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A B S T R A C T

The compromise between axial resolution and penetration depth in ultrasound imaging poses a challenge for 
high-frequency ultrasonic arrays, limiting their ability to effectively inspect thick components in industrial ap-
plications. In this work, a commercial 20 MHz, 64 element, 1 mm pitch lead-free flexible linear array was 
characterised in terms of its performance. The array was subsequently evaluated using Golay-coded excitation 
techniques to enhance the signal-to-noise ratio (SNR) and operability on non-planar thick components. The SNR 
improvement verification results were acquired with the array deployed on a 100 mm thick flat aluminium test 
specimen. As expected, an increase in SNR was observed as the Golay code length increased. The imaging 
strategy employed a combination of Full Matrix Capture (FMC) and Total Focusing Method (TFM) to assess the 
performance variations between the conventional pulse excitation and Golay-coded excitation. The Golay-based 
TFM demonstrated superior performance compared to the conventional pulse-based TFM, with an SNR 
improvement of 4.95 dB when using the full array aperture to inspect the non-planar steel S355 specimen. A sub- 
aperture selection approach, based on the effect of the array element beam spread, offered additional SNR 
improvement of up to 8.2 dB. Greater imaging penetration depth was achieved, with an increase of >40 % 
compared to conventional pulse-based TFM. Thus, for inspection of thick non-planar industrial components using 
a lead-free high-frequency array, Golay-coded excitation schemes show excellent potential to enhance SNR, 
penetration depth and imaging quality.

1. Introduction

High-frequency ultrasonic arrays have gained significant attention in 
recent years due to their ability to provide images with superior spatial 
resolution, offering higher sensitivity to small targets in non-destructive 
testing (NDT) and medical imaging applications [1–3]. In NDT, for 
instance, these arrays enable the detection of defects in materials or 
structures at earlier growth stages as compared to lower frequency 
counterparts. Conversely, high-frequency sound waves have limited 
penetration depth which can hinder the inspection of thick components.

The growing complexity of industrial components has driven 
development of conformable ultrasonic probes that enable efficient 

inspection without the necessity of custom-designed wedges. In line 
with this development, with considerations for medical contexts, flex-
ible ultrasonic arrays have been investigated for their ability to examine 
complex and intricate surfaces [4–11]. For instance, the effectiveness of 
a flexible lead-based 2-D array in inspecting both flat and non-planar test 
specimens has been demonstrated [4]. Additionally, Full Matrix Capture 
(FMC) and Total Focusing Method (TFM) imaging strategies with a 
flexible lead-based linear array have been utilised to detect flaws in 
planar and complex-geometry aluminium specimens [7]. In FMC, each 
element of the array sequentially transmits, while all elements simul-
taneously receive, for each transmission event. In TFM, the beam is 
focused at every point within the imaging region during both 
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transmission and reception stages [7].
Research is ongoing into lead-free alternatives to lead zirconate 

titanate (PZT), the most widely used piezoelectric material because of its 
high performance, to comply with the Restriction of Hazardous Sub-
stances (RoHS) regulation set by the European Union [12–14] and 
similar legislations in China and Japan, as well as environmental con-
cerns. Although many promising results of the piezoelectric properties of 
lead-free materials have been reported over the last two decades, it is 
still challenging to transfer to large-scale production [15–17]. Achieving 
optimal ultrasound imaging using lead-free materials continues to pose a 
persistent challenge, particularly with respect to transducer sensitivity. 
Fig. 1 shows the annual count of article publications for different 
transducer materials from 1985 to 2022, as documented by the Web of 
Science platform, where a >200 % increase in published articles be-
tween 2004 and 2022 is evident. Emphasis is placed on potassium so-
dium niobate (KNN) and sodium bismuth titanate (BNT), with 
additional materials including barium titanate (BT) and polyvinylidene 
fluoride (PVDF) also being considered. The data suggests that a notable 
level of maturity has been achieved in the research within the domain of 
lead-free piezoceramics over recent years.

