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ARTICLE INFO ABSTRACT

Communicated by Efren Fernandez-Grande Sparse array ultrasound imaging offers a cost-effective and scalable solution for nondestructive
testing (NDT). However, the reduced number of transceiver elements typically compromises

Keywords: resolution and contrast. To address this limitation, this study proposes a novel nonlinear apod-
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ization method, null subtraction imaging (NSI), integrated with the total focusing method (TFM-
NSI). This approach effectively suppresses side lobe and grating lobe artifacts, thereby improving
lateral resolution and contrast without increasing computational complexity. Numerical simula-
tions and experimental studies on steel samples show that TFM-NSI achieves a 36-96 %
improvement in lateral resolution and a 71% reduction in artifacts. Notably, TFM-NSI with an 8-
element array achieves image quality comparable to conventional TFM with 64 elements, high-
lighting its superiority in array utilization. Further experiments on reinforced concrete (RC) slab
confirm the potential of TFM-NSI for concrete NDT, enabling accurate measurements of rebar size
and embedded defects. These results demonstrate TFM-NSI as a promising tool for advanced NDT
applications in various engineering domains.

1. Introductions

Nondestructive testing (NDT) plays a pivotal role in modern engineering by enabling the detection of material degradation and
structural anomalies without compromising the integrity of tested components. Among various NDT methodologies, including elec-
tromagnetic wave-based techniques [1,2] and X-ray computed tomography (CT) [3], ultrasound-based approaches have gained sig-
nificant attention due to their nondestructive nature [4,5], adjustable penetration depth [6], and direct correlation with the
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mechanical properties of materials [7,8]. Ultrasound imaging, in particular, stands out in providing detailed spatial information about
internal structures, enabling precise localization of defects and differentiation of closely spaced features [9-11]. These capabilities are
indispensable in industrial domains such as in situ manufacturing, biomedical engineering, and civil engineering, where detection
precision is critical.

The initial development of ultrasound imaging relied on single-element transducers [12,13]. These systems are straightforward in
design and involve simple signal processing, making them relatively easy to implement. Techniques like the synthetic aperture
focusing technique (SAFT) [14,15] or RL-deconvolution [16,17] effectively leverage these systems to visualize internal structures,
providing valuable insights for engineering applications including defect detection in metallic components [18,19] and rebar local-
ization in concrete structures [20]. However, single-element systems come with inherent limitations, as they require mechanical
scanning to cover larger areas, which renders the process slow, labor-intensive, and unsuitable for real-time imaging or applications
involving complex geometries [12,13]. To overcome these limitations, array-based ultrasound imaging systems were developed
[21-23]. In general, array systems employ multiple transducers arranged in one- or two-dimensional arrays, eliminating the need for
mechanical scanning and enhancing both image quality and processing speed. Phased arrays, for example, utilize densely packed
transducer elements with spacing (pitch) smaller than half the wavelength (1/2) [24]. This configuration facilitates precise beam
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Fig. 1. The principle of TFM with receive apodization: (a) TOF calculation for an arbitrary point reflector; and (b) beam focusing process incor-
porating the apodization function.
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steering and focusing, significantly enhancing sensitivity and accuracy in detecting internal defects [21,25]. Despite these advantages,
dense array systems are constrained by expensive hardware costs, increased complexity, and limited scalability, making them
impractical for large-scale or cost-sensitive applications.

To tackle these challenges, sparse arrays have emerged as a cost-effective alternative [26-28]. By reducing the number of trans-
ducer elements and increasing their spacing, sparse arrays lower hardware costs and computation time while retaining the capability
to inspect large areas [29]. However, the increased sparsity compromises the quality and quantity of the acquired ultrasonic signals,
resulting in lower resolution, reduced contrast, and increased susceptibility to artifacts. Indeed, this trade-off makes it difficult for users
to obtain high-resolution ultrasound images of structures with complex internal features. To overcome these physical constraints,
advanced signal acquisition and beamforming techniques, such as full matrix capture (FMC) [30,31] and the total focusing method
(TFM) [30,32], have been developed. FMC collects data from all possible transmitter-receiver pairs, providing comprehensive in-
formation about internal structures [33]. TFM processes FMC data to reconstruct high-pixel-density images by focusing received beams
at every point within the region of interest (ROI), thereby achieving high precision. However, TFM and other beamforming techniques
are inherently prone to generating side lobes artifacts [21,34], which distort image features and degrade overall quality. This issue
becomes more severe in sparse array configurations, where grating lobes introduces additional image degradation [21].

