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Imaging methods and 2D sparse arrays have been extensively researched to realize real-time 3D volumetric
imaging with higher frame rates. In this study, we developed a 3D plane-wave imaging method using an annular
capacitive micromachined ultrasonic transducer (CMUT) array as a breakthrough technique for realizing 3D
imaging with a limited number of elements. We adopted the double oxidation and wafer bonding processes for
creating the cavity of a CMUT with a 2 pm silicon membrane. To ensure surface uniformity before the bonding
process, we implemented an additional reactive ion etching process after the second oxidation. The character-
ization results showed that the resonant frequency of the proposed device was 6.2 MHz with 65 V collapse
voltage. The demonstration of real-time 3D volumetric imaging was conducted in oil using a Vantage 64 ul-
trasound research system. A plane-wave imaging scheme was used to detect wire phantoms immersed in the oil,
with 289 plane waves transmitted over a range of 20° from the center of the annular array. The reconstructed
data were used to create three orthogonal cross sections of the target region. The — 6 dB lateral and axial res-
olutions were 0.56 mm and 0.35 mm for the wires positioned at 18 mm from the proposed device, which were
narrow enough to detect a wire phantom of 380 um diameter. The normalized frame rate was calculated and
compared with that in a previous study. We verified that plane-wave imaging has advantages in real-time im-
aging when compared with the classic phased array and synthetic phased array. Thus, the annular CMUT array is
a promising mechanism for real-time 3D imaging with higher frame rate than that possible with previous
methods.

1. Introduction [1-3]. Various types of 2D array transducers have been proposed for 3D

ultrasound imaging [4-8]. The 2D matrix array, which is the most

Medical ultrasonography is widely used in clinical practice owing to
its advantages of non-invasiveness, low-cost, and non-ionizing radiation
when compared with computed tomography and magnetic resonance
imaging. In addition, the fast data acquisition rate of ultrasonography
supports its application in real-time 3D imaging. However, the con-
ventional 1D array transducer can acquire only 2D ultrasound images,
resulting in misdiagnoses due to the inability to detect and identify
certain features. Although it is possible for a 1D array transducer to
obtain volumetric data via mechanical scanning, this method is un-
suitable for real-time imaging owing to its low data acquisition rate
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conventional 2D ultrasound transducer, provides vivid 3D ultrasound
images. However, the large number of elements required for
high-quality 3D ultrasound images necessitates numerous in-
terconnections during fabrication, thus increasing the system
complexity and cost. It also increases the computational load, making it
difficult to realize real-time 3D imaging.

Two-dimensional sparse arrays with low systemic load were pro-
posed to ensure a sufficiently low computational load for reconstruction
of real-time 3D images. Unlike the conventional bulk-piezoelectric
transducers produced via blade dicing, capacitive micromachined
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ultrasonic transducers (CMUTs) have no geometrical limitation owing to
their ease of microfabrication using semiconductor fabrication tech-
niques. Hence, CMUTs have superior features that support fabrication of
sparse arrays. Because CMUT fabrication utilizes silicon, it is lead-free;
moreover, it is suitable for smaller cell-to-cell distances, which is
essential for lowering the grating lobes in ultrasonography. The ad-
vantages of wide bandwidth, low fabrication cost, and relative ease of
miniaturization have spurred the development of CMUTs with various
types of arrays [1,9-11].

The annular array, which is a type of sparse array, has been recom-
mended for various applications of multi-modal medical therapy and
imaging, such as photoacoustics and integration with other implantable
devices. The ease of microfabrication has facilitated the shrinking of the
annular CMUT array, allowing its application to small catheters for
capillaries. The annular CMUT array combined with the catheter can be
used in various applications ranging from catheter guidance to radio
frequency laser ablation of the target tissue. Thus, the annular CMUT
array is a representative sparse array for 3D imaging [12-14].

