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Abstract: High-frequency ultrasound (HFUS) imaging has emerged as an essential tool for pre-clinical
studies and clinical applications such as ophthalmic and dermatologic imaging. HFUS imaging
systems based on array transducers capable of dynamic receive focusing have considerably improved
the image quality in terms of spatial resolution and signal-to-noise ratio (SNR) compared to those by
the single-element transducer-based one. However, the array system still suffers from low spatial
resolution and SNR in out-of-focus regions, resulting in a blurred image and a limited penetration
depth. In this paper, we present synthetic aperture imaging with a virtual source (SA-VS) for an
ophthalmic application using a high-frequency convex array transducer. The performances of the
SA-VS were evaluated with phantom and ex vivo experiments in comparison with the conventional
dynamic receive focusing method. Pre-beamformed radio-frequency (RF) data from phantoms and
excised bovine eye were acquired using a custom-built 64-channel imaging system. In the phantom
experiments, the SA-VS method showed improved lateral resolution (>10%) and sidelobe level
(>4.4 dB) compared to those by the conventional method. The SNR was also improved, resulting
in an increased penetration depth: 16 mm and 23 mm for the conventional and SA-VS methods,
respectively. Ex vivo images with the SA-VS showed improved image quality at the entire depth and
visualized structures that were obscured by noise in conventional imaging.

Keywords: high-frequency ultrasound; ophthalmic imaging; synthetic aperture; convex array transducer

1. Introduction

High-frequency ultrasound (HFUS) imaging (>15 MHz) has evolved rapidly over the
last decade and opened up new applications such as ophthalmic, dermatologic, intravas-
cular, small animal, and molecular imaging [1–7]. It can provide sub-millimeter spatial
resolution determined by f#·λ (where f# is defined as a ratio of a focal distance to a length
of the aperture used for transmission/reception, and λ is the wavelength) at the expense
of a shallow penetration depth. Most custom-built or commercialized HFUS imaging
systems have employed mechanically scanning single-element transducers to form an
image [8–10]. While these single-element imaging systems have offered exciting potential
for many applications, they suffered from low spatial resolution and signal-to-noise ratio
(SNR) in the out-of-focus regions, thus deteriorating the image quality [11]. In addition,
mechanical scanning limits the frame rate.

The adoption of array transducers in HFUS imaging has allowed for improving
the spatial resolution and SNR [9,12,13]. The array transducer-based systems capable
of dynamic receive focusing use electronic scanning to form an image; thus it provides
a higher frame rate and image quality than those by the mechanical scanning systems.
Although it can enhance the overall image quality of HFUS, two-way focusing is only
achieved at the vicinity of the transmit focal depth. To mitigate this, multi-zone transmit
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focusing, where transmit focusing is conducted at two or more depths for each scanline at
the expense of frame rate (reduced by a factor of the number of transmitting foci), has been
used [14]. In addition to the problem of one-way dynamic focusing, the HFUS imaging
still suffers from low SNR due to diffraction and frequency-dependent attenuation that
linearly increases with frequency [15]. Coded excitation can be a solution for improving the
SNR [16,17]. However, the spatial resolution is still limited by the diffraction of the wave.

A viable solution to obtain a high spatial resolution, SNR, and frame rate is to em-
ploy synthetic aperture (SA) imaging techniques that are based on the superposition
of unfocused transmit wave fields. Several different SA methods have been proposed
and have shown their ability to enhance image quality at the expense of computational
cost [18–21]. Among them, multi-element SA with a virtual source (SA-VS) that can achieve
high SNR with full two-way dynamic focusing would be the most prominent method [20].
Clinical evaluations of the SA-VS on cancer diagnosis over conventional imaging were
performed [22,23]. It was demonstrated that the improved image quality could be obtained
using the SA-VS method and was perceived by radiologists. Recently, efficient architectures
for SA-VS imaging have been proposed and implemented in prototype systems [21,24].
In addition, recent advances in graphic processor unit (GPU) computing in medical ultra-
sound imaging may facilitate more rapid commercialization of SA techniques [25,26].

