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Abstract: Handheld ultrasound devices have been widely used for diagnostic applications. The use
of the acoustic-field beamforming (AFB) method has been proposed for handheld ultrasound to
reduce electricity consumption and avoid battery and unwanted heat issues. However, the image
quality, such as the contrast ratio and contrast-to-noise-ratio, are poorer with this technique than with
the conventional delay-and-sum method. To address the problems associated with the worse image
quality in AFB imaging, in this paper we propose the use of an AFB-based generalized coherence
factor (GCF) technique, in which the GCF weighting developed for adaptive beamforming is extended
to AFB. Simulation data, experimental results, and in vivo testing verified the efficacy of our proposed
AFB-based GCF technique.

Keywords: acoustic-field beamforming; handheld ultrasound; coherence factor; portable ultrasound;
generalized coherence factor; weighting

1. Introduction

Ultrasound technology is a non-invasive, non-radiation, and valuable medical imaging
method for rapid clinical diagnosis [1,2]. In addition, using an ultrasound device does not
require any additional personnel, and it is relatively easy to learn [3]. The first ultrasound
instrument appeared in the early 1950s, and real-time ultrasound was developed in the
early 1980s. Over the years, ultrasound technology had improved greatly [4]. Real-time
ultrasound allows users to view ultrasonic images without an appreciable delay between
signal generation and the image display [5]. The first emergency ultrasound study was
published in 1988, allowing emergency physicians to perform echocardiography ultra-
sound [6]. The first portable ultrasound equipment, which could be carried in a backpack,
was developed in the 1990s [7]. Portable ultrasound makes it possible for clinicians to
diagnose a patient at their home or the scene of an accident due to its small size. Thus, in
recent years, handheld ultrasound devices have been widely used for diagnostic applica-
tions in emergency rooms, for health monitoring, and in ambulances [8–13]. In particular,
handheld ultrasound devices are successfully used to diagnose patients in low-income
and middle-income countries [14]. Therefore, handheld ultrasound is a very important
topic in ultrasound imaging and in medical imaging more generally. In addition, it has the
immense potential to change medical imaging practices.

In general, transducer elements of handheld ultrasound devices are reduced to the
range of 16 to 64 channels to reach miniaturization, lower cost and longer battery life [15].
However, because of the high electricity consumption of the ultrasonic transmitter, the
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use these handheld ultrasound devices may suffer from issues with heat and battery
use [8,16,17]. Furthermore, the largest part of the electricity consumption in handheld
ultrasound devices is the amplifier in the digital-to-analog converter for the transmitter
and the analog-to-digital converter for the receiver [18,19]. One method of resolving
the heat and battery issues is to reduce the number of transmit and receive elements in
a handheld ultrasound instrument [20]. In ultrasound imaging, the most widespread
digital beamformer is the conventional delay-and-sum (DAS) beamforming method [21,22].
In this technology, the analog radiofrequency signal received is converted into a digital
signal from each channel, and then those digital signals are summed to reconstruct the
ultrasound images after applying an appropriate geometrical delay [23]. A large number
of transmit/receive channels provides better image quality using the DAS method [24].
However, the prices of an increased number of transmit and receive elements are battery
and unwanted heat issues in handheld ultrasound.

Hu et al. proposed an acoustic-field beamforming (AFB) method requiring only a
single receive element and a small number of transmit elements for each transmission [20].
Using the AFB technique, the electricity consumption in handheld ultrasound with 32 chan-
nels could be reduced by 55% as compared with the conventional DAS method [20,25–27].
Therefore, the AFB technique could be used to resolve the problems associated with bat-
tery and unwanted heat issues caused by the transmission and receive chains. However,
because of the lack of transmit focusing, the image quality, such as the contrast ratio (CR)
and contrast-to-noise ratio (CNR), are relatively poorer with this technique than with the
conventional DAS method.