The constraints of traditional probe technology in the NDT industry, 
particularly regarding material composition, flexibility and operational 
frequency, have driven the development of a new manufacturing 
approach. This technique enables the production of a high-frequency, 
lead-free, flexible, linear ultrasonic array, allowing it to adapt to non- 
planar shapes commonly encountered in nuclear, aerospace, and other 

industries [18,19]. A pliable metal substrate is the core material of the 
array. Using vacuum deposition methods, a piezoelectric thin film ma-
terial is subsequently applied onto it. This enables precise management 
of thickness, composition, and scalability for large-scale, cost-effective 
production [20–22]. The practical operation of the array has been 
showcased [21], in which experiments were undertaken using steel 
tubing and industrial samples that featured common curvatures 
encountered in real-world structures.

It is widely known that there is a trade-off between the axial reso-
lution, which is related to the transducer bandwidth, and penetration 
depth. Short cycle pulses transmit less energy into the medium, which 
results in good axial resolution but poor penetration. Conversely, longer 
pulses, containing multiple cycles, provide the opposite effect [23]. 
Pulse compression techniques can extend the limit associated with this 
trade-off. Longer coded pulses can be transmitted into the medium and 
good axial resolution and penetration depth can be achieved by com-
pressing the duration of the received signals through appropriate signal 
post-processing [23–26]. These techniques have been widely applied for 
many decades in radar, sonar, medical imaging, and NDT industries. 
They can be classified based on whether they employ singular or mul-
tiple transmissions, and whether their encoding relies on phase or fre-
quency modulation. The prevalent techniques for phase modulation 
include Golay and Barker codes, while the commonly employed method 
for frequency modulation is based on chirp signals [23]. For the scope of 
this study, Golay complementary sequences (GCS) will be exclusively 
examined, as they minimise anomalous effects from the inverse pro-
cessing [23].

The benefits of using coded excitation strategies have been demon-
strated [27–32]. Higher sensitivity was observed in defect detection 
when imaging thick carbon fibre reinforced polymer samples with 
traditional NDT arrays [29]. Moreover, the most common strategies to 
maintain the signal-to-noise ratio (SNR) in challenging applications are 
either to reduce the frequency of the ultrasound array or to average the 
results over multiple transmissions. However, these approaches 
compromise resolution and acquisition rate, respectively [27]. This 
paper presents novel work on the combination of coded excitation 
schemes with high-frequency, lead-free, flexible ultrasonic arrays. This 
improves the SNR and penetration depth, allowing the inspection of 
thick components, especially those with intricate surface geometries. 
The remaining organisational structure of this paper is as follow: Section 
2 presents the methodologies of the flexible array characterisation, 
followed by the inspection study, which included information on the 
phased-array controller, theoretical information of the phase-modulated 
Golay-coded excitation and details about the imaging strategy adopted. 
The experimental results and discussions are detailed in Section 3. The 
performance of the array was evaluated, comparative analysis in axial 
resolution at two different frequencies was performed, evaluation of 
SNR improvement was conducted and TFM imaging comparisons are 
shown for the conventional pulse excitation as well as the Golay exci-
tation cases. A conclusion of this work is presented in Section 4.

Fig. 1. Annual increase of article publications on various transducer materials 
from 1985 to 2022, with a particular focus on KNN-based and BNT-based 
materials, as recorded by the Web of Science platform. A significant rise of 
over 200 % in published articles between 2004 and 2022 is observed.

Fig. 2. Flexible array configuration and characterisation configuration. (a) Schematic of the geometry of the array transducers in the x-y plane; (b) Schematic of the 
conventional pulse-echo setup in a water tank used for array characterisation.
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2. Methodology

2.1. Flexible array characterisation

A traditional pulse-echo technique was used to evaluate the perfor-
mance of a 20 MHz, 64 element, 1 mm pitch flexible linear array 
(Novosound Ltd., Motherwell, United Kingdom) with overall dimensions 
of 110 x 30 × 0.5 mm [33]. The schematic diagram of the geometry of 
the array transducers in the x-y plane is shown in Fig. 2 (a). The 
experimental setup of the characterisation is depicted in Fig. 2 (b) and 
included a 6 mm thick flat aluminium plate, which functioned as a 
reflector, a 3-D printed Polylactic Acid (PLA) transducer holder to allow 
4 mm delay line between the array elements and the reflector in a small 
water tank. The array was connected to a 128/256 MicroPulse 6 
controller (Peak NDT, Derby, United Kingdom) using an ipex female to 
Hypertronics male adapter. The system was controlled by a separate 
laptop using a Gigabit Ethernet connection. The ArrayGen software 
platform (Peak NDT, Derby, United Kingdom) was used to define the 
configuration parameters including the array, sample and the acquisi-
tion strategy for transmission and reception. A custom LabVIEW plat-
form was employed for data acquisition.