To realize 3D imaging with a CMUT array, it is essential to select the
appropriate imaging method by considering the device geometry and
wave property. Although real-time 3D imaging with a sparse array using
conventional beamforming methods is available simply by changing the
probe geometry definition, its system is complex. Synthetic beamform-
ing is one of the good candidates to realize 3D ultrasound imaging with
low systemic complexity and load. The classic phased array (CPA) is a
widely used imaging scheme that involves firing multiple focused beams
at different angles via beam steering. In real-time imaging, the repeated
transmissions lower the data transfer rate, which deteriorates the im-
aging quality. As an alternative to CPA imaging, a synthetic phased array
(SPA) imaging method that applies Hadamard coding and multiplicative
weighting scheme to each pair of transmitting and receiving elements
was developed in a previous study [15]. However, this method has lower
signal-to-noise ratio (SNR) and higher computational load than CPA
imaging. Real-time 3D imaging requires high data acquisition rate, low
computational load, and sufficient SNR.

This paper presents a plane-wave 3D imaging scheme that uses an
annular CMUT array as a breakthrough method for real-time 3D imaging
with low systemic load. Plane-wave ultrasound imaging is able to
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achieve ultrafast ultrasound imaging compared with conventional
focused ultrasound imaging, which demonstrates its advantages over the
synthetic aperture (SPA) method in signal-to-noise ratio (SNR) and
penetration depth [16]. Despite plane-wave facilitating ultrafast ultra-
sound imaging, there is no report that applied in real-time 3D ultrasound
imaging to our best knowledge. In this paper, we adopted a plane-wave
ultrasound imaging scheme to achieve real-time 3D ultrasound images
via an annular CMUT array, which configuration provides advantages in
beamforming and imaging performance of real-time 3D ultrasound im-
aging. The conceptual schematic of the proposed annular CMUT array
and the real-time 3D imaging are shown in Fig. 1. The method involves
transmitting 289 plane waves, each of which is steered along two planes
orthogonal to the transducer surface over a range of 20° from the center
of the annular array. The number of transmissions is lower than that in
CPA imaging, and no additional weighting factors are multiplied.
Real-time 3D imaging was demonstrated using different configurations
of wire phantoms. The results showed that the YZ- and XY-plane of the
target region were successfully reconstructed.

Table 1
Physical parameters of the annular CMUT array.

Design Parameter

Array diameter (mm) 9.46
Cell diameter (pm) 52
Gap height (nm) 145
Insulator thickness (pm) 0.23
Moving plate thickness (pm) 2
Electrode (Al) thickness (pm) 0.5
Target resonant frequency (MHz) 6.7
Number of elements used in imaging (pair) 50
Internal ring diameter (mm) 7.8
Dimension of each elements (pm) 200 x 260
Pitch of elements (pm) 124

3D reconstruction

3D plane wave imaging

A

YZ-plane XZ-plane XY-plane
—2
dB
e
Broad
bandwidth

Fig. 1. Conceptual schematic of annular CMUT array for medical ultrasonography.
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2. Design and fabrication
2.1. Design of annular CMUT

Table 1 shows the design parameters of the annular CMUT array. The
diameter of the cells in the array is 52 pym, targeting a resonant fre-
quency of 6.7 MHz in oil. Each element consists of 12 cells, and the
thickness of the moving plate is 2 um. The distance between the ele-
ments is approximately 250 um, which is slightly higher than 1/2 the
wavelength of the wave at 6.7 MHz, i.e., the target resonant frequency of
the outer array element [17,18].

