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Row—column-addressed (RCA) arrays, composed of two orthogonal linear arrays with elongated elements, enable
three-dimensional (3D) imaging with a larger aperture and fewer channels than conventional matrix arrays. Orthogonal
plane-wave (OPW) coherent compounding is a specialized insonation mode for RCA arrays, characterized by the emis-
sion of orthogonally tilted plane waves and the coherent compounding of echo data to generate 3D images. Neverthe-
less, 3D beamforming is computationally expensive when using the conventional delay-and-sum algorithm. Frequency—
wavenumber (F-K) beamformers are highly efficient beamforming solutions and have been widely investigated for two-
dimensional (2D) imaging using linear arrays and for 3D imaging with matrix arrays. In contrast, the F-K beamformer for
RCA-based OPW imaging remains to be further developed. In this work, an F-K domain beamforming strategy (OPW f-k)
is proposed for efficient volumetric image reconstruction in RCA-based OPW imaging. The proposed method achieves a
computational complexity of O(PMH?log,(MH)) compared to O(PNMH?) required by the conventional delay-and-sum
algorithm, resulting in an 11-fold processing time reduction on a CPU-based MATLAB platform. Besides, simulation and
phantom experimental results indicate that OPW f-k can improve imaging quality, with quantitative evaluations demon-
strating enhanced spatial resolution (2.19% reduction in full width at half maximum), contrast ratio (12.96% increase),
and contrast-to-noise ratio (17.84% increase) compared to OPW DAS. In vivo carotid artery imaging further confirms the
clinical viability of the method for volumetric imaging. These results suggest that the proposed F-K method is a promising
solution for RCA-based 3D OPW imaging.

Keywords: row—column-addressed arrays, 3D ultrasound imaging, frequency—wavenumber domain process-
ing, orthogonal plane wave compounding

PACS: 43.80.Vj, 43.60.Tj, 87.57.nf, 43.60.Fg
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1. Introduction

Three-dimensional (3D) ultrasound imaging can be
achieved using two-dimensional (2D) transducer arrays. Tra-
ditional fully-sampled 2D matrix arrays require N X N inde-
pendent channels,!2! where N represents the element number
along one side of the probe. This increases the complexity
and cost of multi-channel ultrasound systems.! To address
this challenge, row—column addressed (RCA) arrays have been
developed. RCA arrays are a specific type of matrix array
consisting of two orthogonal overlapping arrays with elements
elongated to match the side length of the probe.* Such a de-
sign reduces the required number of channels from N X N to
2N.51 RCA arrays have demonstrated advantages in reducing
the required channel number and improving the efficiency of
3D volumetric imaging.

Volumetric imaging using RCA arrays has been widely
investigated in recent years. Morton!¥ first introduced the
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$Corresponding author. E-mail: xukl@fudan.edu.cn
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concept of RCA arrays in 2003. Subsequently, Rasmussen
et al.l®! performed comparative studies between RCA ar-
rays and fully addressed arrays for volumetric synthetic aper-
ture imaging using simulation data. They further!”! designed
roll-off apodization to reduce ghost echo artifacts caused by
edge waves. To improve the imaging quality of RCA ar-
rays, Hansen-Shearer e al.!®! developed a row—column ar-
ray specific coherence-based beamforming technique to sup-
press sidelobes and noise. Zhang et al.”! improved the vas-
cular imaging quality by developing a spatiotemporal simi-
larity weighting method that effectively suppresses sidelobe
artifacts. Sun er al.l'"! proposed the X-FMAS beamform-
ing technique, which uses the spatial coherence of comple-
mentary image frames, to suppress the sidelobes and enhance
the contrast. Besides, using RCA arrays, Dong et al.l!l:1?]
achieved high-volume-rate shear wave elastography with ei-

ther external vibration or acoustic radiation force (ARF). Re-
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cently, the orthogonal plane-wave (OPW) imaging technique,
a specialized emission mode of RCA arrays, has been utilized
for high-frame-rate ultrasound imaging. Flesch ef al.!"3! com-
pared the imaging performance of OPW using RCA arrays
and plane wave compounding with matrix arrays. They em-
phasized that OPW compounding is a promising technique for
four-dimensional (4D) ultrafast Doppler imaging. Sauvage et
al.l'¥ realized 4D ultrafast power Doppler imaging by design-
ing a large aperture probe using the OPW strategy. Sauvage et
al.'"3) further applied the OPW technique to functional ultra-
sound imaging to monitor the blood flow in the brain. Holbek
et al.'"%1 developed a 3D vector flow estimation method using
the transverse oscillation technique with RCA arrays. Hansen-
Shearer et al.!'”l and Jensen et al.l'® developed OPW-based
3D super-resolution techniques, achieving micron-level preci-
sion imaging. Our group has also conducted several research
studies on Doppler and super-resolution imaging using OPW
with RCA arrays. Sun et al.!'” developed a least-squares
multi-angle Doppler estimator to achieve 4D vector Doppler
imaging based on OPW transmission. Sun et al.?°! applied
single crystal RCA arrays!?! to 3D ultrasound localization mi-
croscopy of rat brain microvasculature. These studies demon-
strate the potential of OPW with RCA arrays for 3D applica-
tions.