As one of the latest research trends in ultrasound imaging, researchers have been incorporating advanced signal processing
techniques into existing beamforming algorithms to mitigate these persistent challenges. Strategies such as directivity function [35],
pairing multiplication [36], and phase coherence factor [37,38] have proven effective in reducing side lobes and artifacts. Building
upon these developments, algorithms such as multiple signal classification (MUSIC) [11,39], minimum variance distortionless
response (MVDR) [40], and the CLEAN algorithm [41] enable high-resolution, artifact-suppressed imaging, but they demand sub-
stantial computational cost and complex processing, often requiring high-performance computing systems. In this context, apodization
[42-44] has attracted attention for its simplicity and low computational complexity. By applying predefined weighting functions to
shape the radiation pattern of the transducer array, apodization improves image quality without compromising temporal resolution
[45]. However, conventional linear apodization methods (e.g., Gaussian or Hann windows) [34,44] achieve side lobe suppression at
the expense of broadening the main lobe, which reduces lateral resolution [34].

Recently, nonlinear apodization techniques have shown significant promise in reducing side lobes while enhancing lateral reso-
lution [46-48]. One such method is null subtraction imaging (NSI), which employs three apodization functions and incoherently
subtracts the resulting null beams to produce high-resolution images [49-51]. NSI has demonstrated success in biomedical applica-
tions, such as in-vivo microvessel Doppler imaging [52] and high-contrast ultrasound scanning [53]. However, NSI was originally
developed for phased arrays utilizing plane wave imaging (PWI) [49], and its application to sparse arrays remains largely unexplored
due to differences in array geometry and wave propagation dynamics. Integrating NSI with sparse arrays thus holds a promising
opportunity to address key challenges such as low resolution, poor contrast, and the appearance of side lobe artifacts.

This study investigates the integration of NSI with TFM (TFM-NSI) to improve image quality in sparse array configurations and
assess its feasibility for NDT applications. Through numerical simulations and experimental validations using solid engineering ma-
terials such as steel blocks and RC structures, the study evaluates the performance of TFM-NSI in comparison with conventional TFM
and TFM with linear apodization. The remainder of this paper is structured as follows: Section 2 presents the theoretical framework for
integrating NSI with TFM; Section 3 describes numerical simulations conducted on steel structures; Section 4 details experimental
validations on steel block and RC structures; and Section 5 summarizes the findings and outlines future work on TFM-NSI for NDT.

2. Beamforming algorithm
2.1. TFM with linear apodization

TFM, a time-domain beamforming technique, reconstructs ultrasound images using the delay-and-sum (DAS) approach [54]
applied to acquired radio frequency (RF) signals. Consider an array consisting of N transceiver elements aligned along the x-axis (Fig. 1
(a)). In sequential operation, each element operates as a transmitter while all elements simultaneously serve as receivers. This signal
acquisition process, known as FMC, stores RF signals from all possible transmit-receive combinations in an N x N matrix (see Fig. 1(b)).
When an ultrasonic pulse is transmitted, a point reflector located at P(x,y) scatters the energy, generating echoes received by all
transceiver elements. Let ¢(t) denote the RF signal transmitted by the i-th element at (x;,y;) and received by the j-th element at (x;.y;)-
As shown in Fig. 1(a), the time-of-flight (TOF) of the echo, denoted as Tg-, is the sum of the travel times of ultrasonic waves from the i-th

element to P («F) and from P to the j-th element (1}‘-’ ):
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where ¢, is the longitudinal wave velocity in the material. Once rg is calculated for all transmitter-receiver pairs, the received beams
are focused at P by summing the amplitudes of all ¢;, compensating for their respective rf; values, as described in Fig. 1(b). The

amplitude of the beamformed RF signal at P, denoted as ®”, is given by:
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where A; is the apodization function applied on the receiver side, assigning weights to the summation. To generate a B-mode image, the

envelope of the beamformed signals, Erpy, is computed using the Hilbert transform. The obtained Ergy is then log-compressed on a
decibel (dB) scale and normalized to the maximum value:

Erpyap = 20l0g, o (Erpy) — max[20log; o (Ereum)] 6]

The far-field beam pattern generated by an array is determined by the Fourier transform of the product of the aperture and
apodization functions [34]. For instance, a rectangular apodization (RCT), represented by the black solid line in Fig. 2(a), produces a
sinc function beam pattern, as shown by the black solid line in Fig. 2(b). Linear apodization [43], a mathematical weighting function
that maintains a constant phase across all array elements, is commonly adopted to suppress side lobe-induced artifacts. Examples of
widely used linear apodization methods include the Hann and Blackman functions, which apply smooth weighting to the aperture. For
instance, the Hann function, depicted by the blue dotted line in Fig. 2(a), achieves a significantly higher main-lobe-to-side-lobe ratio,
as indicated by the blue dotted line in Fig. 2(b). Fig. 2(e) presents simulated single-point target images reconstructed using both TFM
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Fig. 2. Linear apodization methods: (a) RCT and Hann apodization functions; (b) their corresponding beam patterns; (c) flowchart of the TFM
beamforming process with linear apodization; (d) simulated FMC data for a single point target; and (e) reconstructed B-mode images using RCT and
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with RCT (TFM) and TFM with Hann apodization (TFM-Hann). The results show that TFM-Hann substantially reduces side lobe ar-
tifacts adjacent to the point target owing to the improved main-lobe-to-side-lobe ratio. However, this enhancement inevitably
broadens the main lobe beamwidth, leading to a slight reduction in lateral resolution, as evidenced in Fig. 2(b).

