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Abstract: Ultrasonic Testing (UT) is one of the most important technologies in Non-Detective Testing
(NDT) methods. Recently, Barker code and Golay code pairs as coded excitation signals have been
applied in ultrasound imaging system with improved quality. However, the signal-to-noise ratio
(SNR) of existing UT system based on Barker code or Golay code can be influenced under high high
attenuation materials or noisy conditions. In this paper, we apply the convolution of Barker and
Golay codes as coded excitation signals for low voltage UT devices that combines the advantages of
Barker code and Golay code together. There is no need to change the hardware of UT system in this
method. The proposed method has been analyzed theoretically and then in extensive simulations.
The experimental results demonstrated that the main lobe level of the code produced by convolution
of Barker code and Golay code pairs is much higher than the simple pulse and the main lobe of the
combined code is higher than the traditional Barker code, sidelobe is the same as the baker code that
constitutes this combined code. So the peak sidelobe level (PSL) of the combined code is lower than
the traditional Barker code. Equipped with this, UT devices can be applied in low voltage situations.

Keywords: ultrasonic testing; coded excitation; SNR; Golay code; Barker code

1. Introduction

Ultrasonic Testing (UT) is an important technology in non-destructive testing (NDT) methods that
is often used for obtaining parameters related to the durability, the physical and mechanical properties
of material by using ultrasound wave. The traditional pulse-echo and transmission techniques were
applied [1] for detecting flaws in the material. In the case of certain hazardous flammable and explosive
atmospheres, traditional high-voltage UT equipment cannot be used. The main reason UT equipment
is unsuitable is the high voltage used by the pulsing circuitry. It has both enough energy to ignite a
gas but also has the potential to create a spark in case of a failure. However, the lower the pulsing
voltage is, the lower the signal-to-noise ratio (SNR) of the signal is. Attempting to reduce the pulsing
voltage can lead to noisy and unusable results. In order to ensure high SNR of signals in low-voltage
ultrasonic testing equipment, a method without changing the hardware of the UT device should
be considered. The technique of coded excitation has been used to improve the SNR in ultrasonic
testing [2]. The technique of coded excitation has been used in radar for about 60 years but it was
successfully introduced for clinical ultrasound only within the last 10 years [3]. Coded excitation
refers to the technique of using a series of pulses following a calculated width and pause structure.
These pulse trains follow a mathematically described code sequence and are used as complementary
pairs whose auto-correlation coefficients sum to zero in most cases. The most well-known and studied
pairs of coded sequences are the Golay code and Barker code [4]. The result of such an excitation
is a long sequence and it must be associated with a transmitted signal, so that the received echo
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becomes shorter in duration and higher in intensity, thereby increasing the system SNR. By using the
compressed signal, clearer A-scan can be reconstructed. The long duration of the pulse trains allows
for a significant amount of ultrasonic energy to be transmitted in the material. Thus, this technique
is quite suitable for testing of highly attenuation materials using low-voltage pulse signal since the
maximum amount of energy is not limited by the amplitude of the pulse [5].

In this paper, a coded excitation method which uses convolution of a Barker code and Golay code
pair is applied for a low voltage ultrasonic testing system. The method combines the advantages of
these two coding methods and increases the diversity of code lengths. The method can be used in a
low-voltage ultrasonic testing device without changing the internal hardware. The main contributions
of this paper are presented below.

e  We investigated the combined coded excitation technique for a low-voltage ultrasonic testing
device, not like other existing works which focus on high-voltage situations.

o  We provided extensive theoretical analysis and simulation results for all the possible combination
of coded excitation for ultrasonic testing, not like other works on selected coding methods.

e  Current combined coded excitation techniques are applied in ultrasonic imaging system only.
This work opens the door for all ultrasonic testing devices for many other applications in a
low-voltage situation.

The rest of this paper is organized as follows. In Section 2, we review the related work of ultrasonic
testing and coded excitation. In Section 3, we propose our methodology and analyze its superiority.
The theoretical analysis results are described in Section 4 and the simulation results are described in
Section 5. Finally, the conclusion and discussion are given in Section 6.