OPW imaging with RCA arrays plays an important role in
high-frame-rate volumetric imaging. However, current OPW
implementations predominantly rely on conventional delay-
and-sum (DAS) algorithms, which suffer from high compu-
tational complexity. Although advanced methods such as
two-stage beamforming,??! GPU acceleration,!”*! and deep
learning techniques!?*>3! have partially alleviated the compu-
tational burden, developing highly efficient beamforming al-
gorithms remains a challenge for achieving OPW 3D imag-
ing. Frequency—wavenumber (f-k) beamformers have been
proven to be a reliable solution to reduce computational bur-
den. Theoretically, the computational complexity of those
f-k beamformers is usually reduced by a polynomial order
when compared with their DAS counterparts. The f-k beam-
former was initially proposed by Stolt for seismic imaging. %!
Then, Lu!?”! introduced the high frame rate ultrasound imag-
ing utilizing limited diffraction beams (plane waves) and pro-
posed the corresponding f-k beamforming algorithm. Hunter
et al.”® proposed the f-k ultrasound beamforming algorithm
for full-matrix capture imaging in ultrasonic non-destructive
testing, achieving improvements in both computational effi-
ciency and imaging quality. Garcia et al.!*! introduced the f-k
beamformer for compounded plane wave imaging, by adapt-
ing the tilted plane wave transmission to the conventional ex-
plosion model using coordinate transformation. The com-
putational efficiency of Garcia’s algorithm is comparable to
Lu’s method and improves by a polynomial order compared

to the DAS method. Zhang et al.’"! extended the f-k beam-
forming to diverging wave-based ultrafast imaging by estab-
lishing an isomorphism between planar systems and sectorial
systems, enabling the f-k methods to process wide-angle sec-
Merabet et al.3!! extended the 2D f-k beam-
forming to the 3D case using conventional matrix arrays, and

torial scans.

they achieved computational efficiency improvements of up
to 36 times. Zhuang et al.*?! conducted a comparison be-
tween the DAS and f-k beamforming for total focusing method
and plane wave imaging in non-destructive testing, demon-
strating that the f-k beamformer is superior to the DAS algo-
rithms for large image dimensions. Jin et al.33 adopted the
f-k method for multilayered structure ultrasound imaging us-
ing full matrix data, proving that the f-k method is superior to
DAS and phase shift migration. Jiang et al.[**! proposed the
f-k beamformer for conventional focused transmission-based
ultrasound imaging. Lin et al.!*! proposed a Fourier-based
imaging method using synthetic aperture data acquired from

361 developed a

RCA arrays. More recently, Hagemeyer et al.!
frequency-domain filtered back-projection (FBP) reconstruc-
tion algorithm for plane wave imaging with RCAs. Currently,
the f-k migration algorithm for OPW imaging using RCA ar-
rays remains to be developed.

This paper presents the f-k migration for OPW imaging
using RCA arrays, referred to as OPW f-k. This method in-
novatively concentrates on the wavefront propagation within
each cross-section in the orthogonal direction of the plane
wave emission plane. The relationship between the radio fre-
quency (RF) data and the response of the free space scatterers
in the spectrum domain is then established for those cross-
sections. The subsequent sections are organized as follows:
Section 2 introduces the theory and the detailed implementa-
tion of the proposed OPW f-k migration method; Section 3 de-
scribes the simulation setting, experimental setup, and evalua-
tion methods; Section 4 presents simulation, phantom, and in
vivo experimental results and analysis; Section 5 discusses the
innovations and limitations of this research; finally, Section 6
summarizes the paper and outlines future research directions.

2. Theory and method

This section introduces two 3D reconstruction methods
for OPW coherent compounded ultrasound imaging using
RCA arrays. First, the transmission and reception processes
in OPW coherent compounding are introduced. Second, the
conventional DAS algorithm adapted for the OPW transmis-
sion modality is presented. Finally, the proposed f-k migration
method, OPW f-k, is explained in detail.

2.1. Orthogonal plane-wave coherent compounding

In a 2D imaging system, coherent plane wave com-
pounded imaging!'3! differs from traditional focused transmis-
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sion by emitting a series of tilted plane waves at various angles
and coherently compounding the beamformed data from each
angle. This approach improves the frame rate by transmitting
fewer waves to cover the imaging region, compared to the tra-
ditional focused transmission.