2.2. Inspection study

2.2.1. Phased array controller
To facilitate the investigation of coded excitation, a programmable 

ultrasonic research system with tri-level excitation [+V, 0, -V] capability 
(Vantage 128™, Verasonics Inc., Kirkland, USA) that can generate 
complex arbitrary waveforms was employed. The Vantage 128™ has a 
programmable pulser amplitude ranging from 2 to 190 V p-p. The 
receive frequency range is from 1 to 50 MHz in the high-frequency 
configuration and an interleaved sampling acquisition scheme was 
used in this work to achieve an equivalent sampling frequency of 125 
MHz [34,35]. The array was connected to the Vantage 128™ using an 
ipex female to Hypertronics male adapter that interfaced to a universal 
transducer adapter (UTA) 160-DH/32 LEMO. The acquisition data flow 
occurs from the array to the host memory of the computer. The signals 
are sampled and digitised in 14-bit analogue to digital converters. It is 
then conditioned in the digital front end, with two digital filters and 
decimators provide low-pass or band-pass filtering. The signal is locally 
stored and is subsequently transferred to the host memory via peripheral 
component interconnect express (PCIe) cables [34,35].

2.2.2. Golay-coded excitation
Golay complementary sequences (GCS) belong to a subset of binary 

code pairs found in a larger collection of signals referred to as comple-
mentary pairs. These sequences encompass two codes with the same 
length, L = 2n cycles, where n represents an integer with a minimum 
value of 1. Their auto-correlation functions exhibit side-lobes of equiv-
alent magnitudes but opposite polarities. Adding them together yields a 
combined auto-correlation function featuring zero side lobes [23,27,
36]. The sequence, or code, is transmitted to a transducer, and a 
decoding filter is applied during the reception phase. The received data 
is compressed through cross-correlation, using a matched filter derived 
from the initial excitation pulse. The summation is then performed on 
the pair of cross-correlated signals.

Sets of GCS were constructed using a recursive method. The 
approach involves starting with two shorter sequences that are subse-
quently combined through a prescribed method to create longer se-
quences. Consider the variables a(k) and b(k) as the elements 
(k= 0,1, 2,3,…,2n − 1) of two complementary codes of length 2n, with 
the elements equal to either +1 or − 1 

a0(k)= δ(k) (1) 

b0(k)= δ(k) (2) 

an(k)= an− 1(k) + bn− 1
(
k − 2n− 1) (3) 

bn(k)= an− 1(k) − bn− 1
(
k − 2n− 1) (4) 

where δ(k) is the Kronecker delta function. In the case where n = 1, the 
variable k assumes values of 0 and 1. Solving equations (1)–(4) results in 
the complementary sequences A = [1, 1] and B = [1, − 1]. Longer se-
quences can now be created. Another Golay pair of length twice that of 
the pair A and B can be formed by concatenation [AB, A(-B)]. For 
example, when n = 2, the complementary sequences become 
A = [1,1, 1, − 1] and B = [1,1, − 1,1]. Executing these operations iter-
atively enables the generation of more extended sequences. Table 1
displays GCS with lengths up to 32. A compromise for achieving optimal 
range of side lobe cancellation is the necessity for two consecutive fir-
ings, thereby introducing motion-dependent decoding errors [23,37].

Instead of employing direct transmission, the established technique 
for integrating binary coded excitation encompasses modulation with a 
waveform [23,38]. Thus, Golay-coded pulse trains were programmed in 
the Vantage 128™ and modulated with a waveform at 20 MHz. The 
resulting waveforms were utilised to excite the array and for data 
acquisition.