2. Related Work

Coded excitation applied in medical ultrasound imaging system was firstly proposed by
Takeuchi [6] in 1979. However, due to the time-bandwidth limitation of this technique, there are
rare studies on coded excitation in the literature in the following years. O’Donnell [7] considered to
use coded excitation to improve the SNR of ultrasound system. A signal which has been compressed
on the digital beamformer was used in the ultrasound system. Later, Jedwab and Parker [8] gave a
general construction for an odd length binary Golay sequence pair of length 26 from a Barker sequence
of length 13 and a related Barker sequence of length 11. This work lays the theoretical foundation for
coded excitation.

Kim et al. [2] proposed a new coded excitation method by modulating Golay code pairs with
Barker sequence for ultrasound imaging. However, they only used finite types of codes which are
3-bit Barker code, 8-bit Golay code pair and 3-bit Barker code modulated 4-bit Golay code pair in their
experiment [2]. Recently, Wang and Cong [9] proposed a new pseudo Chirp-Barker-Golay (PCBG)
coded excitation method in ultrasound imaging. They used the Field II toolbox to simulate phantom
and cyst phantom of B-mode image.

Methodology-wise, there are two pulse compression methods. The first one is frequency
modulated excitation signals, which include linear chirp code and pseudo-chirp excitation.
The other one is binary coded excitation signals which include Barker code such as m-sequences,
orthogonal Golay sequences. Coded excitation sequences operate in a slightly different way compared
to frequency modulated excitation signals, the most common way for this technique is the burst
cascade coding according to the polarity of binary sequence such as a sequence composed of 1 and 0
or —1 [10].

The limitation is the length of the sequences of the coded excitation. The improvement of SNR
is related to the length of the sequences but there are only a few lengths of Barker codes available,
although there is no limitation for conventional Golay codes [3]. Even if the length of selected codes is
not the required length, one of the codes of a known length is inevitably selected. Therefore, this may
lead to inefficiency.
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So far, the combined code excitation methods are only applied in ultrasound imaging under
high-voltage situations and the selection of the combined code is limited. However, for other
ultrasound devices under a low-voltage situation, there are no existing studies. Here, we investigate
this task from both complete theoretical analysis and extensive simulation experiments.

3. Materials and Methods

3.1. Matched Filter

Matched filters which are electrical tools for detecting a known piece of signal is widely used in
radar, mobile communication systems and ultrasound imaging as an important filter [11]. The optimal
criterion for the matched filter is that the output SNR is the largest when it is in the white noise
background and noise bandwidth is wider than signal bandwidth. Since the transmitted signal spans a
wide frequency range, the matched filter cuts out some of the signal as well as some background noise
because it has a finite bandwidth [12]. The frequency response of the matched filter is the conjugate
of the frequency response of the input signal. The basic problem that often arises in ultrasonic
testing system is that detecting a pulse transmitted over a channel is corrupted by channel noise.
The Equation (1) shows the ideal receiving structure of Barker code signal B(t) though a matched filter.

y(t) = x(t)  h(t)
x(t) = B(t) + w(t) 1
h(t) = B(T —t)

where w(t) is the white noise and x(t) is the filter input which is the sum of B(t) and w(t). y(t) is the
filter output which is the convolution of filter input x(f) and matched filter /1(t) when T is the length
of B(t) [13].

From amplitude-frequency characteristics, amplitude-frequency characteristics of matched filter
are related to the amplitude-frequency characteristics of input signal. At the stronger signal frequency
point, the amplification factor of the filter is also larger. The matched filters allow received signal to
pass as much as possible regardless of the characteristics of the noise. Since one of the preconditions of
the matched filter is white noise, the power spectrum of the noise is flat. In this case, this technique
can reduce the passage of noise.

From phase-frequency characteristics, phase-frequency characteristics of the matched filter are
conjugated to the input signal. Thus, the phase of the signal is zero by matching the filter. This can
achieve a coherent superposition of the signal in the time domain. The phase of the noise is random
and only non-coherent superposition can be achieved. This technique ensures the maximum SNR of
the output signal in the time domain. In fact, the name of the matched filter indicates its distinctive
feature. The matched filters match the input signals. Once the input signal changes, the original
matched filter also changes.