The purpose of this study was to evaluate the feasibility of the SA-VS for ophthalmic
imaging using a high-frequency convex array transducer by demonstrating its effectiveness
in enhancing image quality compared to the conventional one-way dynamic focusing.
Note that the high-frequency convex array transducer is the only transducer, and this is
the first time we applied synthetic aperture imaging using this transducer for ophthalmic
imaging. The main advantage of a convex array is that it can image the whole posterior
segment at once. The performances of SA-VS were evaluated through phantoms and ex
vivo experiments. Pre-beamformed radio-frequency data were acquired by using a custom-
built research system. In the phantom experiments, spatial resolution and SNR were
quantitatively assessed and compared with the conventional dynamic receive focusing
method. In addition, an excised bovine eye was scanned, and the SA-VS image showed
improved image quality.

2. Methods
2.1. Principle of Synthetic Aperture Imaging with a Virtual Source

Figure 1 shows the principle of synthesizing transmit fields in SA-VS imaging, which
is capable of achieving two-way dynamic focusing at all imaging depths. A detailed
description of SA-VS can be founded in [20]. Here, we briefly introduce the SA-VS. The
SA-VS uses the same transmission (focused transmit) and reception procedures as in the
conventional B-mode imaging. Thus, the frame rate of SA-VS is identical to that of the
conventional method. In the SA-VS imaging method, a virtual source is regarded to be
located at a transmit focal point where spherical waves assume to propagate from it. As
can be seen, two transmit fields from different sub-apertures pass an imaging point, (x, z).
Thus, the transmit focusing delay, τtx, for an imaging point can be obtained by computing
the arrival time of wavefront, given by

τtx(x, z) =
ztx ±

√(
x f − x

)2
+
(

z f − z
)2

c
, (1)

where ztx is the transmit focal depth,
(

x f , z f

)
is the Cartesian coordinates of the transmit

focal point, and c is the propagating speed of sound in soft tissue. The positive and negative
signs in (1) are, respectively, applied in the areas after and before the transmit focal point.
The receive focusing delay of nth element, (xn, zn), for the imaging point is identical to that
in the conventional dynamic focusing method, which is computed by
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τn,RX(x, z) =

√
(x− xn)

2 + (z− zn)
2

c
. (2)

Based on these delays, the beamforming of the SA-VS can be achieved by

A(x, z) =
M

∑
m=−M

N−1

∑
n=0

an·rm,n(t− (τTX(x, z) + τn,RX(x, z))), (3)

where an is the apodization function, rm,n(t) is the radio-frequency (RF) data received
by the nth element for the mth scanline, 2M + 1 is the number of sub-apertures used in
synthesizing, and N is the number of channels at each sub-aperture.

As can be seen in Figure 1, the number of scanlines that can be used for synthesizing
varies according to the imaging depth. At the transmit focal depth, there is no scanline
that can be synthesized. However, the number of scanlines incorporated in the transmit
field synthesis increases as the imaging point moves away from the transmit focal depth,
resulting in an increment of signal strength after synthesis. Thus, it requires a compen-
sation method in the SA-VS method to obtain uniform brightness similar to those in the
conventional method. For this, the beamformed RF signal in the SA-VS is divided by

√
Ms

where Ms is the number of scanlines actually used for synthesis at a certain depth. This
can be done by incorporating the values, 1/

√
Ms, in the apodization function in (3).
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Figure 1. Principle of the transmit field synthesis in the synthetic aperture with a virtual source
(SA-VS) imaging which represents the same sequences of transmit/receive as in the conventional
imaging method.