In previous studies, several adaptive weighting factors, including the coherence factor
(CF) [28–31], phase CF [32], sign CF [32], and generalized CF (GCF) [33,34], have been
proposed to improve image quality. The CF is defined by dividing the energy of the coherent
sum by the total energy through the aperture [28,29]. The CF can be used to suppress
both the noise and the backscattered energy from off-axis interference [30]. However, in
homogeneous speckle regions, the CF leads to black-region artifacts [31]. The phase CF and
sign CF are used to measure the signal coherence through the dispersion of phases, and
their weightings are applied to suppress the sidelobe to improve image quality [32]. The
GCF is estimated from the difference of coherence in the delayed channel data between the
mainlobe and sidelobe regions [33,34]. GCF weighting can reduce the sidelobes because it
focuses on errors from inhomogeneous zones to improve image quality.

To address the problems associated with the worse image quality in AFB imaging, in
this paper we propose the use of an AFB-based GCF technique, in which the GCF weighting
developed for array beamforming is extended to AFB. In this study, to evaluate the efficacy
of this approach, we present simulation data, experimental results, and in vivo carotid
artery testing using the AFB-based GCF method and compare them with those obtained
using the DAS method and AFB technique.

2. Materials and Methods
2.1. Acoustic Field Beamforming (AFB) Technology

Figure 1a shows the ultrasound transducer array including the M transducer elements
with five elements used for transmitting ultrasonic signals for each scan line. Subsequently,
the central element of each subaperture (i.e., only a single element) was used to receive
the reflected ultrasound signal for each scan line, as shown in Figure 1b. As seen in
Figure 1a,b, the transmission pattern was repeated through the transducer array, and then
every received reflected ultrasound signal from each scan was collected to comprise an
acoustic-field channel-based data set. Figure 1c shows a system block diagram of the GCF
technique applied to AFB.

Based on the theory of the AFB technique [20], the receive delay time τ could be
expressed as follows:

τ =
2R
c

(1)



Appl. Sci. 2022, 12, 560 3 of 14

where R represents the distance between the central element and the point of ultrasound
image, and c is the velocity of sound. In Figure 1c, the AFB is implemented as the following
sum:

SAFB(t) =
j=i+ N

2

∑
j=i− N

2

Sj(t− τ) (2)

where Sj represents the received ultrasound signal by the j-th element in the acoustic-field
channel-based data set and i is the i-th line of AFB imaging.

The sum in the Equation (2) includes the number N of elements in the acoustic-field
channel-based data set, which is selected as:

N =
Zk

3× Z f
×M (3)

where M represents the number of transducer elements, Zk represents the k-th point depth
of the AFB image, and Zf represents the transmit focusing depth.

2.2. AFB-Based Generalized Coherence Factor (GCF) Technology

In this study, we extend the GCF weighting method previously proposed for adaptive
beamforming to AFB technique.

In Figure 1c, the AFB-based GCF weighting is deduced from the spatial frequency of
the delayed acoustic-field channel-based buffer, which is the received data from the single
element of the transducer from each scan after the focusing delays of the AFB technique
are applied before beam summation.

The N-point discrete Fourier transform of the delayed acoustic-field channel-based
data along the line of AFB imaging can be expressed as:

p(k, t) =
n=i+ N

2

∑
n=i− N

2

Sdelayed(n, t)e−j2π nk
N (4)

where Sdelayed (n, t) is the delayed signal of the n-th line of AFB imaging, N is the number of
elements in the acoustic-field channel-based data set, and k is the spatial frequency index
(i.e., k = −N/2, −N/2 + 1, . . . , N/2). Furthermore, AFB-based GCF is defined by dividing
the energy from the low-frequency area by the total spatial spectral energy of the delayed
acoustic-field channel-based data, used to measure the signal coherence. Thus, AFB-based
GCF could be expressed as:

AFB-based GCF(t) =
energy from low-frequency area

total energy
=

∑k=M0
k=−M0

|p(k, t)|2

∑k=N/2
k=−N/2|p(k, t)|2

(5)

Note that the low-spatial-frequency area is specified by M0, which is a cutoff frequency
in the spatial frequency index. M0 = 0 means that the low-frequency area used to estimate
AFB-based GCF is restricted to direct current only.
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Figure 1. Schematic of the acoustic field beamforming (AFB)-based generalized coherence factor
(GCF) method. (a) Repeat transmit pattern through the array. (b) Compose an acoustic-field channel-
based data set. (c) The system block diagram for the AFB-based GCF technique.