3.2. Barker Code

The Barker code is one of the binary phase codes that produce a compressed waveform with a
constant sidelobe level equal to one. The auto-correlation coefficients are defined and should all be
small [14]:

<1 2)

N—k
Y bibig
i—1

In the Equation (2), b; is an element of Barker code By and b; = +1. N is the length of the Barker
code. N > 2and 1 < k < N. There are Barker codes of lengths 2, 3, 4, 5, 7, 11 and 13, and it is
conjectured that there is no longer a Barker code [15]. The optimal binary sequence is that whose
auto-correlation peak sidelobe is the minimum possible for a given code length. The advantage is
that the self-correlation or matched filtering of these codes gives the main lobe peak of N and the
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minimum peak sidelobe of 1. Table 1 lists all known Barker codes and the side lobes level of these
codes. Ideally, if there is a long length, these codes can be used for pulse compression radar. However,
the longest known Barker code length is 13, so the pulse compression radar using these Barker codes
will be limited to the maximum compression ratio of 13. Figure 1 shows a 5-bit Barker code and the
compression result after the matched filter. It can be seen that the frequency characteristics of the
matched filter is exactly the same as the input signal and there are very few changes in the frequency
characteristics of the compression signal.

Barker code has a good performance of inhibiting the auto-correlation side lobe. Due to the
property of the Barker code which can improve the SNR, it is considered as the transmission code for
the low-voltage ultrasonic device.

Table 1. Barker code of various lengths.

CODE SYMBOL LENGTH CODE SIDE-LOBE LEVEL (dB)
B2 2 (+1, =1), (+1,+1) —6
B3 3 +1,+1, -1 -9.5
B4 4 (+1, =1, +1, +1), (+1, -1, -1, —-1) -12
B5 5 +1,+1, +1, —1, +1 —-14
B7 7 +1,+1,+1, -1, -1,+1, -1 —16.9
B11 11 +1,+1,+1,—-1,-1,-1,+1, -1, -1, +1, -1 —20.8
B13 13 +1,41,+1,+1, -1, -1, -1, +1,+1, -1, +1, -1, +1 —22.3

5-Length Barker code Matched filter Result
+5
+1 +#1 +1 +1

-1 -1 -1 -1

Aysuajuy
Kusuajuy
Ayisuayu)

0 Frequency ° Frequency 0 Frequency

(b)

Figure 1. Illustration of 5-bit Barker code compression. (a) A pulse compression example of 5-bit
Barker code compression. (b) Frequency response of the 5-bit Barker code, matched filter and

compressed result.

3.3. Golay Code

Golay code is defined as a pair of equal finite length composed elements and the number
of identical element pairs in one sequence is equal to the number of distinct element pairs in
another sequence at any given interval [16]. An ideal pulse compression result without sidelobes
is obtained by adding matched pairs of echoes which are generated by transmitting a pair of
complementary sequences.
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Defined is a pair of Golay complementary pair sequence G, (1) and sequence G, (n). Each element
of G,(n) and Gy(n) is either 1 or —1. Due to the property of Golay code pair, the auto-correlations of
sequence G,(n) and sequence Gy (1) are shown in Equation (3). §(n) is a Dirac delta function. * is the
symbol of convolution.

Ga(n) * Ga(—n) + Gy(n) * Gp(—n) = 2N * 5(n) ®

When use the coded excitation in ultrasonic testing or imaging, sequence G, (1) and sequence
Gp(n) are used instead of the traditional single-pulse excitation to stimulate the ultrasound transducer
sequentially. The echoes from the same stationary object in the ultrasound field are represented by
eqa(n) and ey (n).

ea() = yo(n) * Ga(n) s () @

ep(n) = ye(n) * Gy(n) * y, (n) ®)

where y;(n) and y;(n) are the impulse response of the ultrasound transmitter and receiver. If the
receiver and transmitter have the same element, y,(n) = y;(n) the cross-correlation between e,(n) and
sequence Gg(n) is

ea(n) * Ga(—n) = yr(n) * Ga(n) * Go(—n) = yr(n) (6)

And the cross-correlation between ey (1) and sequence Gy (1) is
ep(n) * Gy(—=n) = yi(n) * Gy(1) * Gy(—n) * y,(n) @)
Sum the two cross-correlation results,
8(n) = ea(n) x Ga(—n) +ey(n) x Gy(—n) = 2N (ys(n) x 6(n) * y(n)) ®)

g(n) is the result of pulse compression of Golay code pair. It shows that the amplitude of g(n) is equal
to 2N times the echo amplitude of a single-pulse simulation. Figure 2 shows 4-bit Golay code pair and
the compressed result after the matched filter.

