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Featured Application: Monitoring of microvasculature in abdomen applications (e.g., kidney
and liver).

Abstract: The recently introduced plane-wave compounding method based on multiple plane-wave
excitation has enabled several new applications due to its high frame rate (>1000 Hz). In this paper,
a new efficient transmit delay calculation method in plane-wave compound imaging for a curved
array transducer is presented. In the proposed method, the transmit delay is only calculated for a
steering angle of 0◦ and is shifted along the element of the transducer to obtain other transmit delays
for different steering angles. To evaluate the performance of the proposed method, the computational
complexity was measured for various transmission conditions. For the number of elements and
plane-wave excitations of 128 and 65, respectively, the number of operations was substantially
decreased in the proposed method compared with the conventional method (256 vs. 8320). The
benefits of the proposed method were demonstrated with phantom and in vivo experiments, where
coherent plane-wave compounding with 65 excitations provided larger CR and CNR values compared
to nine excitations (−22.5 dB and 2.7 vs. −11.3 dB and 1.9, respectively). These results indicate the
proposed method can effectively reduce the computational complexity for plane-wave compound
imaging in curved array transducers.

Keywords: ultrafast ultrasound imaging; plane-wave compounding; curved array transducer;
transmit delay

1. Introduction

In conventional medical ultrasound imaging, numerous focused ultrasound beams are utilized
to scan a region of interest (ROI) [1]. Since only a single or few image scanlines are formed in each
beam transmission, approximately one-hundred insonifications are generally required to reconstruct
an entire image frame. Considering the speed of sound in body tissue is approximately 1540 m/s [2],
the maximum frame rate is fundamentally limited (e.g., 40 frames per second when scanning a depth
of 15 cm with 128 beam transmissions). In other words, the total number of ultrasound beams per
frame must be reduced in order to increase the frame rate.

For high-frame-rate imaging, various beam profiles and transmission schemes have been presented,
such as broad-beam [3], multiline [4], and plane [5–7] or diverging beam [8] transmissions. The
plane-wave imaging technique shown in Figure 1, which utilizes an unfocused wave to interrogate
the entire ROI in a single transmission, has especially revealed the potential for very high-frame-rate
imaging. In addition, by coherently compounding multiple frames of images acquired using several
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plane-waves with various steering angles, the spatial resolution, contrast, and signal-to-noise ratio
(SNR) of plane-wave imaging can be enhanced while attaining a high enough frame rate for the
applications [9]. As a result, a number of new applications have been enabled. For example, tissue
elasticity mapping by monitoring a shear wave propagating through the medium using a very high
frame rate [10–12], very sensitive color or power Doppler imaging using a very large number of data
samples obtained within a short acquisition time [13–16], stable or very fast monitoring of contrast
agents [17,18], and super-resolution imaging based on the localization of contrast bubbles [19] were all
made possible by the plane-wave compounding technique.
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Moreover, in terms of transmit delay calculation for curved array imaging, a nonlinear delay for each 
element of the curved array (e.g., 128-elements) should be individually calculated due to the 
structurally curved shape (the elements are aligned along the radius of the transducer), whereas a 
linear delay can be simply calculated by adding up the increment in a linear array transducer. 
Therefore, as the number of transmissions per frame increases, more computations are required to 
calculate the transmit delays of the plane beams and reconstruct the images in curved array imaging. 
These increments in terms of computational complexity can be considered a challenge for real-time 
imaging. In addition, various plane-wave imaging applications, such as shear wave elastography and 
microvascular imaging, commonly utilize an ROI map to visualize biological function in the finite 
range of interest regions [5]. By changing the position and size of the ROI map along the axial and 
lateral directions, the transmit delays corresponding to the number of plane-wave transmissions and 
the degree of steering angles must be adjusted to provide uniform image quality and field of view 
[9]. These transmit delays can be pre-calculated and stored in the look-up table (LUT). However, since 
the number of transmission cases varies depending on the target application, it is advantageous to 
recalculate the transmit delays in real time. Moreover, for the fast image reconstruction in the real-
time system, a parallel beamformer architecture based on graphics processing units (GPUs) can be 
adopted [21] and the operations required for calculating transmit delays should be considered as 
well. Therefore, an efficient transmit delay calculation method is necessary to overcome these 
challenges. 