When coherent plane wave compounding is applied to
RCA arrays, plane waves are generated by sequentially excit-
ing all elements of either the row or column array to insonify
the imaging region (Fig. 1(a)), and all elements from the cor-
responding orthogonal array receive the backscattered ultra-
sound signals to realize 3D ultrasound imaging (Fig. 1(c)).
The insonification angles are typically symmetric around the
central axis. Accordingly, for a given maximum steering
angle, the transmitted plane waves are usually evenly dis-

Transmit unit

Receive unit

Backscattered signal
(d)

tributed within the range [—6max, Omax]- In this case, the point
spread function (PSF) is anisotropic, as transmission focusing
is achieved through the coherent compounding of tilted plane
waves and reception focusing relies on synthetic aperture fo-
cusing. To overcome the anisotropic limitation, orthogonal
plane wave (OPW) imaging was developed. OPW imaging
uses complementary orthogonal plane wave sequences, i.e.,
row transmission column reception mode (RC) and column
transmission row reception (CR) modes. By summing the two
orthogonal sequences, the PSFs become isotropic and the fi-
nal image achieves uniform resolution. This strategy effec-
tively solves the PSF anisotropy problem and provides 3D ul-
trasound imaging with uniform spatial resolution using RCA
probes.
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Fig. 1. Ilustration of RCA array structure and imaging principles in RC mode: (a) row elements aligned along y-direction transmit tilted plane
waves, (d) column elements aligned along x-direction receive RF data, (b) time delay calculation for plane wave transmission at angle 6, (e)
time delay calculation for reception, (c) wavenumber analysis during transmission, (f) wavenumber analysis during reception.

2.2. Delay and sum beamforming

DAS beamforming is a conventional algorithm in pulse-
echo ultrasound imaging systems for reconstructing ultra-
sound images from radio-frequency (RF) data acquired by
multichannel systems. DAS can focus on a specific point by
applying time delays to each received signal so that they align
in phase when originating from the point. Those in-phase sig-
nals are summed, enhancing the desired signal while suppress-
ing the signal from other directions.

In OPW ultrasound imaging, the imaging coordinate is
defined with its origin located at the center of the aperture. Us-
ing the RC mode as an example, when the row element arrays
transmit a plane wave at a tilt angle of 0, the travelling time
of the wavefront from the first transmitting element of the row
array to the spatial point (x,y,z), as shown in Fig. 1(b), can be
expressed as

_ zcosO +ysin® +(N—1)d/2

t(x,y,2) = (1)

c

where c is the sound speed, d is the pitch size, and N is the ele-
ment number. After the wavefront is reflected by the scatterer

located at the above-mentioned spatial point, it will propagate
backwards to the column elements as illustrated in Fig. 1(e).
The travelling time (first arrival) from the spatial point to the
column element is

2 2
2+ x—x;
tr(x,y,2) = vt o) : @)
c
Now, the total time delay can be expressed as
t(x,y,2) =1 (x,,2) +1:(x,,2). (©)

Notably, the time delay is only valid when the spatial point
(x,y,2) is inside the aperture; that is, |x| < (N —1)d/2 and
[y| < (N —1)d/2. For the spatial points located outside the
aperture, readers can refer to Rasmussen’s paper for detailed
information. (6]

The DAS beamforming is achieved by summing up the
delayed RF data in in-phase and quadrature (IQ) mode and

coherently compounding the OPW transmissions, as

90 N
Jdas—rc(%,,2) = Z ZIQij (tsequence,tij(X,yaZ)) N C))

j=—8gi=1
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where i is the received element of the column array, j is the
transmitting plane wave from the row array, fsequence 1S the
sampled time sequence of the IQ data, #; is the total time
delay, and 6y is the maximum tilted angle. Here, linear in-
terpolation is used to acquire the time-delayed IQ data. Simi-
larly, the beamformed data fy,s—cr(x,,z) can be acquired us-
ing the column-transmission row-reception mode. The final
beamformed data can be synthesized by summing up the com-
plementary orthogonal sequences as

fdas(x;y, Z) = fdasfrc(xaya Z) Jrfdasfcr(x»)@ Z)- 5

Notably, all elements were used for DAS beamforming. No
apodization was involved in either transmission or reception
in this study.

2.3. F-K migration

The critical factor to realize f-k migration is to find the
relationship between the RF data and the response of the free
space scatterers in the spectrum domain. To do so, in the pro-
posed OPW f-k, the wave propagation is analyzed in the cross-
sections along the plane perpendicular to the receiving array.
In this context, RC mode is used as an example. In the 3D
coordinate system, the transmitted plane wave front in the fre-
quency domain can be expressed as

(I)RT(y7Z7 (J)) _ eiksin Oy+ikcos 9z7 (6)

where k = @/c is the wavenumber, 6 is the tilted angle of
the plane wave, and i = /—1 is the imaginary unit, as shown
in Fig. 1(c). Correspondingly, the frequency-domain wave-
field received by the column element located at x;, as reflected
from the scattering point (x,y,z), can be expressed based on
the Green’s function, as

dky, )

U etk i)
(pCR()C*)Ci,Z7U)) = /7

an k.

where f(x,z) is the intensity of point scatters and fy is the
travelling time from the first transmitting element of the row
array to the above mentioned cross-section at y, as shown in
Fig. 1(c).