2.2. Fabrication and structure of dual annular CMUT array

To fabricate the proposed dual annular CMUT, we selected the wafer
bonding method for more enhanced characterization than that achieved
with the sacrificial release method. Specifically, the wafer bonding
method ensures equivalent operating conditions for all elements, which
is important for forming the ideal ultrasound wave. Some previous
studies adopted the sacrificial layer release method, which deposits the
membrane layer on the sacrificial layer [19,20]. However, the method
has critical issues such as stiction, intrinsic stress in the nitride layer, and
unreliable membrane layer, which affect the resonance frequency of the
cell [21,22]. In this study, the CMUT was fabricated according to the
following process. First, as shown in Fig. 2(a), the 200-nm-thick silicon
dioxide layer was grown through dry oxidation in a furnace at 1070 °C
to define the vacuum cavity that was wet etched using buffered oxide
etchant (BOE). To create an insulating layer, a second but briefer
oxidation process was conducted in the furnace at 1070 °C (Fig. 2(b)).
After the second oxidation, the cavity depth was measured as 145 nm
using a stylus profiler (Alpha step 1Q, KLA-TENCOR, USA). Next, a
silicon-on-insulator (SOI) wafer, a prime four-inch SOI wafer with a
highly doped (<0.005 Q-cm) device layer of 2 um thickness, was bonded
to the fabricated wafer under high vacuum conditions with pressure
under 10> mbar (Fig. 2(c)). Then, the handling layer and buried oxide
layer were released through wet etching using KOH solution mixed with
deionized water, potassium hydroxide pellet (purchased from DAEJUNG
Chemicals and Metal, Republic of Korea), and 6:1 BOE (purchased from
SAMCHUN chemicals, Republic of Korea) (Fig. 2(d)). To define the top
moving plate and allow electrical contact, we used conventional
photolithography and reactive ion etching (RIE) to expose the bottom
silicon (Fig. 2(e)). Finally, a thin layer of Al (500 nm) was deposited and
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etched using a sputtering system (SME-200, ULVAC, Japan) and Al
etchant (aluminum etchant type A, purchased from DAEJUNG Chem-
icals and Metal, Republic of Korea); in addition, a Au pad was deposited
and patterned using an e-beam evaporation system (E-beam evaporator,
ULVAC, Japan) and lift-off process (Fig. 2(f)). We used deep trench RIE
in the last step to achieve singulation of the proposed device. The void at
the center can be utilized for integration with various medical devices
such as intracardiac catheter and photoacoustic device, which needs
extra space for the laser emitter.

Fig. 3(a) shows the photographs of an annular CMUT array. The
small size of the CMUT array (less than a quarter of the area of a one euro
coin) grants advantages when combined with a small-size catheter. The
size of a single element in the annular CMUT array was 200 x 260 pm,
as shown in Fig. 3(b). Fig. 3(c) shows the scanning electron microscope
(SEM) image of the CMUT cell. The vacuum gap between the insulating
oxide layer and the membrane was 146 nm, which agrees with the data

Si membrane

2 Insulating oxide layer
Vacuum _ v _ v %

Signal pad  Ground pad

Fig. 3. Dimensions of annular CMUT array. (a) Comparison of the proposed
device and 1 € coin. Scale bar is 5 mm. (b) OM image of single element and
ground pad. Scale bar is 200 pm. (¢) SEM image of CMUT cell. The vacuum gap
and insulating oxide layer are 146 nm and 234 nm thick, respectively. Scale bar
is 1 um.

AAARERER

Fig. 2. Fabrication process of annular CMUT array. (a) Cavity patterning before second oxidation. (b) After second oxidation. (¢) Wafer bonding process. (d)
Handling layer release. (e) Si membrane isolation and grounding via patterning using RIE. f) Al electrode and Au pad patterning.
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from the stylus profiler mentioned earlier. The insulating oxide layer
thickness was 234 nm.

2.3. Circuit system for device

Because applying the DC bias and AC signal to the individual CMUT
element is essential for characterization and demonstration of the
CMUT, we designed a homemade circuit board, as shown in Fig. 4(a).
We grouped 120 elements in 2:1 ratio to create 60 channels to interface
with a Vantage 64 ultrasound research system (Vantage 64, Verasonics
Inc., USA). We applied PIN diode switches (GF-124-0013, C&K, USA) to
all 120 elements to control each element individually. As shown in Fig. 4
(b), the SP3T switch allows each channel to be independently controlled
for connection with external devices, and the SMA connector is used to
apply AC and DC signals to the device for laser Doppler vibrometer
(LDV) or hydrophone measurements. Additionally, a ground terminal is
available to prevent unexpected leakage due to malfunctioning ele-
ments. A notable aspect of this PCB is the route of the interconnecting
line for each element. A large board is required to arrange 60 groups of
elements. This causes a difference in the interconnecting lines among the
groups, resulting in an RC delay for each group, which impairs the image
quality. To prevent the RC delay, we set the deviation of the line to lower
than 10% of the median.