2.2. Experimental Setup and Evaluation Metrics

To evaluate the performances, pre-beamformed RF data from phantoms and ex vivo
bovine eye were acquired using a 64-channel research imaging system developed in our
laboratory [13]. The system is composed of 256-channel of analog front-end pulser/receiver,
64-channel of time-gain compensation (TGC), and an analog-to-digital converter (ADC)
with 12-bit resolution. A custom-built 20 MHz high-frequency transducer made with 1–3
composites was used in the experiments [27]. The array consists of 192 elements with an
element pitch of 111 µm, and a −6 dB fractional bandwidth was 64%. The pre-beamformed
RF data sampled at 100 MHz were stored in field-programmable gate arrays (FPGAs) that
are embedded in the system and transferred to a PC. Off-line processing using MATLAB
(MathWorks Inc., Natick, MA, USA) was carried out. The lateral resolutions were measured
with 20 µm tungsten wire targets located at each depth. An agar phantom was made to
estimate the SNR of both imaging methods, i.e., conventional and SA-VS. For ex vivo
experiments, an excised bovine eye was purchased from Sierra Medical Inc. (Whittier, CA,
USA). The eye was immersed in deionized water and fixed on a custom-made holder while
scanning. In both beamformations (conventional and SA-VS), the optimal sound speed
was estimated to minimize the effect from phase aberration artifacts, which is a first-order
solution for phase aberration correction [28].
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For quantitative comparison, −6 dB lateral resolutions were measured from the con-
ventional and SA-VS images. In addition, the SNR as a function of depth was calculated by

SNR(z) = 10log10
(

Pecho(z)
Pnoise(z)

)
, (4)

where Pecho and Pnoise are the mean power of echo and noise signals along with the imaging
depth (z), respectively. The mean power at each depth was computed by summing the
envelope signal laterally at the speckle region. The system noise was measured by acquiring
pre-beamformed RF data without transmission. The acquired noise signal was processed in
the same manner for each method, i.e., conventional and SA-VS methods. Based on the SNR,
the penetration depths defined as the depth where SNR falls below 0 dB were estimated.

3. Results and Discussion

Figure 2 shows B-mode images of wire targets generated by the conventional and
SA-VS methods, respectively. Two images were acquired for the conventional imaging
with different transmit focal depths, 10 (Tx10) and 25 mm (Tx25), which are shown in
Figure 2a,b, respectively. In the SA-VS imaging, the transmit focal depth was 10 mm to
maximize the number of synthesizable sub-aperture at far depth. Note that the number of
sub-aperture for synthetic aperture varies with different focal depth (see Figure 1). Since the
main imaging target of the high-frequency convex array transducer is the posterior segment
of the eye, the transmit focal depth of 10 mm was chosen. The maximum number of sub-
aperture used in synthesis, in (3), was calculated based on the configuration of transducer
(i.e., curvature and element pitch) and the transmit focal depth and was found to be 33.
The optimal sound speed was estimated to be 1500 m/s, which was closed to the sound
speed in water at room temperature [29]. All images were logarithmically compressed
with a dynamic range of 40 dB. As shown in Figure 2, improved lateral resolution in the
SA-VS image can be readily recognized under visual assessment.
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Figure 2. B-mode images of wire targets located at each depth obtained by the conventional method
with transmitting focal depths of 10 mm (Tx 10), 25 mm (Tx 25), and the SA-VS method, respectively.
The number of sub-aperture used in synthesis in the SA-VS was 33.