2.2. TFM with nonlinear apodization: TFM-NSI

NSI is a nonlinear apodization technique constructed using three different functions: zero-mean (ZM) and two DC-biased functions
(DC1 and DC2) [49]. As illustrated in Fig. 3(a), these functions are defined as follows:
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where DC refers to the direct current constant. The ZM apodization, represented by the red solid line in Fig. 3(a), produces a beam
pattern characterized by two main lobes and a central null, as shown by the red solid line in Fig. 3(b). For the two DC-biased apod-
izations, their respective beams are averaged to form the DC-mean (DCM) beam (blue solid line in Fig. 3(b)), which closely resembles
the ZM beam, the only difference being a slight positive offset at the null. The NSI beam is then derived by subtracting the ZM beam
from the DCM beam. The incoherent compounding of three different null beams makes the NSI beam nonlinear, resulting in a narrow
main lobe with a significantly improved main-lobe-to-side-lobe ratio, as illustrated by the black dotted line in Fig. 3(b).

For the TFM beamformer, NSI is integrated by applying the three apodization functions (ZM, DC1, and DC2) during the beam
focusing step (Eq. (4)). For each apodization function, the beamformed RF signals are processed to compute their envelopes (Ezy, Epci,
and Epcy) using the Hilbert transform. The TFM-NSI envelope image (Ergy—nsr) is then obtained through incoherent subtraction of Ezy
from Epcy (Fig. 3(c)):

E E
Epey = w ©)
Erem-nst = Epem — Ezm (10)

Finally, the TFM-NSI image is generated by converting the Erpy_ns envelope into a dB scale via log-compression, with the maximum
value normalized to zero:

Ermv-nszas = 20108, (Erpm-nsr) — max[201og, o (Ere-nst)] 1)

Fig. 3(d) shows single-point target images reconstructed using each apodization method, together with the final TFM-NSI result.

Figs. 4(a) and 4(b) present four ZM apodization functions — rectangular (ZMgcr), sine (ZMgy), triangular (ZMrg;), and polynomial
(ZMpory) — along with their corresponding NSI beam patterns. Among these configurations, the NSI beamformer using the ZMgcr
function (NSlIrct) achieves the lowest side lobe level of —30.5 dB, outperforming the NSIgyy (—30.1 dB), NSItg; (—26.6 dB), and ZMpoLy
(—18.9 dB). Fig. 4(c) further illustrates the normalized full width at half maximum (FWHM) of the main lobe for each ZM function. The
NSIgcr exhibits the narrowest FWHM, highlighting its superior lateral resolution compared to other configurations. The combination
of the lowest side lobe level and the narrowest FWHM demonstrates ZMgcr as the optimal ZM function for achieving enhanced imaging
performance in null subtraction.
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3. Simulations
3.1. Simulation setup for FMC in a steel structure

A numerical simulation of FMC was conducted using the k-Wave MATLAB toolbox [55,56] to evaluate the effectiveness of the
proposed method. The simulation domain was configured with dimensions of 40 x 40 x 10 mm?>, and a voxel resolution of 0.1 mm. A
steel sample was chosen as the background medium, with material properties assigned as density (p) of 7,850 kg/m>, longitudinal
wave velocity (c,) of 6,000 m/s, and attenuation coefficient («) of 0.2 dB/MHz/cm. Three lateral hole-shaped reflectors, used as
imaging targets, were placed at the center of the sample. These reflectors, with properties of p = 25 kg/m>, ¢, =340m/s,a = 0.2dB/
MHz/cm, are illustrated in Fig. 5(a).

