrelation
result of the wide pulse sequence B signal; and (f) the sum of the autocorrelation results of the signal
of sequence A and the autocorrelation results of the signal of sequence B.

Figure 4 illustrates the modulation of a pulse signal with eight periods using the
Golay code. Each sub-period is modulated to a specific phase, resulting in a wide sequence
A signal and a wide sequence B signal based on the Golay code. The side lobes of the
autocorrelation results for both the wide pulse sequence A signal and the sequence B signal
are numerically identical but opposite in sign. In addition, they cancel each other out
perfectly, leaving a signal with a pronounced main lobe.

2.5. Eight-Bit Golay Code Square Wave Pulse Signal Modulation

In air-coupled ultrasonic non-destructive testing, a square wave pulse signal is often
used as the excitation signal to ensure the ultrasonic transducer reaches the optimal perfor-
mance. By multiplying a wide pulse sequence A signal and a sequence B signal with square
wave pulses (both having the same frequency and period duration), the corresponding
square wave pulse sequences’ A and B signals are obtained. Figure 5 depicts a square wave
pulse signal with an eight-bit Golay coding modulation.

The decoding results indicate that side-lobe signals are entirely suppressed, leaving
only the main-lobe signals. This not only enhances the signal’s penetration capability but
also provides superior anti-interference properties. Consequently, this study proposes
the adoption of an eight-bit Golay encoded square wave signal to excite the ultrasonic
transducer, aiming to achieve a greater penetration and higher accuracy.
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(a) (c) 

  

(b) (d) 

Figure 5. The Golay code complementary sequence square wave pulse modulation and decoding:
(a) the 8-period square wave pulse signal; (b) he sequence A square wave signal obtained by multi-
plying the square wave pulse signal with the wide pulse sequence A signal; (c) the sequence B square
wave signal obtained by multiplying the square wave pulse signal with the wide pulse sequence B
signal; and (d) the sum of the autocorrelation results of the square wave pulse signal A and square
wave pulse signal B.

2.6. Introduction to the Core Components of the Detection System

This system uses two HC75E40TR-1 ultrasonic sensors produced by Hengchuang
Sensing Co., Ltd. (Shenzhen, China), with a diameter of 27 mm and a thickness of 24 mm.
Its rated frequency is 75 kHz, and the echo sensitivity is 60 dB. The maximum input voltage
is 800 Vp-p, which can withstand high-frequency and high-voltage pulse excitation signals,
equipping the system with an excellent detection depth in the defect detection of wood.
Ultrasonic signals are transmitted through wood and are collected by the receiving trans-
ducer, which, according to the principle of the piezoelectric effect, converts the mechanical
vibration of sound waves into electrical signals. Then, the direct current component of the
electrical signal is isolated by the preamplifier, the signal amplification circuit amplifies the
amplitude of the electrical signal, and the band-pass filter filters the noise signal from the
electrical signal. Finally, the electrical signal is received by the DAQ acquisition card and
enters the host computer through the USB port for decoding and imaging. The preamplifier
is an RC blocking circuit that isolates the direct current component in the received signal.
The signal amplification circuit is a second-order adjustable amplification circuit, using
the AD8421 operational amplifier produced by Analog Devices (Wilmington, MA, USA)
as the core of the signal amplification circuit, which has a bandwidth of 10 MHz, a slew
rate of 35 V/µs, and a 0.001% (G = 10) stability time of 0.6 µs, and can provide a gain of
10,000 times, which performs excellently in amplifying high-speed signals. The product
also has a high common mode rejection ratio (CMRR), which can filter noise signals while
extracting effective low-level signals. After the amplification by the amplifying circuit, there
is still some noise in the electrical signal, which needs to be further filtered. The band-pass
filter circuit uses the LT1567 operational amplifier, a rail-to-rail low-noise high-frequency
operational amplifier produced by Analog Devices (Wilmington, MA, USA), as the core of
the circuit. By reasonably configuring the resistors and capacitors, a second-order filter cir-
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cuit with a cutoff frequency as high as 5 MHz can be designed. The center frequency of the
band-pass filter circuit designed in this study is 75 kHz, with a −3 dB bandwidth of 14 kHz
and a quality factor (Q) of about 2.7, which can effectively suppress the high-frequency and
low-frequency noise in the signal, improving the signal quality.