Due to the unique properties, Golay code pairs can be used as the input signals of ultrasonic
transmitter, the sidelobes of the echo signal after decoding have disappeared.

4-length Golay code pair Matched filter Result

+8

1 41 #1 +1 +1

+1 41 +1 +1 +1

Figure 2. A pulse compression example of a 4-bit Golay code pair.
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3.4. Convolution of Barker Code and Golay Code

Due to the character of the code excitation, the improvement of SNR and resolution is related to
the code length. However, Golay codes and Barker codes are known as its specific sequence, it is only
allowing to choose one of the sequences for ultrasonic testing. Barker-sequence combined Golay code
(BCG) are convoluted by Golay code and Barker code, which can lead to additional improvement in
signal intensity and flexibility for code length compared to convention Golay code pairs and Barker
code. The combined codes have the same sidelobe of the baker code used and the main lobe of the
combined codes is associated with the main lobe of Barker code and Golay code pairs. It combines the
characteristics of a high main lobe Barker code and no side lobe Golay code pairs.

To excite the ultrasonic signal, the BCG code modulates the ultrasonic wave with a sine wave
signal frequency carrier and then transmit beamformer and electrical transducer transmit the BCG
code ultrasonic signal. The transducer can receive the echo signals from medium. Figure 3 shows the
process of generation and compression of BCG codes. The BCG code pair is created by the convolution
of Barker code and Golay code pair. The BCG code pairs are modulated and transmitted to the medium
to obtain a pair of echoes. There are two steps to compress the echos. The first step is to process though
Golay code pair matched filter and the second step is to process though Barker code matched filter.
The compression result is the sum of the processed pairs.

Golay code pair
matched filter G,(-n)

Golay code BCG code
Sa (n) BCG.n) Echo signal Compressed on
E Golay code
BCGa EBCGEGG
Tr d Receiver i
Barker code] Moc.lulated impulse impulse Golay cod.e pair Compression
B (n) by sine response response compression result g
wave C(n) Y, EscsG

Yi

Echo signal Compressed on
E Golay code
" BC6 code Beab EacehGh Barker coc!e
matched filter

Gy, (n) BCGy(n) Bln)

wnipay

Golay code pair
matched filter G(-n)

Figure 3. The process of generation and compression of Barker-sequence combined Golay codes (BCG).

A BCG code pair, BCG, and BCGy, are built by using convolution of Golay sequence and Barker
sequence and modulated by a base pulse as shown in following equations.

BCGy(n) = Gy(n) * B(n) = C(n) )

BCGy(n) = Gy(n) * B(n) xC(n) (10)

where B(n) is a known Barker code sequence and G,(n), G,(n) are the Golay code pairs. Defined the
BCG,(n) and BCGy(n) as modulated BCG code signal. C(n) is a carrier sine wave. y;(n) and y(n) are
the impulse response of the ultrasound transmitter and receiver.

Ecca(n) = yi(n) x BCGy(n) * yr(n) (1)

Epccp(n) = yi(n) x BCGy(n) * yr(n) (12)

Then the Epcg,(n) and Epcgp(n) are the beamformed echo signal of BCG,(n) and BCGy(n).
The received signal will be processed by matched filter. Due to the composite signal is combined by
two types of signal. The received signal should be processed by the matched filter twice. The first step
is to process the signal by using a corresponding Golay code pair matched filter, the second step is to
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process the first step signal by using a corresponding Barker sequence matched filter. The echo signals
which are processed by Golay matched filter can be defined as

EpccaGa = Epcga(n) * Go(—n) = y¢(n) x BCGy(n) * yr(n) * Go(—n) (13)

EpccyGpy = Epcap(n) * Gp(—n) = yi(n) * BCGy(n) * yr(n) * Gp(—n) (14)

where Epcg,Gq(n) and EgcgpGy (1) are the echo signals processed by Golay matched filter and G, (—n)
and Gy, (—n) are known as the matched filter of each Golay code pair. Sum the result of each compressed
signal can achieve the Golay code compression of the BCG code as:

EpccG = EpccaGa + EpcayGr
= yi(n) * yr(n) * (Ga(—n) * BCGy(n) + Gy(—n) * BCGy(n))
= ye(n) * yr(n) * (Ga(—n) * Ga(n) * B(n) + Gy(—n) * Gy(n) * B(n))
= g(n) *B(n)

(15)

EpccG is the result of Golay code pair compression. As mentioned above, g(n) is the result of
pulse compression of Golay code pair. The Barker matched filter defined as B(—n). Then the Golay
compressed signal should be process by Barker matched filter as:

Escc = EscGG # B(—n) = p(n) = B(n) » B(~n)) = g(n)  Eg(n) (16)

Eg(n) is the result of Barker code compression. Therefore, Epc is the result which is processed by the
Golay matched filter and the Barker matched filter. By using this method, the length of the BCG code
can be expressed as
i
Npcg =Y Ni—j+1 17)
i=1

where j is the number of the codes used for modulation and N; is the length of each code.