2.3. Point and Cyst Target Simulations

We used the Field II program to simulate ultrasound images of five-point targets and
five cysts [35,36]. Five points were located at depths from 10 to 50 mm and each interval is
10 mm. In addition, five anechoic cysts with diameters of 5 mm were centered at depths
from 10 to 50 mm and each interval was 10 mm. The ultrasound system simulation was
based on a 128-element linear array with a 5-MHz center frequency and a bandwidth of
71%, with a pitch = 0.307 mm. The speed of sound was 1540 m/s. Moreover, white Gaussian
noise was added to the raw channel data to estimate the signal-to-noise ratio (SNR) for
evaluating the performance of the proposed method. Here, the white Gaussian noise was at
the 40 dB level below the peak signal of the point target, and SNR was defined as the ratio
between the peak signal of the point target and the root mean squared background noise.

According to a previous study, five transmit elements and only single receive element
can provide the best image quality using the AFB technique [20]. Thus, we compared the
simulation results of nine methods with 16 Tx/16 Rx DAS, 32 Tx/32 Rx DAS, 64 Tx/64
Rx DAS, 3 Tx/1 Rx AFB, 5 Tx/1 Rx AFB, 7 Tx/1 Rx AFB, 3 Tx/1 Rx GCF, 5 Tx/1 Rx GCF,
and 7 Tx/1 Rx GCF. The 16 Tx/16 Rx DAS meant that 16 transmit channels and sixteen
receive channels based on a linear scan would be used to reconstruct an ultrasound image
using the DAS method. In this study, the depth of transmit focus was fixed at 30 mm,
with dynamic receive focusing using the DAS method. The 5 Tx/1 Rx AFB meant that five
transmit channels and one receive channel based on a linear scan were used to reconstruct
an ultrasound image by the AFB technique. Here, in the AFB technique, the depth of
transmit focus was fixed at 30 mm. In addition, the 5 Tx/1 Rx GCF means that using the
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acoustic-field channel-based data set of 5 Tx/1 Rx AFB to reconstruct an ultrasound image
by the AFB-based GCF weighting technique.

2.4. Experimental Setup

In the experimental method, we used a Gammex Ultrasound 1430 LE Phantom and a
Verasonics research ultrasound platform to investigate the efficacy of the AFB-based GCF
weighting method on sidelobe reduction in AFB imaging. The experimental images were
acquired with 16 Tx/16 Rx DAS, 32 Tx/32 Rx DAS, 64 Tx/64 Rx DAS, 3 Tx/1 Rx AFB,
5 Tx/1 Rx AFB, 7 Tx/1 Rx AFB, 3 Tx/1 Rx GCF, 5 Tx/1 Rx GCF, and 7 Tx/1 Rx GCF. The
parameters of the experiments were a 128-element, 0.3-mm pitch linear array, and a central
frequency of 5 MHz. In the experimental data using the DAS method, the depth of transmit
focus was fixed at 30 mm with receive dynamic focusing. In addition, the depth of transmit
focus was fixed at 30 mm and single receive element was used by AFB technology.