For quantitative comparison, the lateral beam profiles at depths of 4, 14, 18, and 24
mm were measured and plotted in Figure 3. As can be seen, the SA-VS method produced
not only improved lateral resolutions but also decreased sidelobe levels compared to those
from the conventional one-way dynamic focusing methods. At the depth of 24 mm, similar
beam profiles were obtained from the SA-VS and the conventional method with the focal
depth of 25 mm. The −6 dB lateral resolutions and first sidelobe levels are summarized
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in Table 1. As listed in Table 1, the −6 dB lateral resolutions and the sidelobe levels in the
SA-VS method were improved at all imaging depths. The lateral resolutions were improved
by more than 10% (maximally 65%) except at the depth of 24 mm where similar beam
profiles were produced between the conventional (Tx25) and SA-VS methods. Considerable
reductions in the sidelobe level were obtained by the SA-VS method; minimal and maximal
enhancements were, respectively, 4.4 and 15.6 dB.
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Figure 3. Lateral beam profiles from each method at depths of (a) 5 mm, (b) 14 mm, (c) 18 mm, and (d) 24 mm, respectively.

Table 1. The −6 dB lateral resolutions and first sidelobe levels for conventional Tx10, Tx25, and
SA-VS.

−6 dB Lateral Resolution (µm)/First Sidelobe Level (dB)

5 mm 14 mm 18 mm 24 mm

Conventional Tx10 24.0/−16.4 32.2/−23.7 71/−22.5 119.3/−19.6
Conventional Tx25 29.6/−11.4 51.3/−20.0 72.6/−12 106.0/−24.6

SA-VS 10.2/−27.0 26.9/−28.1 64.3/−26.2 105.5/−24.6

B-mode images of a custom-made agar phantom are shown in Figure 4. In conven-
tional imaging, the transmit focal depths were 10 (Tx10) and 25 mm (Tx25), respectively.
For the SA-VS imaging, a transmit focal depth was 10 mm, and the number of sub-aperture
for synthesis was 33. As shown in Figure 4, the SA-VS produced speckle patterns with
uniform brightness. The penetration depth was also increased in the SA-VS. The measured
SNR curves for each method as a function of depth are shown in Figure 5. The mean power
at each depth was computed from 20 scanlines at the center. Consistent with the visual
assessment, the SA-VS method improved the SNR for the entire imaging depth compared
to other methods. In the conventional method with the transmit focusing at 10 mm, the
maximum SNR was achieved around 10 mm, and the SNR sharply decreased after the focal
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depth due to diffraction and attenuation. Due to the high attenuation, the SNR curve with
the conventional method (Tx25) could not produce a peak at 25 mm. From the curves, the
penetration depths were determined to be 16 and 23 mm for the conventional and SA-VS
methods, respectively.

Sensors 2021, 21, x FOR PEER REVIEW  6 of 9 
 

 

the visual assessment, the SA‐VS method improved the SNR for the entire imaging depth 

compared to other methods. In the conventional method with the transmit focusing at 10 

mm, the maximum SNR was achieved around 10 mm, and the SNR sharply decreased 

after the focal depth due to diffraction and attenuation. Due to the high attenuation, the 

SNR curve with the conventional method (Tx25) could not produce a peak at 25 mm. From 

the curves, the penetration depths were determined to be 16 and 23 mm for the conven‐

tional and SA‐VS methods, respectively. 

 

Figure 4. B‐mode images of agar phantom obtained by the conventional method with transmit 

focal depths of 10 mm and 25 mm and the SA‐VS method, respectively. The number of sub‐aper‐

ture used in synthesis in the SA‐VS was 33. 

 

Figure 5. Measured SNRs for each method as a function of depth. 

Figure 6 shows B‐mode images of the bovine eye with the conventional and SA‐VS 

methods. The image was acquired by avoiding the lens exhibiting high attenuation and 

propagation sound speed [30]. In this experiment, the optimal sound speed was estimated 

to be 1520 m/s and was well agreed with the previously reported value (i.e., 1513 m/s in 

the vitreous body) [30]. The transmit focal depth was 35 mm in the conventional method 

while it was 10 mm for the SA‐VS method. The number of sub‐aperture used in synthesis 

was 33. The images were rendered without any further processing such as filtering and 

post‐image processing. Consistent with the results of phantom experiments, as shown in 