In this paper, a new efficient transmit delay calculation method, in which the number of 
operations does not increase proportionally to the number of plane-wave transmissions, is proposed. 
By applying the proposed method, the total number of operations for a transmit delay calculation 
can be substantially reduced. The proposed method was evaluated using the total number of delay 

Figure 1. Beam shapes (dotted lines) and the corresponding image scanlines to be reconstructed
(dashed lines) in (a) conventional focused ultrasound imaging and (b) plane-wave imaging techniques.

Although plane-wave compound imaging has mainly been utilized in linear array imaging,
it can be applied to curved array imaging (e.g., curvilinear, endocavitary, and microconvex) for
high-resolution abdominal ultrasonography [20]. However, curved array imaging generally requires a
larger number of plane-waves to obtain the wider ROI compared to linear array imaging since the
region inside of the compounded plane waves (i.e., the area that is fully synthesized) is narrow [6].
Moreover, in terms of transmit delay calculation for curved array imaging, a nonlinear delay for each
element of the curved array (e.g., 128-elements) should be individually calculated due to the structurally
curved shape (the elements are aligned along the radius of the transducer), whereas a linear delay
can be simply calculated by adding up the increment in a linear array transducer. Therefore, as the
number of transmissions per frame increases, more computations are required to calculate the transmit
delays of the plane beams and reconstruct the images in curved array imaging. These increments in
terms of computational complexity can be considered a challenge for real-time imaging. In addition,
various plane-wave imaging applications, such as shear wave elastography and microvascular imaging,
commonly utilize an ROI map to visualize biological function in the finite range of interest regions [5].
By changing the position and size of the ROI map along the axial and lateral directions, the transmit
delays corresponding to the number of plane-wave transmissions and the degree of steering angles
must be adjusted to provide uniform image quality and field of view [9]. These transmit delays can be
pre-calculated and stored in the look-up table (LUT). However, since the number of transmission cases
varies depending on the target application, it is advantageous to recalculate the transmit delays in
real time. Moreover, for the fast image reconstruction in the real-time system, a parallel beamformer
architecture based on graphics processing units (GPUs) can be adopted [21] and the operations required
for calculating transmit delays should be considered as well. Therefore, an efficient transmit delay
calculation method is necessary to overcome these challenges.

In this paper, a new efficient transmit delay calculation method, in which the number of operations
does not increase proportionally to the number of plane-wave transmissions, is proposed. By applying
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the proposed method, the total number of operations for a transmit delay calculation can be substantially
reduced. The proposed method was evaluated using the total number of delay calculations and the
corresponding computation time in various conditions, i.e., a different number of transmit elements or
number of plane-waves.

2. Materials and Methods

2.1. Plane-Wave Compound Imaging

Unlike the conventional method of ultrasound imaging where a line-by-line scanning method
utilizing a number of focused ultrasound beams is applied, several tilted plane-waves are used in
plane-wave compound imaging. The frames acquired using plane-waves of various steering angles
are summed to achieve synthetic transmit focusing as shown in Figure 2.

Using this technique, a very high frame rate can be achieved due to the reduced number of
transmissions per frame. In addition, uniform resolution can be achieved throughout the ROI as shown
in Figure 3.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 3 of 11 

calculations and the corresponding computation time in various conditions, i.e., a different number 
of transmit elements or number of plane-waves. 

2. Materials and Methods 

2.1. Plane-Wave Compound Imaging 

Unlike the conventional method of ultrasound imaging where a line-by-line scanning method 
utilizing a number of focused ultrasound beams is applied, several tilted plane-waves are used in 
plane-wave compound imaging. The frames acquired using plane-waves of various steering angles 
are summed to achieve synthetic transmit focusing as shown in Figure 2. 

 
Figure 2. Synthetic focusing based on the plane-wave compounding method with three plane-wave 
angles. 

Using this technique, a very high frame rate can be achieved due to the reduced number of 
transmissions per frame. In addition, uniform resolution can be achieved throughout the ROI as 
shown in Figure 3. 

 
Figure 3. Simulated B-mode images reconstructed using (a) 128 focused beams (focal depth of 25 mm) 
and (b) 16 plane beams (steering angles of ±9°) with L7-4 linear array (a 128-element transducer with 
a pitch of 298 μm and a center frequency of 5.2 MHz). The simulation was conducted using a Field II 
ultrasound simulator [22]. 

Figure 2. Synthetic focusing based on the plane-wave compounding method with three
plane-wave angles.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 3 of 11 

calculations and the corresponding computation time in various conditions, i.e., a different number 
of transmit elements or number of plane-waves. 