2.5. In Vivo Carotid Artery Data

In this study, we obtained the experimental carotid artery data from the Ultrasonic
Lab of the Industrial Technology Research Institute [20]. In vivo carotid artery data were
obtained from a healthy volunteer (male, 40 years old) [37]. A Verasonics ultrasound system
was equipped with an L7-4 ATL linear array transducer with 128 elements to acquire data.
The parameters of the experiments were 5 MHz center frequency, 67% bandwidth, and a
pitch of 0.3 mm [38,39]. The carotid artery in vivo results with 16 Tx/16 Rx DAS, 32 Tx/32
Rx DAS, 5 Tx/1 Rx AFB, 7 Tx/1 Rx AFB, 5 Tx/1 Rx GCF, and 7 Tx/1 Rx GCF were acquired.
In the DAS method, the depth of transmit focus was fixed at 20 mm with dynamic receive
focusing. In AFB technology, the depth of transmit focus was fixed at 20 mm and only a
single receive element was used.

2.6. Image Quality Estimation

In this study, the lateral point target widths measured at −6 dB to act as a spatial
resolution metric in the lateral direction [20]. The CR metric was measured to quantitatively
evaluate the quality of ultrasound images under cyst targets. The CR was defined as
difference of mean values of the kernels between the cyst and speckle zones in decibel (dB)
scale. That is,

CR = |µc − µs| (6)

where µc is the mean value in dB within the cyst and µs is the mean value of speckle region
in dB scale. In addition, the CNR was defined as the ratio of the CR value to the variance of
the speckle area and cyst zone [40–43]. CNR can be expressed as follows,

CNR =
CR√

σc2 + σs2
(7)

where σc represents the standard deviation, which is abbreviated STD, of the intensity
within the cyst in dB scale, and σs represents the STD of the intensity at the speckle zone
in dB scale. In addition, σs represents the speckle noise.

2.7. Selection of M0

Figure 2a shows the simulated B-mode images with an anechoic cyst at a depth of
30 mm using 5 Tx/1 Rx AFB. Figure 2b–i represents the simulated ultrasound images with
an anechoic cyst using 5 Tx/1 Rx GCF when M0 was set from 8 to 24, respectively. We
used Figure 2 to determine the low-energy spatial frequency region, that is, M0, for the
AFB-based GCF estimation. Here, the STD of the intensity at the speckle zone was used to
estimate speckle noise. In addition, CR and CNR were estimated using the speckle and the
cyst zones. The outer dashed red box represents the speckle zone and the inner red box
represents the cyst zone, as shown in Figure 2e.
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Figure 3 shows the CR, STD, and CNR values of the anechoic cyst images using the
AFB-based GCF technique as a function of M0. Figure 3 shows that the CR and STD
decrease when the M0 value increases. In addition, Figure 3 shows that the best CNR could
be achieved using the AFB-based GCF weighting technique when M0 is equal to 16. The
results of CNR can be taken into consideration when choosing a proper M0. Thus, we chose
M0 = 16 for this study.
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3. Results and Discussion
3.1. Point-Target Simulations

Figure 4 shows the five-point targets simulation results over a 65 dB dynamic range
with the nine methods. In the Figure 4e, we used the red box of the background region to
estimate the background noise level. Figure 5 shows the lateral profile of the projections
of the third point target image in Figure 4. Table 1 lists the beam width at the −6-dB level
of the beam profile in the lateral direction that represents spatial resolution and SNR at
the five-point depth zones. Among the three kinds of DAS methods shown in Figure 4a–c,
the lateral resolution of the third point, the transmit focusing zone, using the 64 Tx/64 Rx
DAS method was the best. The resolution and SNR of 64 Tx/64 Rx DAS was better than
those of 16 Tx/16 Rx DAS and 32 Tx/32 Rx DAS due to a higher f-number from a larger
array aperture, as listed in Table 1. Among the results of the three kinds of AFB technique,
as shown in Figure 4d–f, we observed that the best lateral resolution and SNR could be
achieved when using 5 Tx/1 Rx AFB, as shown in Table 1. At the third point depth zone,
the lateral spatial resolutions and SNRs were similar between 5 Tx/1 Rx AFB and 64 Tx/64
Rx DAS. At the other points of depth zones (i.e., 10, 20, 40, and 50 mm), the results of
lateral resolutions and SNRs with 5 Tx/1 Rx AFB were better than those with 64 Tx/64 Rx
DAS. Among the results of the three kinds of the AFB-based GCF method, as shown in
Figure 4g–i, we found that the results of the lateral resolutions were similar to those using
the AFB technique. The SNR of AFB imaging is higher about 5–10 dB than that of DAS
imaging and the SNR of AFB imaging after AFB-based GCF weighting is improved further
by 8–12 dB, as listed in Table 1. In addition, Figure 5 shows the sidelobe level of the nine
methods at the lateral position of −4 mm in the projected lateral profile of the third point
at a depth of 30 mm. As seen in Figure 5, the AFB-based GCF technique provides a lower
sidelobe level as compared with the DAS method and the AFB technique. Therefore, the
AFB-based GCF technique can further suppress the sidelobe level using the AFB technique.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 15 
 