Figure 6, the SA‐VS produced improved image quality compared to that by the conven‐

tional method.  In  the conventional method,  the  image was considerably blurred, espe‐

cially  in  the anterior segment. On  the other hand,  the anterior and posterior segments 

Lateral distance (mm)

Tx10 Tx25 SA-VS

-5 0 5

A
xi

al
 d

is
ta

n
ce

 (
m

m
)

0

5

10

15

20

25

-5 0 5 -5 0 5

5 10 15 20 25 30

0

10

20

30

40

Depth (mm)

S
ig

n
al

-t
o-

n
oi

se
 r

at
io

 (
S

N
R

)

 

 

Tx10
Tx25
SA-VS

Figure 4. B-mode images of agar phantom obtained by the conventional method with transmit focal
depths of 10 mm and 25 mm and the SA-VS method, respectively. The number of sub-aperture used
in synthesis in the SA-VS was 33.
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Figure 5. Measured SNRs for each method as a function of depth.

Figure 6 shows B-mode images of the bovine eye with the conventional and SA-VS
methods. The image was acquired by avoiding the lens exhibiting high attenuation and
propagation sound speed [30]. In this experiment, the optimal sound speed was estimated to
be 1520 m/s and was well agreed with the previously reported value (i.e., 1513 m/s in the
vitreous body) [30]. The transmit focal depth was 35 mm in the conventional method while
it was 10 mm for the SA-VS method. The number of sub-aperture used in synthesis was 33.
The images were rendered without any further processing such as filtering and post-image
processing. Consistent with the results of phantom experiments, as shown in Figure 6, the
SA-VS produced improved image quality compared to that by the conventional method.
In the conventional method, the image was considerably blurred, especially in the anterior
segment. On the other hand, the anterior and posterior segments were clearly visualized
due to the enhancement of resolution. In addition, increased SNR in the SA-VS imaging
allowed for visualizing structures that were ambiguous by noise in the conventional
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imaging; scattering from the vitreous body is clearly visualized proximal to the retina in
the SA-VS imaging.
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Figure 6. B-mode images of an excised bovine eye by (a) the conventional and (b) SA-VS methods.
In the conventional method, a transmit focal depth was 35 mm while it was 10 mm for the SA-VS
method. The number of sub-aperture used in synthesis in the SA-VS was 33.

In ophthalmic imaging, detailed information such as vitreous detachment, hemor-
rhage, and intraocular foreign body is important to diagnose and manage ocular emer-
gencies, which can be achieved by increasing the center frequency of ultrasound imaging.
Although the vitreous body is a gel-like substance and is known as acoustically trans-
parent, ultrasound imaging with higher frequency (>20 MHz) still suffers from a high
attenuation [31]. The method presented in the paper could resolve these problems (lower
resolution at out-of-focus regions and SNR) and would be useful to diagnose and manage
ocular emergencies.

Tissue motion and phase aberration are primary factors that limit the effectiveness of
SA imaging [32]. Phase aberration correction based on correlation measurements would
be the best solution. However, it requires a significant amount in computing correlation,
which would be difficult to implement in real time. As a remedy, a method of estimating an
optimal sound speed that can reduce the phase aberration artifacts has been proposed [28],
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which was used in the paper. Although it can partially resolve the problem, a previous
study showed its potential in improving image quality in clinical practices [22]. Moreover,
the effect of phase aberration in the ophthalmic SA imaging would be insignificant since
the most of eye consists of a vitreous body that is a homogeneous medium.

4. Conclusions

Ultrasound imaging with the SA-VS was illustrated and showed its potential for
ophthalmic imaging. The performances of the SA-VS method were evaluated through
phantom and ex vivo experiments. The experimental results demonstrated that the SA-VS
method can improve both lateral resolution and SNR. It was demonstrated that SA-VS
imaging has the potential to deliver more additional significant information with diagnostic
analytics compared to the conventional imaging method. Recent advances in electronics
such as high-performance FPGA or GPU would support its high computational load and
accelerate the commercialization of the SA-VS method. Further clinical evaluations of
the SA-VS imaging need to be followed under various disease conditions to become an
essential imaging tool for ophthalmic imaging.