As indicated in Eq. (8), the received ultrasound response
of the imaging system results from the superposition of the
spectral responses of all the spatial scatterers, as

RF (ky, ) :/(P(x,-,w)ei“’"’eik*""'dxi,
F(kx,kz) = //f(x,Z)eikX”ikzzdxdz, (8)
RF (ke @) = /2% Fky kz) AR K2, (9)

where F (kx,kz) denotes the spatial spectrum of the point scat-
terers, ky and kz are the corresponding spatial wavenumbers,

and RF (k,, ) is the spatiotemporal spectrum of the received
ultrasound.

From Egs. (8) and (9), the relationship between the
wavenumber of the received ultrasound and the wavenumber
of the point scatterers can be established, as

kX:kx7 (10)
kz = \/k* — k2 +kcos 6.

Based on Eq. (10), the relationship between the wavenumber
of the free space scatterers and the spectrum can be obtained
using the following equations

kg +k% 0 —
k={ 2 ’ an
—kzcos 0++/k% sin® 0+k2 040
sin® @ ’ # ’

The spatial spectrum of the point scatterers can be obtained
from the spatio-temporal spectrum of the received ultrasound
in Eq. (11) by applying the Stolt interpolation method, as

F(kx,kz) :Sil (—Zi\/kz—k%RF(kx,(D)> s (]2)

where S~! is the Stolt remapping.

Figure 2 presents the detailed flowchart illustrating the
process of achieving 3D ultrasound imaging using the OPW
f-k method in RC mode. The implementation steps are as fol-
lows:

(i) For a selected transmitting angle 6, the backscat-
tered signals RF(x,) in the time-spatial domain are zero-
padded and then converted to the wavenumber-frequency do-
main RF (k,, ®) using a 2D fast Fourier transform (FFT).

(i1) For a chosen 2D cross-section y, phase compensation
is applied to RF (k,, ®) to correct for the travelling time from
the first transmitting element to the cross-section y.

(iii) Calculate k for each ky and kz, then apply Stolt inter-
polation to acquire F (kx,kz)y.

Echo data acquisition and
wavenumber baseline establishment

RF(z,t,0) 1 kx and kz

Extract RF data from a single transmit angle |
| rRAG, 1)

Zero-padding in both spatial and time space,
then apply 2D FFT

| A )

| Phase compensation to a chosen cross-section y |
l RF(kyw)y

| Calculate k for each ky and kz |
l k(kx,kz)

|St01t interpolation from RF(k;,w), to F(kx, k:Z)|

F(kX’ kz)l/

Last section and
angle?

YES

Sum results and inverse FFT in =
to acquire f(@, y, kz)

Fig. 2. Flow chart of the OPW f-k algorithm in RC mode.
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(iv) The above three steps are repeated for each cross-
section and transmission angle until the last section and angle
are reached.

(v) The results are summed to achieve coherent com-
pounding, then an inverse FFT is performed in the x direction
on the summed data to acquire beamformed data fi.(x,y,kz).

Similarly, the beamformed data can be easily obtained in
CR mode. The final beamformed data can be obtained by sum-
ming the beamformed data of the two orthogonal sequences,
as

f(xvyakz):ﬁc(xayak2)+fcr(xvyak2)~ (13)

The final beamformed image is obtained using 1D FFT in the
z direction.

Notably, Stolt interpolation has been thoroughly intro-
duced by Garcia;!*! readers may refer to his paper for fur-
ther details. In this study, the classical linear interpolation was
used, and the corresponding MATLAB code can be expressed
as interp1 (@, RF, ck, ‘linear’), where  is the frequency, RF is
the data in the frequency domain at a fixed k,, ck is the product
of sound speed and the synthesized wavenumber in Eq. (11).

2.4. Performance evaluation metrics

Three metrics were used to quantitatively evaluate the al-
gorithm performance. Full width at half maximum (FWHM),
defined as the main lobe width at 6 dB below the peak of the
PSF curve, was used to evaluate the imaging resolution. Con-
trast ratio (CR) and contrast-to-noise ratio (CNR) were em-
ployed to assess the detectability of targets in ultrasound im-
ages for the cyst phantom and in vivo experiments, as

CR = 20log;, (“) (14)
Up

|t — up|

)
[ ~2 2
Gi + Gb

where u; and u, represent the mean gray values of the target
and background regions, respectively, and o; and o, are their

CNR = 15)

corresponding standard deviations.

3. Experiment setup

The performance of the proposed method was evaluated
using simulation experiments, phantom experiments, and in
vivo experiments. All experiments were conducted using the
multi-channel ultrasound platform (Vantage 256, Verasonics,
Inc., WA, USA) and the RC6gV RCA probe (Vermon, Inc.,
France). The RCA probe contains 128+128 elements. The el-
ement pitch is 0.2 mm. The side length of the array is 25.6 mm.
The probe operates at a center frequency of 6 MHz. All data
were collected at a sampling rate of 25 MHz. A sound speed
of 1540 m/s was used for all imaging tests.