A simulation using the Verasonics Vantage software was employed to 
demonstrate the principle of side lobe cancellation. The ultrasonic array 
was positioned on an acoustic medium (longitudinal velocity of 6320 m/ 
s) with only a single target. An illustration of the imaging plane is shown 
in Fig. 3 (a). It highlights the location of the array elements and the 
target. The excitation employed a single cycle, used for reference, and 4 
cycles of Golay waveforms, as depicted in Fig. 3(b)–(d), with all signals 
in tri-level representation as defined by the instrumentation. The green 
arrows for the Golay case indicates the phase of the complementary 
sequences of length 4. Full matrix acquisition was simulated and random 
noise was deliberately introduced to the received signals. The response 
of a single cycle is depicted in Fig. 3 (e). For the Golay case, the received 
signals undergo compression via convolution, employing a matched 
filter generated from the excitation pulse, as shown in Fig. 3 (f). The A- 
scan of interest is derived from the summation of the pair of convolved 
signals, as depicted in Fig. 3 (g).

2.2.3. Full matrix capture and total focusing method
To implement the CGS, two transmissions are required. A MATLAB- 

based platform was developed to interface with the Vantage 128™ and 
allow FMC acquisition. In FMC, each array element transmits in turn and 
all array elements receive on each transmission event. This allows all 
possible transmit-receive combinations to produce a complete set of A- 
scans. For each transmission, the dataset contains N × N matrix of A- 
scans, where N is the number of elements in the array. The primary 
limitation of the FMC method is the reduced acoustic power output from 
individual elements during transmission. This leads to a decrease in SNR 
for each transmit-receive pair compared to conventional multi-element 
aperture imaging techniques [36,39]. The data was stored in a MAT-file 
format, and subsequently processed in MATLAB. Following data 
collection, the principle of side lobe cancellation, where the pair of Rx 

Table 1 
Golay complementary sequences with different lengths.

Length 
(L = 2n)

n Sequence A Sequence B

2 1 [1, 1] [1, − 1]
4 2 [1, 1, 1, − 1] [1, 1, − 1, 1]
8 3 [1, 1, 1, − 1, 1, 1, − 1, 1] [1, 1, 1, − 1, − 1, − 1, 1, − 1]
16 4 [1, 1, 1, − 1, 1, 1, − 1, 1, 1, 1, 1, 

− 1, − 1, − 1, 1, − 1]
[1, 1, 1, − 1, 1, 1, − 1, 1, − 1, 
− 1, − 1, 1, 1, 1, − 1, 1]

32 5 [1, 1, 1, − 1, 1, 1, − 1, 1, 1, 1, 1, 
− 1, − 1, − 1, 1, − 1, 1, 1, 1, − 1, 
1, 1, − 1, 1, − 1, − 1, − 1, 1, 1, 1, 
− 1, 1]

[1, 1, 1, − 1, 1, 1, − 1, 1, 1, 1, 1, 
− 1, − 1, − 1, 1, − 1, − 1, − 1, − 1, 
1, − 1, − 1, 1, − 1, 1, 1, 1, − 1, 
− 1, − 1, 1, − 1]
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signals are converted to a single A-scan and where the sidelobes from the 
pair are removed, was applied and the resulting decoded signal was 
further processed with a TFM imaging algorithm. In TFM, the beam is 
focused at each point within the image region on both transmit and 
receive. This region is initially discretised into a grid. Each point in the 
grid is estimated by summing the path-compensated amplitudes over the 
set of transmit-receive pairs, hence, producing a focus at each point 

[39].