3. Characterization
3.1. Impedance measurement

To obtain the electrical characteristics of the proposed device, we
evaluated the resonance frequency and collapse voltage using an
impedance analyzer (DSO-X 2004A, Keysight Technology Inc., USA). A
DC bias was applied to the device by electrically connecting a DC supply
(PS310 high-voltage power supply, Stanford research systems Inc.,
USA), impedance analyzer, and the device using a bias-T. Fig. 5 shows
the measured impedances at various DC bias voltages. It can be seen that
the lowest resonant mode appears at 9.76 MHz with 30 V of DC bias. As
the DC bias increases, the resonance peak appears at a lower frequency
owing to the spring-softening effect [18]. When collapse occurs, the
resonance peak moves to a higher frequency [23]. From Fig. 5, we found
that the resonant peak disappeared in the range of 4-15 MHz when the
DC bias exceeded 65 V. Thus, we concluded that the collapse voltage
was 65 V and the proper operating DC bias was approximately 50 V, i.e.,
80% of the collapse voltage.

3.2. Surface deflection measurement

The LDV can detect nano-scale motions using the time difference
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between the transmitted and received laser beams. Because the device is
operated at the resonant frequency, the mode shape of the cells may vary
depending on the bonding quality of the corresponding area. To ensure
that all cells were activated in the first mode, we scanned one element in
the array with an LDV (OFV-2570, Polytec Inc., USA) and small XYZ-
motor (KDC101, Thorlabs Inc., USA). Fig. 6(a) depicts the schematic
of the LDV measurement setup. The annular CMUT array was immersed
in oil and connected to a DC supply and function generator (33500B
series, Keysight Technology Inc., USA). We applied a 25 V DC bias and
7 Vpp AC sine wave at the 6.2 MHz resonant frequency to one element in
the device while every other element was connected to the ground ter-
minal. The step size of the scanning motor was 4 ym and number of
scanning points was 10,201, which corresponded to 101 x 101 points,
resulting in a 400 x 400 ym scanning region. Fig. 6(b) shows the result
of the raster scan. The topography of the element shows that all cells in
the element were activated in the first mode. As the device is immersed
in oil, electrical crosstalk vibrates the cells in the elements connected to
the ground terminal. However, Fig. 6(b) shows that the amplitude of this
interference is negligible when compared with that of the element
applied with DC bias. In addition, the 12 cells in the same element
showed phase differences. As the top electrode and connecting line were
fabricated using the aluminum etchant, we believe that the increased
line resistance due to the over-etched electrode caused these phase
differences. Variations in the bonding quality of the cells may also
contribute to phase differences, although we were unable to inspect each
cell individually. We suppose this may affect the array’s performance
and introduce some degree of variability in the resulting images.

3.3. Pulse response measurement using hydrophone

The impulse response of the annular CMUT array, which contains
information such as acoustic pressure, bandwidth, attenuation, and
length of the signal, was measured using a hydrophone (HGL-0200,
ONDA Corporation, USA). As the length of the impulse signal is a sig-
nificant factor that determines the axial resolution, it is important to
ensure that the device has short impulse response with minimum ring-
ing. The annular CMUT array with outer diameter of 9.34 mm was
evaluated in single-element and 100-element operating modes. Fig. 7(a)
shows the impulse response of one element biased at 60 V of DC bias
with 17 Vp, sine-wave input at 6.2 MHz operating frequency, measured
3 mm from the surface of the CMUT array. A Gaussian function with full
width at half maximum of 0.35 ps was multiplied to the original signal to
remove the noise. The result shows that the length of the pulse was
nearly 0.5 ps and the ringing was restricted immediately after a single
response. The — 3 dB fractional bandwidth was 91%, which is within the
bandwidth range of the conventional CMUT.