3. Results and Discussion 
3.1. Point-Target Simulations 

Figure 4 shows the five-point targets simulation results over a 65 dB dynamic range 
with the nine methods. In the Figure 4e, we used the red box of the background region to 
estimate the background noise level. Figure 5 shows the lateral profile of the projections 
of the third point target image in Figure 4. Table 1 lists the beam width at the −6-dB level 
of the beam profile in the lateral direction that represents spatial resolution and SNR at 
the five-point depth zones. Among the three kinds of DAS methods shown in Figure 4a–
c, the lateral resolution of the third point, the transmit focusing zone, using the 64 Tx/64 
Rx DAS method was the best. The resolution and SNR of 64 Tx/64 Rx DAS was better 
than those of 16 Tx/16 Rx DAS and 32 Tx/32 Rx DAS due to a higher f-number from a 
larger array aperture, as listed in Table 1. Among the results of the three kinds of AFB 
technique, as shown in Figure 4d–f, we observed that the best lateral resolution and SNR 
could be achieved when using 5 Tx/1 Rx AFB, as shown in Table 1. At the third point 
depth zone, the lateral spatial resolutions and SNRs were similar between 5 Tx/1 Rx AFB 
and 64 Tx/64 Rx DAS. At the other points of depth zones (i.e., 10, 20, 40, and 50 mm), the 
results of lateral resolutions and SNRs with 5 Tx/1 Rx AFB were better than those with 64 
Tx/64 Rx DAS. Among the results of the three kinds of the AFB-based GCF method, as 
shown in Figure 4g–i, we found that the results of the lateral resolutions were similar to 
those using the AFB technique. The SNR of AFB imaging is higher about 5–10 dB than 
that of DAS imaging and the SNR of AFB imaging after AFB-based GCF weighting is 
improved further by 8–12 dB, as listed in Table 1. In addition, Figure 5 shows the sidelobe 
level of the nine methods at the lateral position of −4 mm in the projected lateral profile of 
the third point at a depth of 30 mm. As seen in Figure 5, the AFB-based GCF technique 
provides a lower sidelobe level as compared with the DAS method and the AFB tech-
nique. Therefore, the AFB-based GCF technique can further suppress the sidelobe level 
using the AFB technique. 

 
Figure 4. Five-point targets simulation results of nine methods. (a) 16 Tx/16 Rx DAS. (b) 32 Tx/32 
Rx DAS. (c) 64 Tx/64 Rx DAS. (d) 3 Tx/1 Rx AFB. (e) 5 Tx/1 Rx AFB. (f) 7 Tx/1 Rx AFB. (g) 3 Tx/1 Rx 
GCF. (h) 5 Tx/1 Rx GCF. (i) 7 Tx/1 Rx GCF. 