4. Theoretical Analysis

To prove the feasibility of the BCG code, the theoretical analysis has been done. The 15 different
types of BCG code are used in the analysis. Three different types of pulses have been used: a simple
pulse, 7-bit Barker code and 4-bit Golay code pairs. Peak sidelobe level (PSL) is a major parameter that
describes a code’s properties [17] and it can be calculated based on the peak (Pyeq) and mean (Prean)
power of lobe pulse as shown in Equation (18).

PSL = 20log (2% ) (18)
mean

The different lengths of the BCG codes are shown in Table 2. Figure 4a shows the comparison
of different theoretical intensities of 15 types of BCG codes. Figure 4b shows that a 3-bit Barker
code modulated 4-bit Golay code compared to simple pulse, 7-bit Barker code and 4-bit Golay code.
The maximum enhanced SNR of the 15 types of BCG code is 46.36 dB compared to the simple pulse
which is B13G8. The enhanced SNR of B3G4 is 27.6 dB compared to the simple pulse, the enhanced
SNR of 7-bit Barker code is 16.9 dB compared to the simple pulse and the enhanced SNR of 4-bit Golay

code pairs is 18.1 dB compared to the simple pulse.
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Table 2. Different lengths and peak-sidelobe ratio of BCG code.

CODE SYMBOL CODE LENGTH PSL (dB)

Golay 2 4 -19
Barker 3  Golay 4 6 —234
Golay 8 10 —28.6
Golay 2 6 -22
Barker 5  Golay 4 8 —24.8
Golay 8 12 —28.8
Golay 2 8 —242
Barker 7 Golay 4 10 —26.4
Golay 8 14 —29.6
Golay 2 12 —27.6
Barker 11  Golay 4 14 —-29.2
Golay 8 18 —-31.4
Golay 2 14 —-29.0
Barker 13 Golay 4 16 —30.2
Golay 8 20 —-32.2
25 Compgre BCG cpde with chers ‘ 200 ‘ Iptensity °f BCG codg ‘
—B3G4 —B3G2
——Barker7 H ——B3G4
20 - Golay4 | B3G8
—Simple
150
151
Z 100 3‘100
E 4f £
50
— N\ 7\, —
I S = N N~
0
5t
10 -50
6 -4 2 0 2 4 6 -5 10 -5 0 5 10 15
Position Position
(a) Comparison of BCG code and others. (b) Intensities of different BCG codes after matched filter.

Figure 4. The theoretical simulation results. (a) The 3-bit Barker code combined 4-bit Golay code
compared to simple pulse, 7-bit Barker code and 4-bit Golay code. (b) the theoretical intensity
comparison of 15 different types of BCG code.

5. Simulation

The theoretical results show that the BCG codes have a better performance than the simple pulse,
Barker code and Golay code pairs in SNR and have a lower PSL than the Barker code. In order to
verify the feasibility of this method under actual conditions, the ultrasonic testing simulation needs to
be completed. Field Il is a program based on linear acoustic in MATLAB. It can be used for simulating
the production of the ultrasonic probe and the signal received by the probe to receive the sound
field. This program can simulate the pulse generation and recall of various ultrasonic transducers
in pulsed or continuous wave operation. In the simulation, the different types of pulse signals have
been used as propagation signal though tissue.In order to get the echo signal, a scatterer has been set.
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The frequency of the signal is 5 MHz and the sample frequency is 100 MHz. The speed of sound is a
constant propagation speed of 1540 m/s. There are 32 elements used in the simulation. The width
in the x-direction of the elements is 1 mm and the width in the y-direction of the elements is 5 mm;
the kerf between each two element is 0.25 mm. The input signals have been modulated by carrier sine
waves. The impulse responses of the pulse and receive apertures are a 2-cycle sine wave with a fit
Hanning window. The voltage of the simple pulse is 1 V and input voltages of other codes are similar
with a simple pulse. The purpose is for calculating the received signal from a collection of scatterers
and for each combination of transmitting and receiving elements in the aperture. This corresponds to a
full synthetic aperture scan, with each element transmitting and all elements receiving. This simulation
experiment set a scatterer at [0, 0, 100] mm. Figure 5 shows the setup of simulation. There is an

example of transmitted B3G4 code pair in Figure 6.