Among the 120 elements, we activated 100 elements to check the
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Fig. 4. Circuit system for annular array system. (a) Schematic and (b) photograph of printed circuit board. Scale bar is 50 mm.
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Fig. 5. Impedance measurement results of one element in the annular array. (a) Frequency vs. phase graph at different DC biases. (b) Frequency vs. amplitude graph
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Fig. 6. (a) Schematic of setup for LDV measurement. Size of the scale bar is 200 um. (b) 2D scan of membrane displacement with 40 Vg, 5 Vj,, 6.2 MHz continuous
sinusoidal signal.
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Fig. 7. Impulse response of CMUT activated in 1-element mode and 100-element mode. (a) Impulse response (black) and bandwidth (red) of 1 element. A Gaussian
function was multiplied to remove the noise signal. (b) Impulse response of 100 elements.
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acoustic pressure and signal length in the region where all signals from
each element were focused due to avoid the beam distortion from the
defective elements — in the defective 20 elements, the leakage current
occurred. We aligned the hydrophone to the spot where the amplitude of
the signal was the maximum; the signals from all elements were focused
on this spot. Fig. 7(b) shows the impulse response of 100 elements at
40 V of DC bias with 5 V,, sine-wave input at 6.2 MHz operating fre-
quency, measured 7 mm from the CMUT array. The amplitude of the
single pulse generated by the 100 elements activated simultaneously
was 32.7 kPa. However, the deviations among the elements caused
ringing at the end of the single pulse. Nevertheless, the device remained
attenuated within 1 ps in the 100-element operating mode.

4. Real-time 3D imaging
4.1. Imaging method

To demonstrate the proposed device, a Vantage 64 system was
applied to control the delay of each element in the annular array of the
CMUT. In this section, we adopted plane-wave imaging, which transmits
a steered plane wave by adding a delay to each transducer. In physical
terms, a plane wave is a type of coherent point source which has a focal
point located at an infinite distance from the array plane. To achieve
this, we applied an equal amount of delay to each pair of elements that
were parallel to the axis perpendicular to the wave transmission direc-
tion. Specifically, we applied 30 different delays for each transmission.
By steering the beam in the same range of X and Y directions, the number
of beams was equal to the square of the number of transmissions in the X

a b
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(or Y) direction. We found that the calculation tolerance of our system
(Vantage 64, Verasonics Inc, USA) was limited to 289 (the square of 17)
transmissions. Therefore, we set the number of transmissions to 289 to
optimize system performance. To acquire sufficient data from the target,
we steered the beam with a single step (1.25°) in the range of 20° for the
X- and Y-axis. We additionally processed this image by adjusting the
compression factor, displaying only the data above —30 dB intensity
when compared with the maximum intensity. The processed volumetric
data are depicted in three cross-sectional planes—XZ-, YZ-, and XY-
plane.

4.2. Imaging demonstration using wire phantoms

Figs. 8 and 9 show three cross-sectional images and point spread
functions of the wire phantoms immersed in oil. The device was excited
by a 20 Vp), 6.2 MHz sine pulse and 50 V of DC bias was applied for pre-
bending of the membrane. Among the 120 elements in the annular array,
we activated 100 elements to prevent electrical leakage from the
defective elements. As shown in Fig. 8, we aligned three fishing wires
with 380 um diameter, 25 mm away from the center of the bottom of the
tank, at — 10°, 0°, and 10° from the center of the transducer in the XZ-
plane. In the XY-plane, we set the depth of the image plane as 28 mm
from the device considering the water tank thickness of 3 mm. As the
only wire that overlapped with the YZ- and XY-plane was the wire at the
center of the tank, we could observe only one line in the YZ-plane (Fig. 8
(b)) and XY-plane (Fig. 8(c)). As the focus of the ultrasound wave was
the strongest at the center of the proposed device, the wire at this po-
sition was displayed most sharply (Fig. 8(a)). Moreover, the wavelength
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Fig. 8. Imaging demonstration of wire phantoms positioned at 28 mm distance from the annular CMUT array. From the left, image in (a) XZ-plane, (b) YZ-plane, (c)
XY-plane (imaging depth: 28 mm). (d) Captured image of the wire. (e) Point spread function (lateral direction): — 6 dB resolution was 0.66 mm. (f) Point spread