Author Contributions: Conceptualization, H.G.L. and C.Y.; methodology, C.Y.; software, C.Y.; vali-
dation, H.G.L. and C.Y.; investigation, H.G.L.; resources, H.H.K.; writing—original draft preparation,
C.Y.; writing—review and editing, H.G.L.; funding acquisition, H.H.K. and C.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This work has been supported in part by the National Research Foundation of Korea (NRF)
grant funded by the Korean government (MSIP; Ministry of Science, ICT and Future Planning) (No.
2019R1A2C1089813) and in part by the Korea Medical Device Development Fund grants funded
by the Korea government (the Ministry of Science and ICT, the Ministry of Trade, Industry and
Energy, the Ministry of Health and Welfare, the Ministry of Food and Drug Safety) (NTIS Number:
9991007146 and 202012E02).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Turnbull, D.; Starkoski, B.G.; Harasiewicz, K.A.; Semple, J.L.; Gupta, A.K.; Sauder, D.N.; Foster, F.S. A 40–100 MHz B-scan

ultrasound backscatter microscope for skin imaging. Ultrasound Med. Biol. 1995, 21, 79–88. [CrossRef]
2. Lockwood, G.R.; Turnbull, D.H.; Christopher, D.A.; Foster, F.S. Beyond 30 MHz: Applications of high frequency ultrasonic

imaging. IEEE Eng. Med. Biol. 1996, 15, 60–71. [CrossRef]
3. Passman, C.; Ermert, H. A 100 MHz ultrasound imaging system for dermatologic and ophthalmologic diagnostics. IEEE Trans.

Ultrason. Ferroelect. Freq. Control 1996, 43, 545–552. [CrossRef]
4. Cannata, J.M.; Ritter, T.A.; Chen, W.-H.; Silverman, R.H.; Shung, K.K. Design of efficient, broadband single element (20–80

MHz) ultrasonic transducers for medical imaging applications. IEEE Trans. Ultrason. Ferroelect. Freq. Control 2003, 50, 1548–1557.
[CrossRef]

5. Shung, K.K. High frequency ultrasonic imaging. J. Med. Ultrasound 2009, 17, 25–30. [CrossRef]
6. Li, X.; Wu, W.; Chung, Y.; Shih, W.Y.; Shih, W.-H.; Zhou, W.; Shung, K.K. 80-MHz Intravascular ultrasound transducer using

PMN-PT free-standing film. IEEE Trans. Ultrason. Ferroelect. Freq. Control 2011, 58, 2281–2288.
7. Yeo, S.; Yoon, C.; Lien, C.-L.; Song, T.K.; Shung, K.K. Monitoring of Adult Zebrafish Heart Regeneration Using High-Frequency

Ultrasound Spectral Doppler and Nakagami Imaging. Sensors 2019, 19, 4094. [CrossRef] [PubMed]
8. Liu, J.-H.; Jeng, G.-S.; Wu, T.-K.; Li, P.-C. ECG triggering and gating for ultrasound small animal imaging. IEEE Trans. Ultrason.

Ferroelectr. Freq. Control 2006, 53, 1590–1596.
9. Foster, F.S.; Hossack, J.; Adamson, S.L. Micro-ultrasound for preclinical imaging. Interface Focus 2011, 1, 576–601. [CrossRef]
10. Qiu, W.; Yu, Y.; Tsang, K.; Sun, L. An FPGA-based open platform for ultrasound biomicroscopy. IEEE Trans. Ultrason. Ferroelectr.