100 . ‘,,z?catterer
90 1 -\
80 . ,’ \
70 I -\ Sound speed= 1540m/s
60 - / '
E 50 l’ g :
‘N 40 18 ) L

y [mm] x [mm]

Figure 5. The simulation setup.

The transmitted BCG code 2

The transmitted BCG code 1 2

Voltage(V)
Voltage(V)
o

1.5
2 : : : 2 : : : :
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
Time(s) %1078 Time(s) x10°®
(b)

@)
Figure 6. The transmitted B3G4 code pair in the Filed II simulation. (a) The first transmitted BCG code
(b) The second transmitted BCG code.
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Figure 7 shows the echo signal of simple pulse. The top figure shows composite image of received
intensities from the individual elements of a linear array transducer. The bottom figure shows the
central element of individual response.

Element number
S
..'U...
g -
I._.l

o
(4]
T

I

o

Intensity
o
3

1.265 1.27 1275 128 1285 1.29 1295 13 1.305
Time [s] %107

Figure 7. Received intensities from the individual elements of a linear array transducer (top) and the
individual response of center element (bottom).

5.1. Barker Code and Golay Code Simulation Result

Figure 8 shows the received signal by using 7-bit Barker code signal. Figure 8a shows the original
received signal, the top shows the composite image of received 7-bit Barker code intensities from the
individual elements of a linear array transducer and the bottom shows the individual response of
central element. Figure 8b shows the processed result of received signal after matched filter. The 7-bit
Barker code had increased intensity of 18.5 dB compared to the simple Pulse. In the theoretical study,
the increased intensity should be 16.9 dB.

Figure 9 shows the original echo results and compressed result of 4-bit Golay code pair signals.
Figure 9a,b shows the first and second original echo signals, the top shows the composite image of
received 4-bit Golay code intensities from the individual elements of a linear array transducer and the
bottom shows the individual response of the central element. Figure 9c shows the processed result
of received signal after matched filter and compression. The 4-bit Golay code pair had increased the
intensity of 21.5 dB compared to the simple pulse.
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10

15+

Element number

04 0.2 0 0.2 0.4 0.6 0.8 1
' ‘ ~ T T
e
m
-
S 1 | i

Intensity

10

15

Element number

Intensity

-20

1.29

1.295

1.305 1.31 1.315

Time [s]

(b)

1.3
%107

1.32

110f16

Figure 8. The 7-length Barker code simulation result. (a) The original received intensities from the
individual elements of a linear array transducer (top) and the individual response of center element
(bottom). (b) The compressed signals from the individual elements of a linear array transducer (top)

and the compressed signal of center element (bottom).
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|
¢
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(a) (b)
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Time [s] %10
(c)

Figure 9. The 4-bit Golay code pair simulation results. (a) The original received 4-bit Golay code 1
intensities from the individual elements of a linear array transducer (top) and the individual response
of center element (bottom). (b) The original received 4-bit Golay code 2 intensities from the individual
elements of a linear array transducer (top) and the individual response of center element (bottom).
(c) The compressed signals from the individual elements of a linear array transducer (top) and the

compressed signal of center element (bottom).

5.2. Convolution of 3-Bit Barker Code and Various Length Golay Code

Figure 10 shows the results of convolution of 3-bit Barker code and various length Golay code
which contain 3-bit Barker combine 2-bit Golay code pair, 3-bit Barker combine 4-bit Golay code pair
and 3-bit Barker combine 8-bit Golay code pair. Each figure contains the original received signal part
and the processed signal part. In both the original received signal part and the processed signal part,
the composite images and central element of individual responses have been posted. By comparing
these two part results, the increased intensities can be obviously seen. The B3G2 code had an increased
intensity of 22.02 dB compared to the simple pulse and the signal side-lobe level is —18.9 dB. The B3G4
code had an increased intensity of 27.1 dB compared to the simple pulse and the signal side-lobe level
is —19.2 dB. The B3G8 code had an increased intensity of 30.1 dB compared to the simple pulse and
the signal side-lobe level is —23.0 dB.
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Figure 10. The central line of the 3-bit Barker combined different length Golay code pairs’ simulation
results. (a) The original and processed B3G2 pair signals. (b) The original and processed B3G4 signals.
(c) The original and processed B3G8 pair signals.