function (axial direction): — 6 dB resolution was 0.38 mm.
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Fig. 9. Imaging demonstration of wire phantoms positioned at various distances from the annular CMUT array. From the left, image in (a) XZ-plane, (b) YZ-plane, (c)
XY-plane (imaging depth: 18 mm). (d) Captured image of the wire. (e) Point spread function (lateral direction): — 6 dB resolution was 0.56 mm. (f) Point spread

function (axial direction): — 6 dB resolution was 0.35 mm.

of the transmitted wave (238 ym) was shorter than the diameter of the
wire (380 um), which may have caused reflection of the ultrasound
waves at the inner boundary of the wire. This reflected signal was dis-
played immediately behind the main signal of the wire at the center of
the proposed device. We additionally calculated a point spread function
from the captured image of the wire positioned 28 mm away from the
proposed device (Fig. 8(d)). The point spread function is a method to
determine the lateral and axial resolutions of the annular CMUT array.
The sharper the spread function plot, the better is resolution of the
proposed device. From the point spread functions in the lateral and axial
directions (Fig. 8(e), (f)), we found that the — 6 dB lateral and axial
resolutions were 0.66 mm and 0.38 mm, respectively.

In Fig. 9, we used six instead of three wires as the target phantoms.
The wires were positioned 18-33 mm from the proposed device (Fig. 9
(a)). All six wires were detected at the same positions as the real
phantoms. Although two lines overlapped with the YZ-plane at 23 mm
and 33 mm, only one wire positioned at 23 mm from the proposed de-
vice was detected in the image in the YZ-plane (Fig. 9(b)). The slightly
shifted position of the wire at 33 mm and blocking effect of the wire
positioned at 23 mm were the main reasons for the failure to detect the
wire at 33 mm. The blocking effect was also observed in wires posi-
tioned at 28 mm from the proposed device; this was expected owing to
increased attenuation when compared with the wires at 18 mm from the
proposed device. In the case of the XY-plane, we set the depth of the
image plane as 18 mm from the proposed device (Fig. 9(c)). The two
lines shown in the XY-plane verify that the plane at a distance of 18 mm
from the device was successfully imaged. The point spread function of
the wires positioned at 18 mm was also calculated from the captured

image (Fig. 9(d)). The point spread function in the lateral direction
shows the — 6 dB lateral resolution as 0.56 mm (Fig. 9(e)). The 6 dB
axial resolution was 0.35 mm (Fig. 9(f)). The wire positioned at 18 mm
shows narrower lateral and axial resolutions when compared with the
result in Fig. 8. The higher SNR of the signal and narrower beam width
due to the proximity are the main reasons for the differences in the
lateral and axial resolutions.

From the above results of wire imaging, we concluded that the lateral
resolution of the focused region formed by the plane wave was suffi-
ciently narrow to detect a 380 um target. The results are particularly
encouraging, considering that this image was obtained without an
amplifier.