FMC was executed at an excitation frequency of 5 MHz using a 64-element phased array with a pitch of 4/2 (= 0.6 mm). The
received echo signals were sampled at 200 MHz over a 30 ps duration, producing a simulated FMC dataset stored as a 3D matrix. Fig. 5
(b) shows examples of five representative slice images corresponding to transmitting elements 1, 16, 32, 48, and 64. For image
reconstruction, three beamformers were applied to the FMC data: TFM, TFM-Hann, and TFM-NSI. During beamforming, sub-aperture
configurations using 64, 32, 16, and 8 uniformly spaced elements were tested, with pitches of /2, 1, 2 4, and 4 1, respectively, to
simulate sparse array images while preserving the overall aperture size. The performance of each beamformer was quantitatively
evaluated based on five criteria: the contrast-to-noise ratio (CNR) of the artifacts, FWHM of the center hole, the signal-to-noise ratio
(SNR), the array performance index (API), and the computation time of the image reconstruction process. Note that the CNR was
calculated as follows:

CNR — |#ror — Haonl (12)

2 2
V Oror — OBGN

where yigo; and ppgy represent the mean envelope intensities of the ROI and the background noise, respectively, while 62, and 625y
denote their respective variances. To evaluate SNR, white Gaussian noise at levels of 10 dB was added to the pre-beamformed RF
signals, and the SNR after beamforming was computed as:

SNR = 10log (”ﬂ> 13)
Hpon

where uq; represents the mean envelope intensity of center hole. The API was defined as the —6 dB focal area of the center hole
normalized by the square of the wavelength (12 = 1.44 mm?). For computation time measurements, image reconstruction was repeated
10 times with the same dataset, and the average value was obtained to account for variability in the computing system.

3.2. Performance evaluation of beamformers

Fig. 5(c) presents reconstructed images produced by each beamformer for a 32-element array (pitch = 1), displayed within a —40
dB dynamic range, while Figs. 5(d) and 5(e) provide the corresponding lateral cross-sections of the three holes. The TFM beamformer
produces high pixel-density images, successfully detecting all three lateral holes. However, significant artifacts are evident in Fig. 5(c).
Specifically, side lobe artifacts appear adjacent to each hole at —18.9 dB, and grating lobe artifacts emerge farther from the holes on
either side at —23.3 dB. These artifacts obscure important details on defects, making it difficult to identify smaller or closely spaced
flaws.

In contrast, the TFM-Hann beamformer effectively reduces these artifacts, mitigating side lobe and grating lobe levels to —26.8 dB
and —25.2 dB, respectively. This improvement is achieved by increasing the main lobe-to-sidelobe ratio through linear apodization,
which emphasizes signals received by central elements (see Section 2.2). However, this enhancement leads to a trade-off in lateral
resolution, as evidenced by a broader FWHM of 0.83 mm, compared to 0.68 mm with TFM. Among the evaluated methods, the TFM-
NSI beamformer demonstrates the most pronounced performance, producing well-focused images of defects while significantly
reducing side lobe and grating lobe artifacts to —43.3 dB and —40.9 dB, respectively. Furthermore, TFM-NSI achieves an FWHM of
0.24 mm, representing a 64 % improvement in lateral resolution over conventional TFM. To further examine improvements in lateral
resolution, additional simulations are conducted with two closely spaced holes (0.75 4 and 0.25 1). The results show that TFM-NSI
successfully distinguishes the holes even at a spacing of 0.25 4, whereas TFM resolves them at 0.75 A but fails at 0.25 1. A detailed
description is provided in Appendix A.

Figs. 5(f) and 5(g) illustrate the effect of varying the DC constant (from 1 to 0.001) on the CNR of grating lobe artifacts and the
FWHM of the center hole. For TFM, where equal element weighting is applied, the CNR and FWHM values remain unchanged
regardless of the DC constant. TFM-Hann shows a converging trend with TFM results as the DC constant increases because Hann
apodization approximates a rectangular function at high DC values. For TFM-NSI, reducing the DC constant from 1 to 0.03 results in a
noticeable drop in both CNR and FWHM. Further reductions below 0.03 yield minimal additional effects, as the null bridge in the DCM
beam becomes steeper at lower DC values, thereby sharpening the main lobe and suppressing side lobes more effectively. Across all DC
values, TFM-NSI consistently achieves lower CNR and FWHM compared to other beamforming methods, with maximum reductions of
82 % and 94 %, respectively. These results clearly show the superior capability of TFM-NSI for high-resolution, high-contrast imaging
with robust artifact suppression.
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3.3. Effect of array sparsity