2. Materials and Methods 

2.1. Plane-Wave Compound Imaging 

Unlike the conventional method of ultrasound imaging where a line-by-line scanning method 
utilizing a number of focused ultrasound beams is applied, several tilted plane-waves are used in 
plane-wave compound imaging. The frames acquired using plane-waves of various steering angles 
are summed to achieve synthetic transmit focusing as shown in Figure 2. 

 
Figure 2. Synthetic focusing based on the plane-wave compounding method with three plane-wave 
angles. 

Using this technique, a very high frame rate can be achieved due to the reduced number of 
transmissions per frame. In addition, uniform resolution can be achieved throughout the ROI as 
shown in Figure 3. 

 
Figure 3. Simulated B-mode images reconstructed using (a) 128 focused beams (focal depth of 25 mm) 
and (b) 16 plane beams (steering angles of ±9°) with L7-4 linear array (a 128-element transducer with 
a pitch of 298 μm and a center frequency of 5.2 MHz). The simulation was conducted using a Field II 
ultrasound simulator [22]. 

Figure 3. Simulated B-mode images reconstructed using (a) 128 focused beams (focal depth of 25 mm)
and (b) 16 plane beams (steering angles of ±9

◦
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pitch of 298 µm and a center frequency of 5.2 MHz). The simulation was conducted using a Field II
ultrasound simulator [22].



Appl. Sci. 2019, 9, 2752 4 of 11

Although plane-waves can be easily generated using a linear array transducer due to the straight
arrangement of the elements, since a linear shape is not suitable for scanning wide and deep areas,
a curved array transducer should be chosen for a broader application of plane-wave imaging. To
generate a plane beam from a curved array, the time delay for each array element must be calculated
properly by considering the shape of the array, which is an arc.

2.2. Conventional Transmit Delay Calcuation

Figure 4 is a geometrical model of the transmit delay calculation. To excite a plane-wave from
a curved array transducer, the transmit time delay for each array element can be calculated by
the following:

τTX(θPW , n) = R· cos
(
θPW − θele,n

)
/c (n = 1, 2, . . . , Nele) (1)

where R is the radius of the transducer, θPW is the steering angle of the plane-wave, θele,n is the angle
between the direction vector of the nth element and the z-axis, Nele is the number of array elements,
and c is the speed of sound [20].
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Figure 4. Geometrical model of delay calculation for plane-wave transmission in a curved array
transducer, where R is the radius of the transducer, θPW is the steering angle of the plane-wave, and
θele,n is the angle between the direction vector of the nth element and the z-axis.

As indicated in Equation (1), the number of cosine operations is proportional to the number of
elements and the number of steering angles. In addition, since curved array imaging has a larger
ROI than linear array imaging, a wider range of steering angles is required to interrogate the entire
sector-shaped ROI. Therefore, more plane-waves are required to suppress artifacts resulting from
grating lobes or side lobes, leading to an increase in the number of calculations, as shown in Figure 5.

Figure 5a,b show the difference in the number of artifacts between two images acquired using
nine plane-waves and 65 plane-waves, respectively, when the scan angle of the ROI is 75.54 degrees.
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Figure 5. Simulated B-mode images of point targets acquired using (a) 9 plane-waves and (b) 65
plane-waves with θPW = ±37.7

◦

. The simulation was conducted by a Field II ultrasound simulation
program [22] with a C5-2 curved array transducer (a 128-element transducer with a pitch of 425 µm, a
center frequency of 3.1 MHz, and a convex angle of 75.54 degree).

2.3. Efficient Transmit Delay Calculation

To reduce the total number of computations for transmit delay calculation, we propose reusing the
delay values calculated earlier. This method can be applied when the steering angle θPW is an integer
multiple of the angle between the direction vectors of two adjacent elements. Under this condition,
Equation (1) can be developed as follows:

τTX(θPW , n) = τTX(k·dθ, n)
= R· cos

(
k·dθ− θele,n

)
/c

= R· cos
(
k·dθ−

(
(n− 1)·dθ+ θele,1

))
/c

= R· cos
(
0−

(
(n− k− 1)·dθ+ θele,1

))
/c

= τTX(0, n− k) (k = kmin, kmin + 1, . . . , kmax)

(2)

where dθ is the angle between the direction vectors of two adjacent elements, namely, dθ = θele,n+1 −

θele,n, and kmin and kmax are the minimum and the maximum values of an integer k (kmin < 0 < kmax).
As a result of the equality in Equation (2), the transmit delay of the nth-element for θPW = k·dθ is equal
to the delay of the (n-k)th-element for θPW = 0. By applying the equality to the delay calculation, the
delays for θPW = k·dθ can be obtained from the delays for θPW = 0 as shown in Figure 6. In addition,
the steering angles of plane-waves are selected with symmetry [11] so that −kmin = kmax for simplicity.
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Figure 6. Delay values for various steering angles (i.e., kmin·dθ to kmax·dθ) acquired from delay values
for a steering angle of 0 degree.