3. Experimental results and discussions

3.1. Flexible array characterisation

The array was excited with a 24 ns 80 V p-p electrical pulse, 
generated by the MicroPulse 6 controller, as depicted in Fig. 2 (b), which 
was the closest the software permitted to the ideal 25 ns for 20 MHz. The 
custom LabVIEW platform is set to acquire FMC data, which was sub-
sequently stored in a HDF5 Multi-Frame Matrix Capture (MFMC) file 
format [40]. Data was then processed using MATLAB and the FMC di-
agonal, representing each element pulse-echo response, was examined. 
Fig. 4 represents the average measured pulse-echo response of the array 
from the front face of the reflector, indicating the typical response of the 
array. The frequency spectrum was obtained from the individual 
time-domain waveforms using the Fast Fourier Transform (FFT) method 
and then averaged. The average peak frequency and the − 6 dB band-
width were determined, with the average of all the peak frequencies 
(measured from 64 A-scans of the matrix diagonal) determined to be 
24.12 MHz, with a standard deviation of 1.82 MHz, and the average − 6 
dB bandwidth calculated to be 64.9 %. Notably, this novel lead-free, 
flexible array complies with the BS EN ISO 18563–2:2017 standard [33].

Fig. 3. Simulation work to demonstrate the side lobe cancellation principle. (a) 
Illustration of the imaging plane showcasing the array with emphasis on the 
position of its elements and the target location. (b) Single cycle excitation 
waveform (tri-level representation) utilised as reference. (c) Golay A excitation 
waveform (tri-level representation). (d) Golay B excitation waveform (tri-level 
representation). (e) Response of the single cycle excitation. (f) and (g) 
Demonstration of the principle of side lobe cancellation using the pair of 
complementary Golay sequences (Golay A and Golay B) of 4 cycles. The 
convolution operator is represented by the “*” symbol. TxA and TxB are the 
transmit signals in Fig. 3 (c) and 3 (d), respectively. RxA and RxB are the 
receive signals A and B, respectively.

Fig. 4. Pulse-echo response of the array. (a) Time-domain response and (b) 
corresponding frequency spectrum from the front wall reflection of the 
aluminium test specimen. The schematic of the data acquisition setup is shown 
in Fig. 2 (b).
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3.2. Inspection study

3.2.1. Resolution
Next, the theoretical improvement in axial resolution offered by 

high-frequency ultrasonic waves was examined. The performance of a 5 
MHz, 64 element, 1 mm pitch flexible linear array was evaluated against 
the 20 MHz 64 element 1 mm pitch lead-free flexible linear array. The 
arrays were in direct contact with a 300 x 20 × 100 mm planar 
aluminium test specimen through EchoPure TM couplant gel (Echo Ul-
trasonics®, LLC, Bellingham, USA). In TFM imaging, it is usual to 
include A-scan contributions from all element pairs for each pixel. 
However, it is essential to ensure that the directivity of each element is 
wide enough for the A-scan to contribute usefully to the signal, rather 
than simply adding noise. This is particularly important when imaging 
close to the array, but applies more widely when performing TFM where 
the pitch of the array is greater than the conventional λ/2 criterion [39]. 
One approach, that addresses this issue, is to mask contributions from 
elements where the path of the ray exceeds a specified angle with respect 
to the normal to the element. This threshold angle would typically be 
derived from the element directivity angle [41–43]. Therefore, by 
considering the predicted array element beam spread angle (or direc-
tivity angle), a sub-aperture imaging configuration can be determined 
for each array experimental set-up and subsequently employed to 
improve SNR. Fig. 5 (a) shows a schematic of a single array element, 
highlighting the beam spread angle for the arbitrarily selected threshold 
of − 6 dB with respect to the maximum at that range. This angle consists 
of the total angular extent measured from one side to the other of the 
main lobe of the ultrasound beam in the far field. A beam computation 

model of an unfocused longitudinal transmission was produced using 
the NDT simulation software package CIVA [44] for the 20 MHz array 
case. Beam computation models using CIVA have previously been 
employed for weld inspection applications [45]. Hence, the beam spread 
angle (-6 dB) obtained from a representative single array element model 
is 22.63◦. This compares favourably with the theoretical value of 23.43o 

calculated using Eq. (7) [46]. 

θ− 6dB =2 sin− 1
(0.514λ /A) (7) 

where λ is the wavelength in the specimen and A is the aperture of the 
transducer. The − 6 dB width can then be obtained by applying trigo-
nometry principles at the desired imaging depth in the sample (z-axis). 
For example, at the depth corresponding to the location of the second 
target (17 mm), the − 6 dB width is 7.05 mm, thus, an 8-element sub- 
aperture was employed. This the sub-aperture selection methodology 
is illustrated in Fig. 5 (b).