Figure 4. Five-point targets simulation results of nine methods. (a) 16 Tx/16 Rx DAS. (b) 32 Tx/32
Rx DAS. (c) 64 Tx/64 Rx DAS. (d) 3 Tx/1 Rx AFB. (e) 5 Tx/1 Rx AFB. (f) 7 Tx/1 Rx AFB. (g) 3 Tx/1
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Figure 5. Beam profile in the lateral direction at the third point depth zone in Figure 4.

Table 1. Comparison of the beam widths at the −6-dB level of the lateral profile of projections
representing the lateral spatial resolution and SNR at the five-point depth zones, as shown in
Figure 4.

−6 dB
(mm)

16 Tx/16
Rx DAS

32 Tx/32
Rx DAS

64 Tx/64
Rx DAS

3 Tx/1
Rx AFB

5 Tx/1
Rx AFB

7 Tx/1
Rx AFB

3 Tx/1
Rx GCF

5 Tx/1
Rx GCF

7 Tx/1
Rx GCF

1st point
(10 mm) 1.12 1.29 1.64 0.62 0.67 0.96 0.62 0.66 0.96

2nd point
(20 mm) 1.49 1.05 1.38 0.67 0.54 1.2 0.68 0.55 1.21

3rd point
(30 mm) 2.54 1.11 0.58 0.82 0.59 1.65 0.84 0.61 1.68

4th point
(40 mm) 3.49 1.64 1.38 0.96 0.67 1.79 0.98 0.68 1.82

5th point
(50 mm) 6.18 3.8 3.2 1.26 1.42 2.06 1.28 1.43 2.08

SNR (dB) 16 Tx/16
Rx DAS

32 Tx/32
Rx DAS

64 Tx/64
Rx DAS

3 Tx/1
Rx AFB

5 Tx/1
Rx AFB

7 Tx/1
Rx AFB

3 Tx/1
Rx GCF

5 Tx/1
Rx GCF

7 Tx/1
Rx GCF

1st point
(10 mm) 37.16 38.56 39.37 48.5 48.28 46.57 60.09 61.67 57.72

2nd point
(20 mm) 44.85 49.78 49.83 55.72 54.59 52.92 68.03 66.07 62.59

3rd point
(30 mm) 47.62 51.71 56.31 55.74 56.52 54.25 67.36 64.55 64.33

4th point
(40 mm) 43.82 45.52 45.61 54.19 55.37 54.01 66.44 65.67 65.64

5th point
(50 mm) 42.61 42.76 43.79 53.86 55.19 52.12 63.91 65.16 63.51

3.2. Anechoic Cyst Simulation

We used anechoic cyst simulation of ultrasound B-mode imaging from the diffuse
scattered fields to verify the performance of the AFB-based GCF technique. Figure 6a–i
represents the five anechoic cysts simulation results with the nine methods. The depths at
five cysts are from 10 to 50 mm and each interval is 10 mm. The horizontal axis is the lateral
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distance, and the vertical axis is the depth in millimeters. Here, the CR, STD, and CNR were
calculated from the cyst and the speckle zones. The inner red box represents the cyst zone
and the outer dashed red box represents the speckle zone as shown in Figure 6d. The STD
represents the speckle noise. The CR, STD, and CNR of the 2nd, 3rd, and 4th anechoic cyst
images beamformed shown in Figure 6 with nine different methods are listed in Table 2.
For the results of the three kinds of DAS methods shown in Figure 6a–c, at the third cyst
zone (transmit focus zone) of the image, 64 Tx/64 Rx DAS provided the best CR and CNR.
Among the results of the three kinds of AFB technique shown in Figure 6d–f, 5 Tx/1 Rx
AFB provided the best CNR in the image quality metrics. In Figure 6, the AFB-based GCF
technique improved the CR and CNR of the B-mode images using the AFB technique. The
AFB-based GCF technique provided a clearer view of the cyst and surrounding structures
than the AFB technique did. However, according to the STDs listed in Table 2, the speckle
noises were increased after the AFB-based GCF weighting. Overall, the image quality in
terms of CR and CNR was still improved for AFB-based GCF weighted images.
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Figure 6. Five anechoic cysts simulation results of nine methods. (a) 16 Tx/16 Rx DAS. (b) 32 Tx/32
Rx DAS. (c) 64 Tx/64 Rx DAS. (d) 3 Tx/1 Rx AFB. (e) 5 Tx/1 Rx AFB. (f) 7 Tx/1 Rx AFB. (g) 3 Tx/1
Rx GCF. (h) 5 Tx/1 Rx GCF. (i) 7 Tx/1 Rx GCF.
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Table 2. Contrast (CR), standard deviation (STD), and contrast-to-noise ratio (CNR) of the 2nd, 3rd,
and the 4th cyst images acquired with nine methods, as shown in Figure 6.