3. Results and Discussion

In the proposed method, the total number of operations is not affected by the number of transmit
plane-waves but is related to the maximum value of k because additional delays to be shifted must
also be calculated. Therefore, the total number is (Nele + 2·km) in the proposed method while the total
number is (Nele ×NPW) in the conventional method, where NPW is the number of transmit plane-waves
with different steering angles, and km is related to θPW and dθ as follows:

θPW = k·dθ
∴ km = θPWmax

(3)

where θPWmax is the maximum steering angle.
Since km is not related to Nele and NPW , the computational complexity of the proposed method

can be determined by the variable km irrespective of NPW . To assess the efficiency of the proposed
method, the total number of computations for the conventional method and the proposed method
were calculated for various conditions and summarized in Table 1.

Table 1. Total number of computations of Equation (1) for the conventional method and proposed method.

Variables Conventional Proposed

Nele NPW km Number of computations Number of computations

64
9

32 576 128
64 576 192

65
32 4160 128
64 4160 192

128
9

64 1152 256
128 1152 384

65
64 8320 256

128 8320 384

192
9

96 1728 384
192 1728 576

65
96 12,480 384

192 12,480 576
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As listed in Table 1, the proposed method has a substantially lower total number of computations
than the conventional method (e.g., 256 vs. 8320, respectively, with km = 64 when the number of
elements and transmit plane-waves are 128 and 65, respectively; these are the same conditions shown
in Figure 5b). Although the optimal value of km is 64 in the condition, the value can be set higher to
facilitate a larger range of steering angles, increasing the lateral resolution at the outer part of the image.

Moreover, in the case of km > Nele to increase steering angles, θPWmax can be exceeded for the
maximum scan angle of the ROI; it does not allow for improved image quality due to the defined
scanning area and the inherent element directivity function [20]. Therefore, the proposed method will
be at least Npw/3 times more efficient than the conventional method when km is lower than Nele (i.e.,
the total number of computation is Nele + 2·km ≤ 3×Nele).

To evaluate the real-time performance of the proposed method, the transmit delay calculation
was implemented on a NVIDIA Computer Unified Device Architecture (CUDA) platform (GTX 660
Ti, NVIDIA, Santa Clara, CA, USA) for every case listed in Table 1 and the computational time was
measured as summarized in Table 2.

Table 2. Total computation times of Equation (1) for the conventional method and proposed method.

Variables Conventional Proposed

Nele NPW km Computation Time (µs) Computation Time (µs)

128
9

64 19.6 ± 0.7 8.4 ± 0.7
128 19.4 ± 0.7 8.9 ± 0.8

65
64 78.6 ± 0.5 8.4 ± 0.7
128 78.8 ± 0.8 8.4 ± 0.2

192
9

96 32.6 ± 0.6 8.5 ± 0.2
192 32.8 ± 0.7 9.1 ± 0.2

65
96 148.2 ± 2.4 8.8 ± 0.8
192 149.0 ± 0.7 9.3 ± 0.4

As listed in Table 2, for Nele of 128, NPW of 65, and km of 64, the proposed method yielded
8.4 ± 0.7 µs compared to the conventional method, 78.6 ± 0.5 µs. The computational efficiency of the
proposed method was significantly improved in a larger number of transmit beams. Therefore, the
efficient transmit delay calculation method in curved arrays will improve the performance of real-time
implementation for ultrafast curved array applications. For example, a shear wave elastography
technique based on plane-wave transmission has already been commercialized and it is widely used
in a clinical setting (e.g., liver fibrosis evaluation) [11,23]. In shear wave elastography, the position
and size of the ROI map visualizing tissue elasticity are changed according to the position and size
of the interest area (i.e., lesion) [24,25]. In that case, e.g., the number of plane-waves and the degree
of steering angles, can be adjusted for providing comparable image quality and field-of-view [9].
Therefore, transmit delays need to be recalculated while the transmission parameters are adjusted,
and the proposed method can improve the computational efficiency. Moreover, it is useful for
supporting emerging applications where high image quality is necessary by increasing the number of
plane-wave transmission.