5.3. Convolution of 2-Bit Golay Code and Various Length Barker Code

Figure 11 shows the results of the convolution of 2-bit Golay code and various lengths of Barker
code which contain 5-bit Barker combine 2-bit Golay code pair, 7-bit Barker combine 2-bit Golay
code pair, 11-bit Barker combine 2-bit Golay code pair and 13-bit Barker combine 2-bit Golay code
pair. Each figure contains the original received signal part and the processed signal part. In both
the original received signal part and the processed signal part, the composite images and central
element of individual responses have been posted. By comparing these two part results, the increased
intensities can be obviously seen. The B5G2 code had an increased intensity of 24 dB compared to the
simple pulse and the PSL is —22.6 dB. The B7G2 code had an increased intensity of 27.78 dB compared
to the simple pulse and the PSL is —24.2 dB. The B11G2 code had an increased intensity of 31.3 dB
compared to the simple pulse and the PSL is —27.4 dB. The B13G2 code had an increased intensity of
35.1 dB compared to the simple pulse and the PSL is —28.2 dB.
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Figure 11. The central line of the 2-bit Golay code combine different length Barker code pairs’ simulation

results. (a) The original and processed B5G2 pair signals. (b) The original and processed B7G4 signals.

(c) The original and processed B11GS8 pair signals. (d) The original and processed B13G2 pair signals.



Technologies 2019, 7, 72 15 of 16

Table 3 shows all the SNR and PSL results from theory and the Matlab simulation. In Pilsu Kim's
paper, the SNR of the 3-bit Barker code modulated 4-bit code exhibits the improvement of 27.68 dB
in SNR and —18.66 dB in the sidelobe level [2] the results of which agree with the simulation result.
One of the 15-bit M-sequences in the simulation module had an increased intensity of 17.8 dB compared
to the simple pulse and the signal side-lobe level of —8.66 dB. One of the 15-bit Gold sequences in the
simulation module had an increased intensity of 17 dB and the signal side-lobe level is —7.1 dB.

Table 3. Signal-noise ratio (SNR) and peak sidelobe level (PSL) results.

THEORETICAL RESULT SIMULATION RESULT

CODE SYMBOL CODE LENGTH

SNR (dB) PSL (dB) SNR (dB)  PSL (dB)
Barker 7 7 16.9 -17.0 18.5 —18.1
Golay 4 4 18.1 - 21.5 -
B3G2 4 21.6 -19 22.02 —18.9
B3G4 6 27.6 —23.4 27.1 —19.2
B3G8 10 33.6 —28.6 30.1 —23.0
B5G2 6 26.0 -22.0 24 —22.6
B7G2 8 28.9 —24.2 27.78 —24.2
B11G2 12 329 —27.6 31.3 —27.4
B13G2 14 34.3 -29.0 35.1 —28.2
M-sequence 15 18.1 —8.6 17.8 —8.66
Gold code 15 18.1 —8.6 17 -7.1

6. Conclusions and Future Work

In this paper, we apply a convolution of Barker and Golay codes as coded excitation signals for low
voltage UT devices. The combined codes have the same sidelobe as the Baker code and its main lobe
is associated with that of the Barker code and Golay code pairs used. It combines the characteristics
of a high main lobe Barker code and no side lobe Golay code pairs. There is no need to change the
hardware of UT system in this method. The proposed method has been analyzed theoretically and
then carried out in extensive simulation experiments. The experimental results demonstrated that
the intensity of the code produced by the convolution of the Barker code and the Golay is much
higher than the simple pulse and the PSL of the code is lower than that of the traditional Barker code.
Equipped with this, any UT devices can be applied in low voltage situations for many applications.
For the future work, we will implement them in hardware for real testing in the NDT and see whether
it keeps the performance or not. Further, portable ultrasound NDT device will be developed for low
voltage applications.
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