Fig. 6 (a) shows the schematic of the acquisition setup. A 64 g PLA 
block was positioned on the array elements to ensure uniform pressure, 
thus facilitating consistent signal acquisition. The test specimen featured 
four side-drilled holes (SDHs) machined from the side, each with a 
diameter of 1 mm and a length of 20 mm. The SDHs were positioned 
8–17 mm into the sample with the centres spaced 3 mm apart along the 
axial direction. The Vantage 128™ was used to acquire FMC dataset. 
The arrays were excited using half a cycle at 80 V, with the receive gain 
set to 40 dB. Fig. 6 (b) and (d) depict TFM images formed using the 5 
MHz array (using a 48-element sub-aperture, by considering the beam 
spread effect) and the 20 MHz array (employing an 8-element sub- 

Fig. 5. Beam spread analysis. (a) Single array element schematic with emphasis of the beam spread angle. (b) Principle of sub-aperture selection based on the beam 
spread or element directivity analysis. The element size is 0.8 mm.
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aperture), respectively. The SNR for each target is higher for the 5 MHz, 
with a maximum value of 24.8 dB, compared to the 20 MHz array, which 
achieved a maximum value of 18.6 dB. The observed increase in SNR at 
5 MHz is consistent with expectations, attributed to the material prop-
erties of the transducer, larger aperture and the resultant higher trans-
mission energy. As anticipated, the 20 MHz array demonstrated higher 
axial resolution compared to the 5 MHz array. The SDHs can be clearly 
distinguished along the axial direction for the 20 MHz case, as shown in 
Fig. 6 (e). In contrast, in the 5 MHz case, shown in Fig. 6 (b), as expected 
from the lower operating frequency, the SDHs are less well resolved and 
it would be challenging to separate them at 5 MHz if the holes were 
positioned any closer.

3.2.2. Evaluation of SNR improvement
This experimental study aimed to verify improvement in SNR 

experimentally as the length of the Golay codes increased. Golay-coded 

excitations comprising of 2, 4 and 8 cycles were used. The 20 MHz array 
was directly coupled to the 100 mm thick flat aluminium sample (as 
depicted in Fig. 6) using EchoPure TM couplant gel. In this case, the 
target was an SDH with a 1.5 mm diameter, located at a 30 mm depth 
from the top surface of the sample. To ensure consistent pressure is being 
employed on the array, a PLA block (64 g) was placed on top of the array 
elements. The Verasonics Vantage 128™ was operated to acquire FMC 
data. The array was excited with an excitation voltage of 60 V and the 
receive gain was set to 40 dB. The beam spread effect was considered 
and a sub-aperture of 14 elements was utilised. TFM images were sub-
sequently produced and Equation (6) [47] was used to quantify the SNR. 
Given the known locations of defects, the SNR value was computed 
within a specified region surrounding each defect. Moreover, the noise 
level was determined as the RMS of the image noise, excluding any 
indication of defects [47]. 

Fig. 6. Axial resolution evaluation. (a) Schematic of the axial resolution setup. The 5 MHz and the 20 MHz arrays were directly coupled to the aluminium specimen 
in turn. A PLA block (64 g) was placed on top of the array elements to ensure alignment; (b) TFM image corresponding to the 5 MHz array using a 48-element sub- 
aperture; (c) Cross-section of the TFM image of the 5 MHz array through the central axis of the SDHs; (d) TFM image corresponding to the 20 MHz array using an 8- 
element sub-aperture; (e) Cross-section of the TFM image of the 20 MHz array through the central axis of the SDHs. The element size of each array is 0.8 mm. The 
pattern observed in the cross-section of the TFM images arises as a consequence of the sub-aperture selection.
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SNR= 20 log10

(
Amax(r)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
Anoise(In)

2)
√

)

(6) 

The SNR of the echo was evaluated across a series of acquisition 
modes, commencing with the reference point of single-cycle excitation. 
The second instance used the same setup but with a two-pulse excitation. 
Subsequent modes involved Golay acquisition and processing for 2, 4, 
and 8 cycles each in sequence. Fig. 7 shows the measured SNR for the 
different excitation modes. As anticipated, improvement in SNR was 
observed as the length of the Golay codes increased. It should be noted 
that extending the length of the transmitting signals results in an 
increased dead zone before the detection of the first receive signals. 
Therefore, selection of the appropriate Golay length relies on the specific 
application and will be a compromise between acceptable SNR and 
ensuring that the length of the dead zone does not compromise the near- 
surface defect detection performance [27].