4.3. Comparison of imaging methods

Table 2 lists the normalized frame rates of the CPA, SPA, and plane-
wave imaging. Real-time volumetric imaging was possible only for the
SPA and plane-wave imaging owing to the low data acquisition rate of
the CPA. In a previous study, the fact that frame rate is inversely pro-
portional to the number of processed voxels was verified from the
measurement of frame rates with different number of voxels [15]. For
precise comparison of the frame rate, we modified the imaging depth to
17 mm to obtain a voxel count comparable to that of the SPA. The SPA
exhibits a frame rate of 8.5 fps for reconstructing two cross-sectional
planes with 45,602 voxels whereas plane-wave imaging exhibits a
frame rate of 1.49 fps for reconstructing three cross-sectional planes
with 45,702 voxels. Although the plane-wave imaging method transmits
four times the number of waves at a deeper imaging depth, the frame
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Table 2
Comparison of imaging methods.
CPA SPA Plane wave imaging (Imaging depth = Plane wave imaging® (Imaging depth =
40 mm) 17 mm)
Frame per second  Offline” 8.5 0.45 1.49
Number of 16471" 64 289 289
transmit
Voxel size® 0.1 mm x 0.23 mmx 0.23 mm 0.1 mm x 0.23 mmx 0.23 mm 0.12mm x 0.12 mmx 0.12 mm 0.12mm x 0.12 mm x 0.12 mm
Number of voxels 45602 45602 158751 45702
Lateral 0.64 mm 0.77 mm 0.56 mm 0.56 mm
resolution' (wire target at 13 mm depth) (wire target at 13 mm depth) (wire target at 18 mm depth) (wire target at 18 mm depth)
Imaging depth 26 mm 26 mm 40 mm 17 mm

@ CPA was not tested in real-time mode.

b Beam-sampling interval of 1° was assumed in both 6- and ¢-directions with viewing angle of 90° for 6 and 180° for ¢.

¢ For CPA and SPA, the width and length of the voxel were calculated at 1.3 cm depth.

4 In a previous study, the constant R-image was processed offline for compounding [14].

¢ For precise comparison with the results of the previous study, we set the number of voxels to the same value as applied for SPA.

f Lateral resolution of the previous study was calculated by multiplying the target depth (mm) with the FWHM of the line spread function (radian).

rate of the plane-wave imaging method was comparable to that of SPA
imaging. As the size of the voxel was non-uniform in the previous study
[15], the lateral dimensions of the voxel in the SPA and CPA were
calculated at the halfway imaging depth of 13 mm. The non-uniformity
of the voxel caused lower lateral resolution with increase in the imaging
depth. As shown in Table 2, the lateral resolution of SPA imaging in the
previous study was 770 um, i.e., higher than 560 ym of plane-wave
imaging. In comparison with the results of the previous study,
plane-wave imaging with a uniform voxel size achieved a uniform
lateral resolution independent of the imaging depth.

5. Conclusion

In this study, we demonstrated 3D plane-wave imaging using an
annular CMUT array. The images in the XZ-, YZ-, and XY-planes verified
that the device successfully collects the volumetric data of the targeting
region. Although the side lobes in the imaging result appeared higher as
the phantom surpassed the steering range of the beam, the main lobe
remained distinguishable. The point spread function of the annular
CMUT array shows that the — 6 dB lateral and axial resolutions were
sufficiently narrow to detect wire targets with a 380 um diameter. In
particular, it is encouraging that plane-wave imaging provides higher
frame rate when compared with the SPA, even for a higher number of
transmissions. Given that the wires with 380 um diameter were suc-
cessfully detected, we concluded that the focused region in the plane
wave formed by the annular array can also provide distinguishable
phantom images. In addition, the comparison of frame rate among the
different imaging methods proved that plane-wave imaging using the
annular CMUT array has comparable frame rate to those of CPA and SPA
imaging and improved lateral resolution. We concluded that plane-wave
imaging using an annular array is suitable for real-time 3D imaging and
delivers improved frame rate when compared with those of SPA and CPA
imaging in a previous study [15].

Future research can focus on alleviating the side lobe by decreasing
the element-to-element distance to less than A/2. We also grounded 20
underperforming elements to achieve a more uniform performance. We
expect to increase the SNR and decrease the side lobes by decreasing the
pitch size and limiting the element-to-element performance deviation.
We grouped two elements into one channel to connect with a 64-channel
Vantage 64. However, we expect to achieve superior control of the beam
and better lateral resolution with Vantage 128, which will enable the
individual control of 120 elements.
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