To demonstrate the feasibility of the proposed method in terms of image quality enhancement, a
tissue-mimicking phantom (040GSE, CIRS Inc., Norfolk, VA, USA) was scanned using a C5-2 curved
array transducer and a programmable ultrasound research platform (Vantage 128, Verasonics Inc.,
Redmond, WA, USA) with 9 or 65 plane-wave insonifications. In addition, in vivo abdominal data
were obtained from a healthy volunteer under Institutional Review Board (IRB) approval. The contrast
ratio (CR) and contrast-to-noise ratio (CNR) [26] were also measured in the phantom study as the
following:

CR = 20 log10

(
µcyst

µbkgd

)
(4)
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CNR =

∣∣∣µcyst − µbkgd
∣∣∣√

σ2
cyst + σ2

bkgd

(5)

where µcyst and µbkgd are the mean intensities of the image in the cyst and the background regions,
respectively, and σcyst and σbkgd are the corresponding standard deviations of the intensities in
the regions.

Figure 7 represents the B-mode images of the tissue mimicking phantom by using nine or 65
plane-waves. As shown in Figure 7, the image based on 65 plane-waves has clearer cyst regions (i.e.,
yellow dotted circle) than the image based on nine plane-waves. Quantitatively, the measured CRs
are −11.3 dB and −22.5 dB for the 9-plane-wave image and the 65-plane-wave image, respectively.
Additionally, the CNRs of the 9-plane-wave image and the 65-plane-wave image are 1.9 and 2.7,
respectively. These results show the 65-plane-wave image has much higher contrast resolution.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 11 

CR = 20 logଵ଴( 𝜇௖௬௦௧𝜇௕௞௚ௗ) (4) 

CNR = ห𝜇௖௬௦௧ − 𝜇௕௞௚ௗหට𝜎௖௬௦௧ଶ + 𝜎௕௞௚ௗଶ  (5) 

where 𝜇௖௬௦௧ and 𝜇௕௞௚ௗ are the mean intensities of the image in the cyst and the background regions, 
respectively, and 𝜎௖௬௦௧ and 𝜎௕௞௚ௗ are the corresponding standard deviations of the intensities in the 
regions. 

Figure 7 represents the B-mode images of the tissue mimicking phantom by using nine or 65 
plane-waves. As shown in Figure 7, the image based on 65 plane-waves has clearer cyst regions (i.e., 
yellow dotted circle) than the image based on nine plane-waves. Quantitatively, the measured CRs 
are −11.3 dB and −22.5 dB for the 9-plane-wave image and the 65-plane-wave image, respectively. 
Additionally, the CNRs of the 9-plane-wave image and the 65-plane-wave image are 1.9 and 2.7, 
respectively. These results show the 65-plane-wave image has much higher contrast resolution. 

 
Figure 7. B-mode images of a tissue-mimicking phantom acquired using (a) nine plane-waves and (b) 
65 plane-waves. The yellow dotted and red circles in each image indicates the cyst and background 
regions, respectively, which are used for calculating the contrast ratio (CR) and contrast-to-noise ratio 
(CNR). 

Moreover, Figure 8a shows the result of B-mode image for the in vivo liver data acquired using 
only nine plane-waves, which suffers from very low contrast resolution. On the other hand, Figure 8b, 
which shows an image acquired using 65 plane-waves, can provide a clear depiction of a hepatic vessel 
(yellow arrows) due to increased contrast. 

Figure 7. B-mode images of a tissue-mimicking phantom acquired using (a) nine plane-waves and (b)
65 plane-waves. The yellow dotted and red circles in each image indicates the cyst and background
regions, respectively, which are used for calculating the contrast ratio (CR) and contrast-to-noise
ratio (CNR).

Moreover, Figure 8a shows the result of B-mode image for the in vivo liver data acquired using
only nine plane-waves, which suffers from very low contrast resolution. On the other hand, Figure 8b,
which shows an image acquired using 65 plane-waves, can provide a clear depiction of a hepatic vessel
(yellow arrows) due to increased contrast.
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4. Conclusions

In this paper, an efficient transmit delay calculation method based on the reuse of time delay
values of a 0◦ steering angle for a convex array probe in ultrasound coherent plane-wave compound
imaging is presented. From the simulation study, the proposed method showed a substantial decrease
in computational complexity while not affecting the image quality in plane-wave compounding
imaging for a convex array transducer. As a consequence, better image quality can be achieved without
additional computations for transmit delay calculations.
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