3. Experimentation and Analysis
3.1. The Construction of the Experimental Platform

In order to verify the influence of the improvement of Golay coding technology on the
effect of air-coupled ultrasonic testing, a double-axis scanning platform was established.
The scanning platform is shown in Figure 6.

 
(a) (b) 

Figure 6. Scanning platform: (a) motor system; (b) ball screw module.

It can be seen from the above picture that in the middle of the experimental platform,
there is a simple placement platform composed of 4 single-groove aluminum profiles that
can hold a 40 cm × 40 cm wooden board. On top of the experimental platform, a ball screw
module is installed on the X and Y axes, driven by a stepping motor. A C-cantilever is
installed on the Y-axis ball screw module, with upper and lower circular clamps securing
air-coupled ultrasonic transducers. The distance between the transducer and specimen is
adjusted by precisely repositioning the circular clamps, while the stepper motor controls
the transducer’s positioning and scanning intervals through programmable adjustments to
its rotation speed and direction.

Figure 7 shows the photo of the experimental platform, where a 20 cm × 40 cm × 1 cm
wooden board is placed on the platform as the testing object. Before the experiment starts,
the oscilloscope is used to debug the circuit of each level to confirm that the circuit can
work normally. Then, according to the thickness of the sample, the distance between the
transducer and the sample is set to 10 cm, and the power supply voltage of the H-bridge
circuit is set to 200 V to ensure that the detection system is in the best detection state. Then,
on the PC, set the scanning area, scanning speed, and sampling point interval, and input
the instructions into the lower computer via serial communication. After the information is
verified correctly, the lower computer drives the motor to make the ultrasonic transducer
move along the predetermined trajectory until the C-scan is completed. After the C-scan,
the collected data are transmitted to the host computer through the CAD card for decoding
and imaging.
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Figure 7. Experimental platform for air-coupled ultrasonic plate flaw detection of Golay code.

3.2. Introduction to A-Scan and C-Scan

As shown in Figure 8, the A-scan is a one-dimensional scanning method, and the
scanning object is usually a point on the target. The thickness or density of this point is
judged according to the flight time or peak height of the ultrasonic signal, which is suitable
for the rapid positioning of the defect location.

  

(a) (b) 

Figure 8. A-scan and C-scan diagram: (a) A-scan diagram and (b) C-scan diagram.

A C-scan is a two-dimensional scanning mode, and the scanning object is several
sampling points arranged in a C-shaped pattern on the sample. During scanning, starting
from the starting point, sample all the points in turn along the C-shaped trajectory, and
record the X–Y coordinates and signal characteristics of each point. After the C-scan, the
signal characteristics of each point are converted into different colored pixels based on
their magnitude and then arranged in the corresponding X–Y coordinates to form an RGB
image. The resolution of the RGB image is determined by the scanning interval, which is
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the distance between adjacent sampling points. Finally, the RGB image is interpolated to
make the image smoother.

3.3. Detect Defects on Pine Boards

The most common defects of wood boards are knots and pits, so a pine board with
knots and a pine board with pits were selected, as shown in Figure 9. The thickness of the
wooden board is 1 cm, the scanning area is 5 cm × 5 cm, the scanning interval is 1 mm,
the distance between the two sensors and the wooden board is 10 cm, and the excitation
voltage is 200 V.

  
(a) (b) 

Figure 9. The actual photos of the two pieces of pine wood selected: (a) the scanning area of the pine
board with knots and (b) the scanning area of the pine board with pits.

Firstly, four points were randomly selected in the non-defective areas of the
two wooden boards for A-scan testing, and the decoding results of the ultrasonic sig-
nals of each point are shown in the following table. It can be seen from Table 1 that the
voltage peaks of each sampling point in the non-defective areas change slightly and are
close to each other, indicating that the material in the non-defective areas of the pine wood
board is relatively uniform.

Table 1. Peak voltage of 8 sampling points.

Point 1 2 3 4 5 6 7 8

Peak Voltage (V) 0.651 0.636 0.641 0.637 0.654 0.639 0.651 0.648

Figure 10 shows the waveform of the signal decoding results between point 1 and
point 5. It can be seen from the figure that the received signal is very steep and has an
excellent axial resolution.

Thereafter, the two pieces of pine wood board with knots and pits were scanned with
an A-scan, respectively, and the decoding results of the ultrasonic signals at each point are
shown in Figure 11.