The simulations were performed using the ‘simulation’
mode in the Vantage 256 system. Thirty-one points were ar-
ranged according to the default distribution from the Vantage

system. They were distributed from —12.7 mm to 12.7 mm
in both the lateral and elevation directions, and from 5 mm to
42 mm in the axial direction. The transmitting angles of the
plane wave were evenly distributed from —16 degrees to 16
degrees with an increment of 1 degree.?”]

Phantom experiments were conducted using the commer-
cial ultrasound phantom CIRS model 040GSE. The RCA array
was sequentially positioned against the wire region first, fol-
lowed by the cyst region. In vivo experiments were performed
on the carotid artery of a healthy volunteer. All experiments
were conducted using the same platform and parameters, as
listed in Table 1. In this study, ultrasound images had a reso-
lution of 128 x 128 x 1024 voxels for all simulations and ex-
periments. The voxels were aligned under the elements of the
transducer. The spacing of the voxels was 0.2 mm (less than
one wavelength) in the elevation and lateral directions, and
0.0362 mm (about one-seventh of the wavelength) in the axial
direction.

Table 1. Parameters of the RCA probe and experimental setup.

Parameter Value Unit
No. elements 128+128 -
Element pitch 0.2 mm
Array length 25.6 mm
Center frequency 6 MHz
Sampling frequency 25 MHz
Speed of sound 1540 m/s
Tilted angles —-16:1:16 degree
4. Result

4.1. Point target simulation

Figures 3(a) and 3(e) illustrate the volumetric ultrasound
images of scattering points reconstructed using the OPW DAS
and OPW f-k methods, respectively. The overall shapes of the
scatterers are identical except for the minor difference in arti-
fact distribution between the two methods.

The differences in the point targets are clearly observed
from the cross-sectional images of three orthogonal planes. In
the lateral-elevation (xy) plane, the image distributions of the
two methods exhibit a “cross-shaped snowflake” pattern for
the point located at a depth of 23 mm (Fig. 3(b) and Fig. 3(f)).
The main difference may lie in the distribution of artifacts. The
image distributions exhibit a wing-shaped pattern in the axial-
lateral (xz) plane at y = 0 mm and in the axial-elevation (yz)
plane at x = 0 mm. They are nearly identical for the two planes
using the OPW-DAS method (Fig. 3(c) and Fig. 3(d)), because
the simulated points are almost symmetrically arranged with
respect to the centerline of the aperture except for the differ-
ence in the number of points at the depth of 8 mm. Such a
trend can also be observed for the OPW f-k method (Fig. 3(g)
and Fig. 3(h)).
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Fig. 3. 3D images of simulated point targets reconstructed by (a) OPW-DAS, (e) OPW f-k. 2D cross-sectional images from 3D images of
simulated point targets reconstructed by the OPW-DAS method [(b), (c), (d)] and the OPW f-k method [(f), (g), (h)]. (b) and (f) lateral-
elevation slices at a depth of z =23 mm, (c) and (g) axial-lateral slices at y = 0 mm, (d) and (h) axial-elevation slices at x = 0 mm. Images
reconstructed using OPW-DAS and OPW f-k methods in RC mode (i)—(1). Axial-lateral slices reconstructed using (i) OPW-DAS and (k) OPW
f-k, axial-elevation slices reconstructed using (j) OPW-DAS, and (1) OPW f-k.

When the axial-lateral plane is selected for comparison,
the point images are almost identical at a depth greater than
17 mm for the two methods (Fig. 3(c) and Fig. 3(g)). For the
point scatterers located between 0 mm and 17 mm, their posi-
tions are accurately determined, but the wing-shaped artifacts
are different. To better illustrate the differences in artifacts, the
individual imaging results in RC mode are taken out for com-
parison. It can be seen from Figs. 3(i)-3(1) that point images at
a depth of 8 mm exhibit artifacts resembling nearly horizontal
straight lines when using OPW f-k, while wing-shaped arti-
facts persist when using OPW-DAS. Point images at depths of
15 mm and 17 mm show a combination of horizontal straight
lines and wing-shaped artifacts (Fig. 3(i) and Fig. 3(k)). This
phenomenon also appears in similar f-k algorithms.!*! Such
artifacts might be due to the inaccurate remapping when im-
plementing Stolt interpolation. Advanced interpolation meth-
ods require investigation to reduce the artifacts. Besides, the
artifacts of the points in the axial-elevation plane are nearly
identical (Fig. 3(j) and Fig. 3(1)). This is because f-k migration
is performed only in the axial-lateral plane, while in the axial-
elevation plane, a simple summation is performed. To some

extent, the processing in the axial-elevation plane in OPW
f-k is the same as that in OPW-DAS. In addition, the PSFs
show anisotropy (Fig. 3(k) and Fig. 3(1)), as transmission fo-
cusing is achieved through the coherent compounding of tilted
plane waves and reception focusing relies on synthetic aper-
ture focusing. When complementary CR mode data is com-
bined with RC mode data in the final image reconstruction,
the PSFs become isotropic, and the wing-shaped artifacts are
also summed. That is why four pairs of wing-shaped artifacts
are visible in Fig. 3.