CR (dB) 16 Tx/16
Rx DAS

32 Tx/32
Rx DAS

64 Tx/64
Rx DAS

3 Tx/1
Rx AFB

5 Tx/1
Rx AFB

7 Tx/1
Rx AFB

3 Tx/1
Rx GCF

5 Tx/1
Rx GCF

7 Tx/1
Rx GCF

2nd cyst
(20 mm) 23.02 28.25 20.92 10.52 12.22 15.14 29.34 32.44 33.38

3rd cyst
(30 mm) 24.92 30.68 37.1 14.14 16.38 12.75 36.13 37.65 30.73

4th cyst
(40 mm) 16.56 26.4 20.63 13.91 11.12 16.83 28.34 24.89 30.97

STD
(dB)

16 Tx/16
Rx DAS

32 Tx/32
Rx DAS

64 Tx/64
Rx DAS

3 Tx/1
Rx AFB

5 Tx/1
Rx AFB

7 Tx/1
Rx AFB

3 Tx/1
Rx GCF

5 Tx/1
Rx GCF

7 Tx/1
Rx GCF

2nd cyst
(20 mm) 7.18 7.38 6.81 5.41 5.77 5.94 9.5 8.9 8.69

3rd cyst
(30 mm) 5.74 6.15 6.1 6.41 5.56 6.14 7.5 7.6 8.59

4th cyst
(40 mm) 6.75 6.73 6.92 6.1 5.71 5.54 9.2 8.6 8.59

CNR 16 Tx/16
Rx DAS

32 Tx/32
Rx DAS

64 Tx/64
Rx DAS

3 Tx/1
Rx AFB

5 Tx/1
Rx AFB

7 Tx/1
Rx AFB

3 Tx/1
Rx GCF

5 Tx/1
Rx GCF

7 Tx/1
Rx GCF

2nd cyst
(20 mm) 2.46 2.94 2.96 1.29 2.21 1.46 2.31 2.56 2.64

3rd cyst
(30 mm) 2.96 3.62 3.92 1.43 2.32 2.21 2.96 3.35 2.9

4th cyst
(40 mm) 1.91 2.96 2.98 1.66 2.01 2.2 2.31 2.35 2.87

3.3. Experimental Results

Figure 7 shows the experimental B-mode images of the phantom experiments using
the nine methods. Figure 7 also displays the experimental images on a dynamic range of
80 dB. Table 3 lists the CR, STD, and CNR of the experimental phantom images beamformed
using nine methods, as shown in Figure 7. The outer dashed red box represents the speckle
zone and the inner red box represents the cyst zone in Figure 7f. For the DAS method and
AFB technique, the STD values that represent speckle noise are 5.26 dB, 5.47 dB, 5.6 dB,
5.34 dB, 5.32 dB, and 5.01 dB, as listed in Table 3. However, after AFB-based GCF weighting,
the STD values were increased. The AFB-based GCF technique improved the CR and CNR
of the experimental phantom images using the AFB technique.

Table 3. Contrast (CR), standard deviation (STD), and contrast-to-noise ratio (CNR) of the images
acquired using nine methods, as shown in Figure 7.