3.2.3. Imaging a non-planar component
The aim of this study was to evaluate the improvement in SNR on a 

non-planar component using the designed Golay complementary se-
quences to excite the lead-free array. An imaging comparison is pre-
sented in terms of the Golay-based TFM and the conventional pulse- 
based TFM. Experimental work was conducted on a 150 x 20 × 70 

mm non-planar steel S355 specimen with a radius of curvature of 150 
mm to represent non-planar industrial components. The specimen is 
depicted in Fig. 8 and has machined defects, which consist of three 
SDHs, 2 mm in diameter, 20 mm long, drilled from the side of the 
sample. The SDHs are positioned 15 mm apart from each other laterally 
and 10 mm apart axially.

Pulse-echo measurements were conducted using the 20-MHz, lead- 
free, flexible ultrasonic array. The array was in direct contact with the 
sample using EchoPure TM couplant gel. It was magnetically attached to 
the sample by means of two 10 mm diameter, 5 mm thick neodymium 
magnetic discs. The key acquisition parameters of the experimental 
setup included 80 V for excitation, a receive gain of 40 dB and the 
sample rate set to 125 MHz. A single cycle was initially used to excite the 
array and produce the conventional pulse-based TFM image. Then, in 
the context of this particular application, where the positions of the 
defects are known, and considering the enhancement in SNR as well as 
the impact of the dead zone, 8 cycles of Golay excitation were employed 
to excite the array and the Golay-based TFM image was produced. Fig. 9
shows TFM images utilising all 64 array elements during FMC data 
acquisition for both scenarios corresponding to the region of interest. To 
assess the enhancement in image quality, the SNR was quantified using 
Equation (6). Table 2 shows the measured SNR values from each TFM 
image depicted in Fig. 9. Fig. 9 (a) and (b) show SDH1 being detected for 
both excitation cases, with an improvement of 4.95 dB calculated for the 
Golay result when compared to the conventional pulse excitation. 
Transmitting 8 cycles of Golay sequences allowed deeper penetration 
into the sample, as shown in Fig. 9 (d), enabling SDH2 to be detected, 
with an SNR of 16.28 dB. The targets in Fig. 9(c)–(e) and (f) were not 
detected.

3.2.4. Effect of the element directivity
It has been noted (in sub-section 3.2.1.) that in TFM imaging, it is 

standard practice to incorporate A-scan contributions from all possible 
element pairs for each pixel. This can introduce unnecessary noise if the 
directivity of each element is not wide enough for the A-scan to 
contribute meaningfully to the signal. Hence, by accounting for the 
beam spread angle of the array element, a sub-aperture from the initial 
FMC dataset can be selected, resulting in an improved SNR. Fig. 10
depicts the TFM images employing a 6-element sub-aperture for the 
SHD1 region, a 12-element sub-aperture for the SHD2 region and a 16- 
element sub-aperture for the SDH3 region. SDH1 and SDH2 were 
detected in both excitation scenarios, as depicted in Fig. 10(a)–(d). The 
selected sub-aperture, leveraging the element directivity effect, enable 
the detection of SDH2 in the pulse excitation case, as shown in Fig. 10 
(c), which was otherwise undetectable with all 64 array elements. The 
Golay case also detected SDH2, with an SNR improvement of 2.74 dB. 

Fig. 7. Measured SNR with respect to different excitation modes. Enhancement 
in SNR noted with increase in the length of the Golay codes. The term “1 cy-1 
pulse” indicates one cycle with a single pulse, while “1 cy-2 pulses” indicates 
one cycle with two pulses.