Fig. 6(a) presents reconstructed images generated by each beamformer under varying levels of array sparsity. Figs. 6(b) and 6(c)
show the CNR and FWHM metrics for DC constants ranging from 1 to 0.001 at different levels of array sparsity. These multivariable
evaluations demonstrate the importance of selecting an appropriate DC constant for maintaining image quality when the number of
elements is reduced. In general, as the number of elements decreases, side lobe and grating lobe artifacts become more prominent,
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degrading image quality. For example, CNR values for TFM and TFM-Hann increase dramatically from 1.27 and 1.63 (64 elements) to
2.48 and 2.67 (8 elements), representing 95 % and 64 % deterioration, respectively. For TFM-NSI, the DC constant plays a pivotal role
in determining CNR performance relative to array sparsity. With 64 and 32 elements, TFM-NSI consistently achieves lower CNR values
than TFM across all DC constants. However, as the array becomes sparser (16 and 8 elements), performance becomes highly dependent
on the DC constant. At higher DC values (e.g., DC = 1), TFM-NSI yields a CNR of 2.78, which is even worse than that of TFM. In
contrast, at lower DC values (DC < 0.5), TFM-NSI achieves lower CNR values, with a minimum of 0.71 — a 71 % improvement
compared with TFM. Furthermore, even with only 8 elements, TFM-NSI achieves a 44 % improvement over TFM with 64 elements. For
FWHM, TFM-NSI consistently achieves narrower widths than the other beamformers, as shown in Fig. 6(c). Array sparsity has a
minimal impact on lateral resolution, since all beamformers exhibit only slight increases in FWHM with reduced element counts,
resulting in a maximum variation of 6 %. The DC constant consistently affects TFM-NSI, with lower values leading to narrower FWHM.
The estimated range of FWHM is 0.42-0.02 mm, confirming a 38-96 % improvement over the TFM value of 0.68 mm.

Table 1 summarizes the estimated SNR and API values for each method. For SNR with a fixed DC value of 0.2, TFM-NSI consistently
achieves higher values. For example, in the 8-element configuration, both TFM and TFM-Hann yield SNR values of approximately 11
dB, which is close to the 10 dB noise level introduced into the pre-beamformed data. In contrast, TFM-NSI attains an SNR of 18 dB,
indicating effective noise suppression. The API analysis shows that TFM and TFM-Hann consistently yield values above 0.4, whereas
TFM-NSI remains below 0.1. These results indicate that TFM-NSI produces well-focused defect images compared with the two con-
ventional beamformers. Similar to FWHM, the effect of array sparsity on API is minimal, with maximum variations of only 0.03.

In summary, TFM-NSI demonstrates outstanding performance in maintaining high-resolution and suppressing artifacts, particu-
larly in sparse array configurations, when the DC constant is carefully controlled. The strong dependency on the DC constant under
sparse conditions can be attributed to the reduction in total energy available for beamforming. It is generally accepted that the overall
transmitted and received energy diminishes as the number of active elements decreases. Consequently, the relative weighting
introduced by the DC constant exerts a greater influence on the beam pattern, in proportion to the reduced energy. This observation
suggests that tuning the DC constant for different array geometries is essential to achieve consistent image quality. Table 2 summarizes
the mean and standard deviation of computation times for each beamformer, measured over 10 repetitions. Since apodization can be
implemented using predefined functions, TFM-NSI achieves computation times nearly identical to those of conventional TFM and
TFM-Hann. Combined with its improved lateral resolution, these results confirm the computational efficiency of TFM-NSI in enhancing
image quality.

4. Experimental validation

4.1. Steel structure with three holes

To experimentally validate the effectiveness of the proposed NSI technique, an ASTM A36 steel sample (Trienco Inc.) with di-
mensions of 76.5 x 152.0 x 25.5 mm?® and a longitudinal wave velocity (cp) of 5,940 m/s was prepared. Fig. 7(a) shows the ROI for
image reconstruction, covering 37.5 x 75 mm?. Within the ROI, three cylindrical side holes, each with a diameter of 1.5 mm, were
drilled along the y-axis. Their relative positions are illustrated in Fig. 7(b). FMC data acquisition was performed using a phased array
transducer (L7-4, ATL/Philips; center frequency: 5.2 MHz; 128 elements; pitch: 0.295 mm) connected to a Verasonics phased array
system (Vantage 64, Verasonics Inc.), as depicted in Figs. 7(c) and 7(d). To ensure proper vertical alignment between the imaging
section and the sample surface, the transducer was coupled to the sample using ultrasonic transmission gel (Sanipia, South Korea).
Since the transducer pitch (0.295 mm) was smaller than half the wavelength (~0.57 mm), alternative elements of the 128-element
array were selectively activated. This configuration resulted in 64 active elements with an effective pitch of 0.59 mm during FMC
acquisition. The collected FMC data were subsequently beamformed to generate images using TFM, TFM-Hann, and TFM-NSI. Sub-
apertures were configured with the simulation setup (64, 32, 16, and 8 uniformly spaced elements with pitches set to 1/2, 4, 2 1, and 4
4, respectively) to evaluate the effect of array sparsity on the performance of each beamformer.