It can be seen from Figures 10 and 11 that the decoding results of the same plank are
similar in the non-defective areas, and there is a big difference in the decoding results in
the defective areas. The peak voltage of the decoding results in the non-defective areas
fluctuates between 0.630 V and 0.654 V; while in the pit areas, the peak voltage of the
decoding results is 0.811 V and 0.830 V, respectively, and the peak voltage of the decoding
results in the knot area varies more dramatically to 0.251 V.

Although wood is an orthotropic material, the density, moisture content, and elastic
modulus of the intact non-defective areas will not undergo a mutation, so the peak voltage
of the decoding results of each sampling point in the intact non-defective areas is very close.
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Because the thickness of the pit areas is less than that of other areas of the pine board, the
energy lost by the ultrasound when penetrating this area is less, so the peak voltage of the
decoding result in this area is higher. Since the density of the knot area is far greater than
other areas of the pine board, the acoustic impedance is higher, resulting in a more severe
acoustic impedance mismatch, and the ultrasound loses more energy when penetrating
this area. And the knots are mostly formed by branches or dead branches inside the trunk,
and the irregular shape will distort the waveform, further reducing the energy of the signal,
so the peak voltage of the decoding result in this area is low.

  

(a) (b) 

Figure 10. The decoded waveform diagram of signals from point 1 and point 5: (a) the waveform
diagram of the signal decoding result of point 1 and (b) the waveform diagram of the signal decoding
result of point 5.

  
(a) (b) 

 
(c) 

Figure 11. Decoded results of ultrasonic signals at different defect points: (a) Pit A decoding result;
(b) Pit B decoding result; and (c) Knot A decoding result.
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Therefore, after the C-scan of the pine wood board, the peak value of the decoding
voltage at each point is used as the imaging feature parameter, and the position and type
of the defect are judged according to the change in amplitude. The visualization of the
scanning results is shown in Figure 12, and the feature parameters of the black part are
smaller, indicating the knot area of the pine wood board, and the feature parameters of
the white part are higher, representing the pit area of the pine wood board; the blue curve
represents the actual contour of the defect area.

  
(a) (b) 

Figure 12. The visualization of the scanning results: (a) the imaging of the pine wood with knots and
(b) the imaging of the pine wood with pits.

The inside or back of the wood is also prone to defects. As shown in Figure 13, the
original image of the back of the above two boards is shown, and for greater intuitiveness,
mirror flipping processing is performed.

  
(a) (b) 

Figure 13. The back of the two pine boards: (a) the back of the pine board with knots and (b) the back
of the pine board with pits.

A-scans were performed on the back of the wood corresponding to the sampling
points, and the results are shown in Table 2.

Table 2. Peak voltage of 11 points.

Point 1 2 3 4 5 6 7 8 Knot A Pit A Pit B

Peak Voltage (V) 0.648 0.651 0.647 0.646 0.643 0.641 0.648 0.656 0.282 0.845 0.857

Similarly to the results of the frontal scanning image, the voltage in the knot area is
low, and the voltage in the pit area is high. Since the back of the defect position is flatter
than the front, it reduces the absorption of the ultrasonic energy, so the data collected at the
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same position have a higher voltage. And the voltage amplitude in the non-defective areas
hardly changes.

The C-scan imaging diagram is shown in Figure 14, which shows little difference in
the imaging effect compared with the frontal scanning diagram, proving that this system
has a good detection accuracy for defects inside or on the back of the wood.

  
(a) (b) 

Figure 14. Scanning images of the back of the pine wood board: (a) imaging of pine wood with knots
and (b) imaging of pine wood with pits.

3.4. Combination Defect Detection of Pine Boards

In this experiment, ultrasonic signals are excited by using eight-bit pulse signals, eight-
bit Golay codes encoding technology, seven-bit Barker codes technology, and the pulse
cancelation technique, respectively, and the C-scan experimental results are compared.
The scanning object is a piece of pine wood board with a thickness of 1 cm; the size of
the scanning area is 6 cm × 6 cm, the interval is 1 mm, the distance between the two
transducers and the wood board is 10 cm, and the excitation signal voltage is 200 V. The
scanning imaging is shown in Figure 15.

It can be seen from Figure 15 that the imaging effect of using the eight-bit pulse
signal is very poor, and the size and shape are quite different from the original image; the
imaging effect of the Barker coding technology is general, and the edge of the knot area
is not smooth; the imaging effects of both the Golay code encoding technology and pulse
cancelation technology are very good—the edges of the image defective area are smooth,
and there is a high of overlap with the real defective area.