Freq. Control 2012, 59, 1432–1442.
11. Li, M.-L.; Guan, W.-J.; Li, P.-C. Improved Synthetic Aperture Focusing Technique with Applications in High-Frequency Ultrasound

Imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Contr. 2004, 51, 63–70.

http://doi.org/10.1016/0301-5629(94)00083-2
http://doi.org/10.1109/51.544513
http://doi.org/10.1109/58.503714
http://doi.org/10.1109/TUFFC.2003.1251138
http://doi.org/10.1016/S0929-6441(09)60012-6
http://doi.org/10.3390/s19194094
http://www.ncbi.nlm.nih.gov/pubmed/31546705
http://doi.org/10.1098/rsfs.2011.0037


Sensors 2021, 21, 2275 9 of 9

12. Hu, C.-H.; Snook, K.A.; Cao, P.-J.; Shung, K.K. High-frequency ultrasound annular array imaging. Part II: Digital beamformer
design and imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2006, 53, 309–316.

13. Yoon, C.; Kim, H.; Shung, K.K. Development of a low complexity, cost effective digital beamformer architecture for high-frequency
ultrasound imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2017, 64, 1002–1008. [CrossRef] [PubMed]

14. Yoon, C.; Yoo, Y.; Song, T.-K.; Chang, J.H. Orthogonal quadrature chirp signals for simultaneous multi-zone focusing in medical
ultrasound imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2012, 59, 1061–1069. [CrossRef] [PubMed]

15. Yoon, C.; Kim, G.-D.; Yoo, Y.; Song, T.-K.; Chang, J.H. Frequency equalized compounding for effective speckle reduction inmedical
ultrasound imaging. Biomed Signal Process. Control 2013, 8, 876–887. [CrossRef]

16. Mamou, J.; Ketterling, J.A.; Silverman, R.H. Chirp-Coded Excitation Imaging With a High-Frequency Ultrasound Annular Array.
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2008, 55, 508–513. [CrossRef] [PubMed]

17. Yoon, C.; Lee, W.; Chang, J.H.; Song, T.-K.; Yoo, Y. An Efficient Pulse Compression Method of Chirp-Coded Excitation in Medical
Ultrasound Imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2013, 60, 2225–2229. [CrossRef]

18. Karaman, M.; Li, P.-C.; O’Donnell, M. Synthetic aperture imaging for small scale systems. IEEE Trans. Ultrason. Ferroelect. Freq.
Control 1995, 42, 429–442. [CrossRef]

19. Frazier, C.H.; O’Brien, W.D., Jr. Synthetic aperture techniques with a virtual source element. IEEE Trans. Ultrason. Ferroelect. Freq.
Control 1998, 45, 196–207. [CrossRef]

20. Bae, M.-H.; Jeong, M.-K. A study of synthetic-aperture imaging with virtual source elements in B-mode ultrasound imaging
systems. IEEE Trans. Ultrason. Ferroelect. Freq. Control 2000, 47, 1510–1519. [CrossRef] [PubMed]

21. Kortbek, J.; Jensen, J.A.; Gammelmark, K.L. Sequential beamforming for synthetic aperture imaging. Ultrasonics 2013, 53, 1–16.
[CrossRef] [PubMed]

22. Kim, C.; Yoon, C.; Park, J.-H.; Lee, Y.; Kim, W.H.; Chang, J.M.; Choi, B.I.; Song, T.-K.; Yoo, Y. Evaluation of Ultrasound Synthetic
Aperture Imaging Using Bidirectional Pixel-Based Focusing: Preliminary Phantom and In Vivo Breast Study. IEEE Trans. Biomed.
Eng. 2013, 60, 2716–2724.

23. Hansen, P.M.; Hemmsen, M.; Brandt, A.; Rasmussen, J.; Lange, T.; Krohn, P.S.; Lonn, L.; Jensen, J.A.; Nielsen, M.B. Clinical
evaluation of synthetic aperture sequential beamforming ultrasound in patients with liver tumors. Ultrasound Med. Biol. 2014, 40,
2805–2810. [CrossRef] [PubMed]

24. Park, J.-H.; Yoon, C.; Chang, J.H.; Yoo, Y.; Song, T.-K. A real-time synthetic aperture beamformer for medical ultrasound imaging.
In Proceedings of the 2010 IEEE International Ultrasonics Symposium, San Diego, CA, USA, 11–14 October 2010.