Fig. 8. Schematics of the steel S355 sample displaying the arrangement of side-drilled holes at various depths. Bottom view is depicted on the right. All dimensions 
are in millimeters (mm).
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Importantly, the detection of SDH3 was now successfully achieved in the 
Golay case, as illustrated in Fig. 10 (f), whereas the pulse excitation case 
did not detect SDH3 (Fig. 10 (e)). Table 3 displays the measured SNR 
values corresponding to each TFM image depicted in Fig. 10. The 
element directivity effect resulted in further SNR improvement overall. 
For the Golay case, 8.2 dB of SNR improvement was observed for the 

SDH2. For all cases, improvement in imaging quality was obtained. The 
Golay-based TFM outperforms the conventional pulse-based TFM. 
Improved imaging penetration depth using a combination of a lead-free, 
flexible ultrasonic array with coded excitation strategies has been 
demonstrated.

4. Conclusion

In this work, a 20-MHz, lead-free, flexible ultrasonic array has been 
characterised. The array complies with the BS EN ISO 18563–2:2017 
standard, with an average − 6 dB bandwidth of 60.6 %. Golay-coded 
excitation schemes have been designed and implemented to overcome 
the limit associated to the axial resolution and penetration depth trade- 
off. An improvement verification study has been conducted and as ex-
pected, increase in SNR was observed as the length of Golay codes 
increased. The appropriate length of the Golay codes depends on specific 

Fig. 9. TFM images employing all 64 elements for FMC data acquisition (a) Conventional pulse-based TFM image for SDH1; (b) Golay-based TFM for SDH1; (c) 
conventional pulse-based TFM image for SDH2; (d) Golay-based TFM for SDH2; (e) conventional pulse-based TFM image for SDH3; (f) Golay-based TFM for SDH3; 
Golay-based TFM exhibits superior imaging contrast and higher SNR compared to the conventional pulse-based TFM, indicating improvement in imaging quality.

Table 2 
SNR measurement from TFM images using all 64 elements. Golay-coded exci-
tation offers improved detection capability with higher SNR.

Targets SNR (dB) Improvement

Pulse Golay

SDH1 19.57 24.52 4.95 dB
SDH2 Not detected 16.28 Detection
SDH3 Not detected Not detected Not detected
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Fig. 10. TFM images employing different sub-aperture considering the beam spread effect. (a) Pulse-based TFM image for SDH1; (b) Golay-based TFM for SDH1; (c) 
Pulse-based TFM image for SDH2; (d) Golay-based TFM for SDH2; (e) Pulse-based TFM image for SDH3. An unacceptable noise level observed; (f) Golay-based TFM 
for SDH3. Improved imaging depth observed.
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application, including acceptable SNR as well as the dead zone not 
compromising the near-field defect detection performance. The FMC 
technique for acquisition and the TFM algorithm for imaging were 
employed to compare the performance of the conventional pulse exci-
tation against Golay-coded excitation strategies. Using the full-array 
aperture and in direct contact to a non-planar steel S355 test spec-
imen, the Golay-based TFM outperformed the conventional pulse-based 
TFM, with 4.95 dB of SNR improvement observed. The selected sub- 
apertures based on the beam spread effect provided further SNR 
improvement (>8 dB) and greater imaging penetration depth was ach-
ieved, surpassing the conventional approach by more than 40 %, suc-
cessfully detecting SDH3 with an SNR of 17.15 dB, which was 
undetectable under the conventional excitation condition. The approach 
described in this work, integrating a high-frequency lead-free flexible 
ultrasonic array with Golay-coded excitation, holds promise for 
improving the SNR, penetration depth and imaging quality for the in-
spection of thick section components with a complex surface profile. 
Future research will focus on further enhancing the performance of the 
20-MHz, lead-free, flexible ultrasonic array by exploring frequency and 
phase modulated signals beyond the phase modulated Golay excitation 
signals. Another avenue for future work involves expanding the appli-
cation of the developed approach to diverse industrial scenarios. This 
includes testing this development on a wider range of materials and 
component geometries to evaluate its robustness and versatility. The 
development of real-time data acquisition and processing algorithms 
will also be pursued to facilitate inspections and improve the practicality 
of the technology for industrial applications.
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