Fig. 8(a) displays the reconstructed images obtained by each beamformer under varying levels of array sparsity. Figs. 8(b) and 8(c)
present the corresponding CNR and FWHM metrics for each beamformer. Consistent with the simulation results, artifacts become more
pronounced as the number of elements decreases. However, the experimental results exhibit more severe image degradation, primarily
due to speckle noise caused by the grain structure of the steel specimen. For TFM and TFM-Hann, the CNR values at 64 elements are
0.31 and 0.36, respectively. As the number of elements decreases to 8, both beamformers show dramatic increases in CNR, reaching
1.88 and 1.99, which indicates a significant rise in artifact interference. In contrast, TFM-NSI consistently achieves lower CNR values
than the other beamformers for all array configurations. Remarkably, with 8 elements, TFM-NSI achieves CNR values ranging from

Table 1
SNR and API values of each beamformer. A 10 dB white Gaussian noise was applied to the pre-beamformed data for SNR evaluation.
Number of elements SNR [dB] API
TFM TFM-Hann TFM-NSI (DC = 0.2) TFM TFM-Hann TFM-NSI (DC = 0.2)
64 25.85 26.17 42.58 0.40 0.45 0.07
32 16.28 16.96 21.61 0.40 0.45 0.08
16 14.15 14.66 18.31 0.41 0.46 0.10
8 11.64 11.84 18.19 0.41 0.46 0.10
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Table 2

Computation time for image reconstruction using different beamformers.
Number of elements Computation time [s]

TFM TFM-Hann TFM-NSI

64 90.69 (+ 0.40) 90.7 (£ 0.53) 90.74 (+ 0.63)
32 17.25 (+ 0.18) 17.28 (£ 0.32) 17.30 (£ 0.47)
16 5.58 (£ 0.22) 5.58 (£ 0.42) 5.61 (+ 0.25)
8 2.47 (£ 0.12) 2.45 (£ 0.20) 2.49 (£ 0.33)

Note: All computations were conducted using MATLAB R2024a on portable laptop (Apple Silicon M1 Pro CPU).

(a) (b)

Steel block imaging ROI x Steel block imaging ROI
VZ E
; =
. o )
~
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igigt
Unit: [mm]
15
(d)
1
Scanning 64-channel
system array transducer
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= z
LE 000 Steel
Water gel ~ block
3]
Host PC 75 mm

Fig. 7. Experimental setup for the steel sample: (a) photograph and (b) schematic of the steel block; and (c) photograph and (d) schematic of the
ultrasonic imaging setup.

0.67 to 0.09, corresponding to a 64-98 % improvement compared with TFM. For FWHM, TFM-NSI outperforms the other beam-
formers, consistently producing narrower values. Even with only 8 elements, TFM-NSI achieves FWHM ranging from 0.43 to 0.01 mm,
representing a substantial enhancement in spatial resolution. In comparison, TFM records an FWHM of 1.30 mm at 64 elements,
marking a 67-99 % improvement in lateral resolution. The API values for the center hole, summarized in Table 3, demonstrate that
TFM-NSI achieves reductions of 77 % to 93 % compared with TFM, confirming its ability to produce well-focused defect images with
enhanced spatial resolution. In summary, the experimental results align closely with the simulation findings, confirming that TFM-NSI
provides exceptional improvements in both resolution and contrast while effectively suppressing artifacts, even under sparse array
conditions.

4.2. Application to other materials: NSI imaging for RC slab

To broaden the scope of the proposed NSI method, with particular emphasis on civil infrastructure systems, an RC slab with a
longitudinal wave velocity (¢, = 3,578 m/s) was examined. In practice, ultrasonic imaging devices commonly used for monitoring
internal structures are limited to 8-16 elements, which results in sparse array configurations and degraded image quality compared
with methods used in other engineering fields. Based on the observations in this work, the NSI method stands out as a promising
candidate for addressing the sparse array-induced limitation. To validate this, the sample was cast using the mix proportions and
designed parameters summarized in Table 4. It was fabricated in accordance with the Korea Construction Specification (KCS) 14 20 00
for “Normal Concrete”. Type I ordinary Portland cement (OPC), conforming to ASTM C150-22, was used as the binder, while river
sand and crushed gravel, meeting ASTM C 33-18 requirements, served as fine and coarse aggregates, respectively. Chemical ad-
mixtures, including water reducers and air-entraining agents, were added to adjust the slump and air content of the fresh concrete
mixture. As shown in Fig. 9, the RC slab had dimensions of 2,000 x 1,500 x 240 mm?, with a designed compressive strength of
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Fig. 8. Experimental results for the steel sample under varying levels of array sparsity: (a) reconstructed images using TFM, TFM-Hann, and TFM-
NSI (DC = 0.2) beamformers, with green and blue boxes indicating the ROI and background noise regions for CNR measurement; (b) CNR matrix as
a function of the number of elements and the DC constant; and (¢) FWHM matrix as a function of the number of elements and the DC constant.

approximately 40 MPa. Rebars were embedded in a double-layer configuration, with horizontal spacing of 200 mm (x-direction) and
250 mm (y-direction), and vertical spacing of 70 mm (z-direction), as illustrated in the cross-sectional view in Fig. 9(c). To simulate
internal damage, an artificial defect labeled D1 (Fig. 9(a)) was embedded in the slab to mimic delamination. Detailed information on
the depth, shape, and size of the defect is provided in Table 5.