0

— OPW DAS
—10¢ — OPW f-k
—20}
—30}

—40+F

Amplitude (dB)

—50+F

—60 .
-5 0 5
Lateral distance (mm)

Fig. 4. Lateral profiles of the simulated point targets at a depth of 23 mm.

The lateral profile analysis at a depth of 23 mm demon-
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strates the advantages of OPW f-k in terms of main lobe width
and sidelobe suppression (Fig. 4). Figure 4 shows lateral
profiles from both methods at the same depth, allowing di-
rect comparison of their performance. The OPW f-k method
(red line) exhibits a slightly sharper main lobe and supe-
rior sidelobe suppression compared to the OPW-DAS method
(blue line). This improvement might be due to the ability
of frequency—wavenumber domain processing to more accu-
rately characterize the wave propagation physics, rather than

relying solely on the geometric approximations used in DAS

beamforming.

Quantitative results (Table 2) show that OPW f-k achieves
an FWHM of 0.41 £ 0.002 mm, representing an improve-
ment of approximately 1.7% compared to the FWHM of
0.42+0.001 mm achieved by OPW-DAS. Although the im-
provement in FWHM is modest, it demonstrates better perfor-
mance across all measured points. This improvement, com-
bined with the superior sidelobe suppression visible in the
profiles, confirms the enhanced performance of the proposed
method in 3D ultrasound imaging.

Table 2. Performance comparisons of OPW-DAS and OPW f-k methods.

FWHM (mm) CR (dB) CNR
OPW-DAS OPW f-k OPW-DAS OPW f-k OPW-DAS OPW f-k
Simulated point targets 0.42+0.001 0.41£0.002 - - - -
Wire phantom experiment 0.50+0.029 0.49+0.038 - - - -
Cyst phantom experiment - - 7.53 7.78 2.58 3.02
Carotid artery (in vivo) - - 4.25 5.21 1.45 1.72
Average improvement 2.19% 12.96% 17.84%

4.2. Wire phantom experiments

Wire phantom experiments were conducted to further val-
idate the performance of the proposed method. The selected
region of the CIRS model 040GSE phantom contained mul-
tiple point targets and anechoic regions. These point targets
were positioned at depths from 10 mm to 42 mm. The three-
dimensional reconstruction results show that both methods can
clearly reconstruct the target structures (Fig. 5(a)). However,
the OPW-DAS method shows better image amplitude for deep
targets. This difference might come from their different signal
processing approaches. In DAS, RF data from each transmit-

(b)
. . dB
0 =) 0
5 E- -10
g 20
-10 E -
_15 _g -30
20 8 -40
= -50
-25 >
2 3 -60
30 Mo 0 0 10
35 Lateral distance (mm)

Lateral distance (mm)

230 -10 0 10
Elevation distance (mm)

Axial distance (mm)

receive pair are summed together. This causes signal inten-
sity to increase with depth as more pairs contribute to the im-
age. The f-k method is based on the Green’s function in free
space, and the ultrasound images are derived from the RF data
without this summation process. The intensity difference can
be fixed by adjusting the time gain compensation (TGC) pa-
rameters. The cross-sectional images from three orthogonal
planes validate the accurate positioning of the speckle wires
and speckle cylinders (Fig. 5). The cross-sectional images ob-
tained from both methods exhibit a high similarity, except for
the presence of two line-shaped artifacts near the surface in the
OPW-DAS method (Fig. 5(d)).

dB

Lateral distance (mm)

dB

Lateral distance (mm) Elevation distance (mm)

Fig. 5. 3D images of wire phantom reconstructed by (a) OPW-DAS, (e) OPW f-k. 2D slices from 3D phantom images reconstructed using [(b),
(c), (d)] OPW-DAS and [(f), (g), (h)] OPW f-k. (b) and (f) Lateral-elevation slices at a depth of z =22 mm, (c) and (g) axial-lateral slices at

y =0 mm, (d) and (h) axial-elevation slices at x = 0 mm.
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Quantitative results of the lateral —6-dB FWHM, aver-
aged across all four point targets visible in Fig. 5(g), which
are on the axis line, show that OPW f-k achieves a mean
FWHM of 0.49 £ 0.038 mm (Table 2), representing an im-
provement of approximately 3.0% compared to OPW-DAS’s
0.50 £0.029 mm. Notably, the improvement in FWHM is
most pronounced for shallower targets with a 6.1% improve-
This
observation suggests that the frequency—wavenumber domain

ment at 11.7-mm depth, compared to deeper targets.

processing offers particular advantages in the near field where
conventional DAS beamforming is inherently limited by reso-
lution constraints.