25. So, H.K.H.; Junying, C.; Yu, A.C.H. Medical ultrasound imaging: To GPU or not to GPU? IEEE Micro 2011, 31, 54–65. [CrossRef]
26. Li, Y.-F.; Li, P.-C. Software beamforming: Comparison between a phased array and synthetic transmit aperture. Ultrason. Imaging

2011, 33, 109–118. [CrossRef] [PubMed]
27. Kim, H.H.; Hu, C.; Park, J.; Kang, B.J.; Wiliams, J.A.; Cannata, J.M.; Shung, K.K. Characterization and evaluation of high frequency

convex array transducers. In Proceedings of the 2010 IEEE International Ultrasonics Symposium, San Diego, CA, USA, 11–14
October 2010.

28. Yoon, C.; Lee, Y.; Chang, J.H.; Song, T.-K.; Yoo, Y. In vitro estimation of mean sound speed based on minimum average phase
variance in medical ultrasound imaging. Ultrasonics 2011, 51, 795–802. [CrossRef] [PubMed]

29. Carman, J.C. Classroom measurements of sound speed in fresh/saline water. J. Acoust. Soc. Am. 2012, 131, 2455. [CrossRef]
30. Dekorte, C.L.; Vandersteen, A.F.W.; Thijssen, J.M. Acoustic velocity and attenuation of eye tissues at 20 MHz. Ultrasound Med.

Biol. 1994, 20, 471–480. [CrossRef]
31. Silverman, R.H.; Ketterling, J.A.; Mamou, J.; Lloyd, H.O.; Filoux, E.; Coleman, D.J. Pulse-Encoded Ultrasound Imaging of the

Vitreous With an Annular Array. Ophthalmic Surg. Lasers Imaging 2012, 43, 82–86. [CrossRef]
32. Karaman, M.; Bilge, H.S.; O’Donnell, M. Adaptive Multi-element Synthetic Aperture Imaging with Motion and Phase Aberration

Correction. IEEE Trans. Ultrason. Ferroelect. Freq. Control 1998, 45, 1077–1087. [CrossRef]

http://doi.org/10.1109/TUFFC.2017.2690991
http://www.ncbi.nlm.nih.gov/pubmed/28391195
http://doi.org/10.1109/TUFFC.2012.2291
http://www.ncbi.nlm.nih.gov/pubmed/22622991
http://doi.org/10.1016/j.bspc.2013.08.007
http://doi.org/10.1109/TUFFC.2008.670
http://www.ncbi.nlm.nih.gov/pubmed/18334358
http://doi.org/10.1109/TUFFC.2013.2815
http://doi.org/10.1109/58.384453
http://doi.org/10.1109/58.646925
http://doi.org/10.1109/58.883540
http://www.ncbi.nlm.nih.gov/pubmed/18238697
http://doi.org/10.1016/j.ultras.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22809678
http://doi.org/10.1016/j.ultrasmedbio.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25308936
http://doi.org/10.1109/MM.2011.65
http://doi.org/10.1177/016173461103300202
http://www.ncbi.nlm.nih.gov/pubmed/21710826
http://doi.org/10.1016/j.ultras.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21459400
http://doi.org/10.1121/1.3677243
http://doi.org/10.1016/0301-5629(94)90102-3
http://doi.org/10.3928/15428877-20110901-03
http://doi.org/10.1109/58.710591

	Introduction 
	Methods 
	Principle of Synthetic Aperture Imaging with a Virtual Source 
	Experimental Setup and Evaluation Metrics 

	Results and Discussion 
	Conclusions 
	References