FMC data were collected using a Pundit 250 Array (Proceq, Switzerland) equipped with 8 elements and a pitch of 30 mm, as shown
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Table 3
API values of each beamformer for the center hole: experimental results.
Number of elements API
TFM TFM-Hann TFM-NSI (DC = 0.2)
64 0.58 0.67 0.04
32 0.59 0.66 0.05
16 0.62 0.66 0.14
8 0.74 0.69 0.15
Table 4
Mix proportion of concrete for slab.
w/C Sand/gravel Unit weight (kg/m®) Designed parameter
w OPC (Type I) Sand Gravel Chemical admixture fex Slump Air content
(MPa) (mm) (%)
0.33 43.3 % 170 517 745 995 6.75 40 150 3.5

Pundit array
transducer

Concrete slab

Target plate
(©) (d) Screen | 8-channel
x x /| array transducer | Dry
:. Iy oY 8. Qo o} 8 Y Y
y‘ y" § Z" L J o o o <o 9 o A J 9
X
D16 V[ scanning go%.o.v.erlap
e | -D13 y % area
2 2 .
x 240 ° : ‘ €
P E— _]> B E
o
R o . I -
/ I —
D13 D16 200 Concrete slab 21 mm

Fig. 9. Experimental setup and scanning configuration for RC slab imaging: (a) single artificial defect (D1) simulating delamination at the level of
the top rebar layer; (b) the prepared RC slab (2,000 x 1,500 x 240 mm®) with ultrasound array setup (8 elements, and 30 mm pitch); (c) cross-
sectional geometry of the RC layers and delamination location; and (d) schematic of the ultrasound array setup and scanning area.

Table 5

Geometrical information of artificial defects embedded in the RC slab.
Defect type Plate shape Dimension [mm] Location (depth) [mm]
Shallow delamination Circle 300 (diameter) 99 (from surface)
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in Figs. 9(b) and 9(d). To cover the entire slab surface, data acquisition was conducted at intervals of 20 mm in the x-direction and 50
mm in the y-direction. The collected data were then processed using the same TFM-NSI method to assess its effectiveness in RC
structures. To achieve comprehensive visualization of the internal defect, 3D reconstruction was conducted using both the conven-
tional TFM and the proposed TFM-NSI approach, as described in Fig. 10(a). During this process, 2D images were captured at 20 mm
intervals along the x-direction and overlaid to form composite cross-sectional images. A total of 10 composite images were created, and
spline interpolation was applied along the y-direction to ensure smooth data continuity. A comparative analysis was conducted with a

(@)

Top-view

Actual vs. Estimated (green)

TFM-NSI Actual vs. Estimated (blue)
(b)
l—.x TFM TFM-NSI (DC=0.7)
[dB]
4 o 5 — TFM
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14
Z 25F
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a0 S1 s2
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L /\/\ E 300+ 5
; = =
Vel e g 200 £ soof
: /3 dB bandwidth\ 2 k)
o] (]
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Fig. 10. Experimental result for RC slab: (a) 3D, top-view projection, and masked top-view images reconstructed using TFM and TFM-NSI (DC =
0.7); (b) cross-sectional images of TFM and TFM-NSI, with white boxes indicating the ROI and background noise regions used for CNR measurement;
and (c) cross-sectional profiles of the rebar, along with the estimated areas of the rebar and delamination (derived from the masked top-view images

in (a)).
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DC constant of 0.7, focusing on ultrasound imaging data above —10 dB to enable a clear assessment of imaging performance (Fig. 10
(b)). The last two subfigures in Fig. 10(a) illustrate top-view 2D reconstructions overlaid with schematics of the actual defect, including
rebar and delamination, with TFM contours in green and TFM-NSI contours in blue. In the 3D reconstruction, noticeable disconti-
nuities in the rebar were observed due to the presence of transverse rebar. These discontinuities occur because rebar aligned along the
x-axis is absent in 2D images taken along the same direction, resulting in interpolation artifacts in the final 3D reconstruction.