4.3. Cyst phantom experiments

The ultrasound phantom containing anechoic cyst regions
was used to assess the contrast performance of the proposed
method. Figures 6(a) and 6(e) show the volumetric ultrasound
image of a cyst at a depth of 30 mm, where both methods
clearly delineate the shape and boundaries of the cyst cylinder.

(b)

B s e Baiind Ml g
-10 0 10
Lateral distance (mm)

Elevation distance (mm)

Lateral distance (mm)

-10 0 10
Elevation distance (mm)

The OPW-DAS method exhibits higher brightness in deeper
regions than OPW f-k. Such a trend has been described in
the wire phantom experiment. Figures 6(b)-6(d) and 6(f)—
6(h) further illustrate the detailed characteristics of cyst imag-
ing through lateral-elevation, axial-elevation, and axial-lateral
slices. To evaluate both methods, CR and CNR values were
calculated. The cyst regions used for calculating these met-
rics are marked with red circles, while the speckle regions are
marked with blue circles.

Quantitative results (Table 2) show that the OPW f-k
method can achieve improvements in contrast metrics: the CR
increased from 7.53 dB to 7.78 dB, an improvement of ap-
proximately 3.3%; the CNR improved from 2.58 to 3.02, an
increase of about 17.1%. These improvements primarily result
from the advantages of frequency—wavenumber domain pro-
cessing in background noise suppression. The improved CNR
indicates that OPW f-k provides better differentiation between
the cyst and surrounding tissue even in the presence of speckle
noise.

—
- &
o

Axial distance (mm)

dB

Axial distance (mm)

Lateral distance (mm)

Elevation distance (mm)

Fig. 6. 3D images of cyst phantom reconstructed by (a) OPW-DAS and (e) OPW f-k methods. 2D slices from 3D phantom images reconstructed
using [(b), (¢), (d)] OPW-DAS and [(f), (g), (h)] OPW f-k methods. (b) and (f) Lateral-elevation slices at a depth of z =30 mm, (c) and (g)
axial-lateral slices at y = 0 mm, (d) and (h) axial-elevation slices at x = 0 mm.

4.4. In vivo experiments

To further validate the feasibility of the proposed method
in clinical applications, an in vivo experiment was conducted
on a healthy volunteer focusing on imaging the carotid artery.
This study was approved by the Human Research Ethics Com-
mittee, Huashan Hospital affiliated with Fudan University
(Application No. 2021-065). The volunteer was positioned
supine, with the probe placed on one side of the neck to ac-
quire volumetric images of the carotid artery. It can be seen
from Fig. 7 that both methods successfully reconstructed the
basic anatomical structure of the carotid artery. The position
and morphology of the vessel lumen are clearly visible. Fig-

ures 7(a) and 7(d) demonstrate volumetric ultrasound images
of the two methods. The carotid artery is visible for both meth-
ods, except for the lower imaging intensity in deeper regions
in OPW f-k. In the axial-lateral plane (Fig. 7(b) and Fig. 7(e))
and axial-elevation plane (Fig. 7(c) and Fig. 7(f)), both meth-
ods clearly display the vessel lumen and surrounding tissue
structures. Imaging performance was evaluated by comparing
the contrast between the carotid artery lumen (marked by a
blue circle) and the surrounding tissue (marked by a red cir-
cle). Quantitative results (Table 2) show that the OPW f-k
method achieves a CR approximately 22.7% higher (5.21 dB
versus 4.25 dB), and a CNR approximately 18.2% greater
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(1.72 versus 1.45) than that of the OPW-DAS method.

These improvements indicate the great potential of the
The su-
perior performance in superficial structures like the carotid
artery suggests that the frequency—wavenumber domain pro-
cessing may be particularly advantageous for imaging shallow

OPW f-k method for in vivo vascular imaging.

(b)
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-10
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Lateral distance (mm)

0

anatomical structures, where conventional DAS beamform-
ing faces challenges with near-field effects. Once again, it
can be observed from the images that the OPW f-k method
demonstrates relatively weaker signal intensity in deeper tis-
sues. This issue can be addressed by appropriately adjusting
the TGC configuration.
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Fig. 7. The 3D images of human carotid artery reconstructed using (a) OPW-DAS, (d) OPW f-k. Axial-lateral slices at y = 0 mm using (b)
OPW-DAS and (e) OPW f-k, axial-elevation slices at x = 0 mm using (c) OPW-DAS and (f) OPW f-k.

4.5. Computational complexity analysis

To analyze the computational advantages of the OPW f-k
method over the traditional DAS algorithm, a detailed eval-
uation of computational complexity was performed for both
methods. Assume N is the number of elements in each direc-
tion of the RCA probe, K is the number of time samples, P
is the number of transmission angles, M is the number of ax-
ial imaging voxels, and H is the number of lateral/elevational
imaging voxels. Here, only the CR mode is analyzed. For the
OPW-DAS algorithm, the receive delay calculation requires
ay X N x M x H? operations, where a; is about 6 because
of addition, subtraction, multiplication, square root, and di-
vision operations. For each transmission angle, the transmit
delay calculation requires a» x M x H? operations, where a,
is about 6 because of trigonometric functions, addition, and
division functions. For each of the N transmission and re-
ceive channels, the algorithm requires M x H? delay calcu-
lations, 12 x M x H? linear interpolation operations (12 ba-
sic arithmetic operations considering complex numbers), and
2 x M x H?* data accumulations (considering complex num-
bers). Therefore, OPW-DAS requires about 15 x P X N x M X
H? +6x (P+N) x M x H? basic arithmetic operations. The
computational complexity of OPW-DAS is O(PNMH?).