We continued to perform C-scan imaging on a piece of pine board under the same
detection conditions. The thickness of the pine wood board is 1.5 cm, and the size of the
scanning area is 6 cm × 6 cm. The scanning results are shown in Figure 16.

  
(a) (b) 

Figure 15. Cont.
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(c) (d) 

 
(e) 

Figure 15. Combination defect detection of pine boards: (a) non-encoded signal detection imaging;
(b) Golay codes encoding signal detection imaging; (c) Barker codes encoding signal detection
imaging; (d) pulse cancelation signal detection imaging; and (e) real photo of the pine wood.

As can be seen from Figure 16, in the case of increasing the thickness of the wooden
plate, the ultrasonic signals excited by the Barker and Golay encoding technologies still
have a good penetration capability and can penetrate the wooden plate normally. The
ultrasonic signal excited by the pulse elimination technique is misjudged as a knot area
because it cannot penetrate some parts of the wooden board, or the energy after penetrating
the wooden board is too small.

The Barker code and Golay code are both phase-coding technologies, and they have
similar autocorrelation properties, which can effectively suppress side lobes and cause
the ultrasonic signal to possess a good penetration ability and axial resolution. However,
the Golay code can eliminate side-lobe interference, and compared with Barker, it has a
stronger anti-interference ability, and it is easier to extract more accurate signal features
from the received signal, so it has a higher detection accuracy for the defective area. Pulse
cancelation technology applies a sequence of pulses with opposite phases to the transducer
through the method of antiphase pulse cancelation, which shortens the ringing time by
energy cancelation, thus improving the axial resolution of the ultrasonic signal and the
detection accuracy of the detection system. However, when the thickness of the sample
to be measured increases, it is easy to cause a significant decrease in the accuracy of the
detection due to the insufficient penetration capability.

The comparison of the real photo of the pine board with the imaging of Golay-coded
signals shows that the overlap of the defective areas reaches more than 85%. The type
of defect can be judged while identifying the size and position of the defect. A good
anti-interference and penetration performance ensures that the system can still maintain a
good detection accuracy when the thickness of the sample increases. The test results are
consistent with the theory, which proves the effectiveness of the air-coupled ultrasonic
technology based on the Golay code in wood detection.
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(a) (b) 

  
(c) (d) 

Figure 16. The imaging effect comparison experiment: (a) a real photo of the pine wood; (b) the Golay
codes encoding signal detection imaging; (c) the Barker codes encoding signal detection imaging;
and (d) the pulse cancelation signal detection imaging.

4. Conclusions and Future Work
This study uses air-coupled ultrasound technology and excites ultrasonic signals with

Golay code pulse signals to perform a non-destructive defect detection on wood. Firstly,
the foundational framework of the Golay code encoding methodology is systematically
analyzed, with its implementation viability corroborated through rigorous theoretical
derivations and simulations. Secondly, the composition of the system, the operation
process of the system, the scanning methods of a scanning and c scanning, and the principle
of c scanning imaging are introduced in detail. Thirdly, pine wood boards containing
natural knot and pit defects were selected as experimental specimens, and an ultrasonic
A-scan detection was systematically conducted to compare the difference in the peak
voltage in the decoding results between defective areas (areas with knots/pits) and non-
defect areas, and we use this as the basis for the C-scan imaging of the wood. Finally,
a non-destructive evaluation was performed on pine wood specimens employing three
distinct excitation modes—encoded pulse sequence signals, conventional multi-pulse
signals, and pulse elimination signals—with a subsequent comparative analysis of their
respective imaging performance characteristics. Experimental results show that the use
of Golay coding technology can effectively improve the system’s imaging accuracy in the
non-defective areas and defective areas of wood. In conclusion, Golay-coded excitation
emerges as a viable ultrasonic signal processing strategy that concurrently enhances the
penetration depth and axial resolution of the signal, thereby optimizing the inspection
depth capability and defect characterization accuracy in wood material evaluation systems.
The system demonstrates an exceptional defect localization precision, enabling the rapid
characterization of material anomalies in industrial wood processing operations. This
capability facilitates optimized cutting vector planning through defect mapping, thereby
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minimizing the material wastage while improving the production quality and production
efficiency of wooden products.
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