16 Tx/16
Rx DAS

32 Tx/32
Rx DAS

64 Tx/64
Rx DAS

3 Tx/1
Rx AFB

5 Tx/1
Rx AFB

7 Tx/1
Rx AFB

3 Tx/1
Rx GCF

5 Tx/1
Rx GCF

7 Tx/1
Rx GCF

CR (dB) 20.43 22.85 23.22 19.02 19.23 19.06 33.41 33.9 33.76
STD
(dB) 5.26 5.47 5.6 5.34 5.32 5.01 8.03 8.04 8.1

CNR 2.67 2.97 3 2.45 2.56 2.55 3.2 3.26 3.22
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3.4. In Vivo Carotid Artery

Figure 8 shows the carotid artery in vivo results using six methods. Table 4 lists the
CR, STD, and CNR of the images using the six methods. The AFB-based GCF technique
improved the CR and CNR of the in vivo images with the AFB technique. The in vivo
testing demonstrates that the AFB-based GCF method can still work in in vivo conditions.

Table 4. Contrast (CR), standard deviation (STD), and contrast-to-noise ratio (CNR) of the images
acquired using six methods, as shown in Figure 8.

16 Tx/16
Rx DAS

32 Tx/32
Rx DAS

5 Tx/1 Rx
AFB

7 Tx/1 Rx
AFB

5 Tx/1 Rx
GCF

7 Tx/1 Rx
GCF

CR (dB) 18.86 20.1 19.72 15.44 34.77 27.31
Std (dB) 6.87 5.51 6.32 6.34 7.51 7.91

CNR 2.01 2.32 2.23 1.86 2.52 2.02
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3.5. Discussion

In AFB-based GCF technique, the tradeoff of cutoff frequency M0 selection is between
CR and STD. Herein, M0 of 16 is the best option for this study to obtain the best CNR.
However, different ultrasound imaging parameters such as transmit frequencies, receive
bandwidths, and aperture shapes would generate different shaped beam patterns, which
affect the selection of M0 [34].

Based on the results of point-target simulations in Section 3.1, we found the original
lateral resolution of AFB imaging would be maintained after AFB-based GCF weighting.
Moreover, because the background noises of the AFB image can be further reduced after
AFB-based GCF weighting, the SNR was further improved, as shown in Table 1. In addition,
at the lateral position of −4 mm in Figure 5, the AFB-based GCF weighting can suppress
the sidelobe of AFB imaging by 20 dB. The results of anechoic cyst simulation are consistent
with experimental results in Sections 3.2 and 3.3. After AFB-based GCF weighting, the
image quality in terms of CRs and CNRs of AFB imaging were improved. In addition,
Tables 2 and 3 show that the speckle noise was similar using the DAS method and AFB
technique. However, after AFB-based GCF weighting, the speckle noises were increased.
The spatiotemporally smoothed coherence factor (STSCF) technique can be applied to the
AFB-based GCF to reduce speckle-noise increase in future work [42].

Moreover, AFB-based GCF is estimated using Fourier transform from the delayed
acoustic-field channel-based data for every imaging point which results in large computa-
tional complexity. To address this issue of GCF computational complexity, an autocorrelation-
based GCF method has been proposed to estimate the GCF value [44]. The estimation of
the GCF value from real signals is also proposed to lower computational complexity [45].



Appl. Sci. 2022, 12, 560 13 of 14

4. Conclusions

The use of the AFB technique has been proposed for handheld ultrasound to reduce
electricity consumption and avoid battery and unwanted heat issues. In this study, our
proposed AFB-based GCF technique is integrated in the AFB method to improve the image
quality. In this work, the simulation data, experimental results, and in vivo testing verified
the efficacy of our proposed AFB-based GCF technique. In addition, STSCF could be
applied to the AFB-based GCF technique to improve the speckle the pattern.
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