Fig. 10(c) provides a quantitative comparison of the projected area, enabling detailed assessment of accuracy for both methods. For
the rebar, the actual area is 130 cm?, while the TFM-NSI method produces a projection area of 168.7 cm? — a relatively small
overestimation of 29.8 %. In contrast, the TFM method renders a significantly larger area of 320.5 cm?, corresponding to an error of
146.5 %. Similarly, for the delamination area, the TFM-NSI method yields an estimated value of 715.1 cm?, closely matching the actual
value of 706.0 cm?, with a discrepancy of only 1.3 %. In contrast, the TFM method produces an overestimated area of 918.8 cm?, with
an error of approximately 30.2 %. These findings verify that TFM-NSI provides a significantly closer representation of actual defects
and internal features in RC structures.

Fig. 10(b) includes two representative 2D image slices, labeled as S1 and S2, obtained during the reconstruction process. These
slices demonstrate significant improvements in CNR between the central rebar and non-defective regions when applying the TFM-NSI
method. For the S1 image, TFM-NSI achieves a CNR of 4.88 compared to 0.24 for TFM, representing a 20-fold enhancement. In the S2
image, the CNR values are 2.57 for TFM-NSI and 1.91 for TFM, indicating a smaller but still 1.34-fold improvement. This relatively
smaller difference in S2 is attributed to a higher standard deviation observed in the TFM-NSI region, which inflated the CNR de-
nominator. A comparison of the FWHM values at —3 dB reveals that the TFM-NSI method achieves a narrower width of 11.1 mm,
compared to 19.58 mm for TFM. These results are fully consistent with the simulation findings in Section 3.2, confirming that TFM-NSI
provides high-resolution, high-contrast imaging while effectively suppressing artifacts in the lateral direction. The improvements in
both CNR and FWHM further support the effectiveness of TFM-NSI for precisely detecting sub-rebar defects in RC structures. By
delivering enhanced image clarity, particularly for defects with indistinct boundaries, the proposed TFM-NSI method demonstrates
strong potential as a practical tool for internal structure assessments in complex, heterogeneous materials such as RC structures.

5. Conclusion

This study demonstrates the effectiveness of the proposed NSI technique in delivering high-quality ultrasound imaging of structural
anomalies in solid engineering materials, including steel and RC structures. When integrated with the TFM beamformer, TFM-NSI
significantly enhances contrast and lateral resolution, particularly in sparse array configurations. For steel structures, both numeri-
cal simulations and experimental results confirm that TFM-NSI effectively reduces the CNR of artifacts by suppressing side lobe and
grating lobe levels. It also achieves narrower FWHM and lower API values for internal features (e.g., holes), resulting in sharp and well-
focused defect images. These improvements become more pronounced with increased array sparsity: TFM-NSI with only 8 elements
achieves image quality comparable to conventional TFM with 64 elements. Importantly, as an apodization-based method, TFM-NSI
delivers these enhancements without increasing computational complexity, highlighting its effectiveness for field applications.
Building on its validated performance in steel, TFM-NSI also applies effectively to RC structures. Experimental results confirm that it
enables precise 3D visualization of rebar and internal defects while accurately measuring their dimensions. This advancement provides
a new pathway toward timely, efficient, and reliable NDT for monitoring the internal condition of in-service concrete structures.
Beyond its established use in biomedical imaging with dense arrays, this study validates that the proposed NSI beamformer can be
effectively applied in other engineering domains, such as civil, mechanical, and material engineering, where sparse arrays are
commonly accepted. It should be noted that TFM-NSI lacks improvement in vertical resolution since NSI is an apodization-based
method that mainly affects the lateral beam pattern with limited influence in the vertical direction. Future work will explore
enhancing vertical resolution through multiple NSI configurations located at different positions, as well as the development of new
apodization functions for non-uniformly spaced arrays, to further broaden its applicability to diverse inspection conditions.
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Appendix A. Numerical simulation with two closely spaced holes (0.75 4 and 0.25 1): TFM vs. TFM-NSI

To further investigate improvements in lateral resolution, additional simulations are conducted with two closely spaced holes
(spacings of 0.75 4 and 0.25 1) under the same conditions described in Section 3.1. Fig. A1 presents the reconstructed images obtained
with TFM and TFM-NSI (DC = 0.2), together with the corresponding lateral cross-sectional profiles plotted on a dB scale. When the
holes are separated by 0.75 4, the individual peaks produced by TFM begin to merge into a single peak, indicating that TFM cannot
clearly resolve them (black line in Fig. A1(b)). In contrast, TFM-NSI still discerns the peaks at this spacing (red line in Fig. A1(b)).
However, when the holes are placed closer at 0.25 4, strong artifacts appear in the region between them for TFM-NSI. This trend is
linked to an inherent limitation of DAS-based beamformers, resulting from the strong interference of point spread functions from
adjacent objects. These results confirm that, in this study, the lateral resolution limit of TFM-NSI is approximately 0.25 /.
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