For the proposed OPW f-k algorithm, the computational
complexity of one tilted angle wave transmission and one
cross section beamforming is first analyzed. The f-k beam-
former begins with a 2D FFT applied to both time and spatial
samples, requiring approximately ¢ x K x N x log, (K X N) op-
erations. Here, ¢ is a constant between 30 and 50 because of
the radix-2 FFT, as well as zero-padding in both the spatial
and temporal directions. Phase compensation requires about
c1 X K operations, where c¢; is a constant between 1.5 and
2.5 because of the band-passed spectrum and complex num-
bers. The Stolt remapping step is computationally intensive.
Wavenumber calculation requires ¢y X M x H operations for
each tilted angle, where ¢, is 7 or 10. Linear interpolation in
the frequency domain requires 24 x M x H operations for each
tilted angle and cross-section, considering zero-padding in the
spatial domain and complex numbers. Finally, the 1D inverse
FFT in the spatial direction requires 5 x M x H x log,(H) op-
erations. The total arithmetic operations are ¢ X P X K X N X
logr) (K XN)4+ci XPXNXK+cy xPXMxH+12XP x
NXMxH+5xPxNxM xlog,(H) (Table 3). Notably, H
is generally equal to NV, and K is about one-fourth the value of
M because of zero-padding in the f-k beamformer. The com-
putational complexity is O(PMH? log,(MH)) for OPW f-k.
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Table 3. Computational complexity of the imaging algorithms.

Operation Algorithm

OPW-DAS OPW f-k
Receive delay calculation 6 x N xM x H? -
Transmit delay calculation 6x PxM xH? -

Linear interpolation
2D FFT -
Phase compensation -
Stolt remapping -
1D IFFT -

15X Px N XM x H? -

cx P x K xN?xlog,(K x N)
ci XPXxXNXxK
COXPXMXH+24xPXNxMxH
SXPXNxMxH xlog,(H)

Computational complexity

O(PNMH?)

O(PMH?log,(MH))

In practice, the OPW f-k algorithm demonstrated approx-
imately an 11-fold performance improvement over the OPW-
DAS algorithm with an imaging voxel size of 128 x 128 x
1024 using MATLAB on a standard workstation (12th Gen In-
tel(R) Core(TM) i7-12700 2.10 GHz, 128 GB). The process-
ing time improvement might vary depending on the computing
platform and low-level programming language.

Furthermore, when the voxel number is fixed at 128 in
both the lateral and elevational directions, the computational
times were recorded as the number of voxels in the axial direc-
tion increased from 256 to 8192 (Fig. 8). The results show that
the computational advantages of OPW f-k over OPW-DAS be-
come more pronounced as the voxel number increases. This
suggests that OPW f-k is well suited for large-scale 3D ultra-
sound imaging applications.

14r —e— OPW DAS
13l —>— OPW f-k

12t
11t
10t
9,

Time (s) (logs scale)

2l2 2l3 2‘4 2‘5 2I6 2l7
Voxels (logs scale)

Fig. 8. Computational time comparison as a function of the number of
voxels between OPW-DAS and OPW f-k.

5. Discussion

This study presents a frequency—wavenumber domain mi-
gration strategy for OPW ultrasound imaging using RCA ar-
rays. Both simulation and experimental results demonstrate
that the proposed OPW f-k method can achieve improved
spatial resolution and contrast while significantly enhancing
computational efficiency compared with the traditional DAS
method. Quantitative results demonstrate an average improve-
ment of 2.19% in FWHM. The average enhancements in con-
trast ratio (CR) and contrast-to-noise ratio (CNR) are 12.96%
and 17.84%, respectively.

From the point target simulation and phantom experi-
ments, it is evident that OPW f-k exhibits superior perfor-
mance in main-lobe width reduction and sidelobe suppression
compared to OPW-DAS. The performance difference may be
OPW-
DAS relies on geometric approximations, calculating delays

attributed to their different theoretical foundations.

based on straight-line propagation paths between transducer
elements and imaging points. While this approach is intu-
itive and has proven effective in practice, it may not fully ac-
count for complex wave propagation phenomena. In contrast,
OPW f-k processes the data in the frequency—wavenumber do-
main, where the wave equation naturally describes the physics
of wave propagation. The f-k migration algorithm used in
OPW f£-k provides a more accurate mathematical solution to
the inverse problem by properly accounting for the disper-
sion relationship in wave propagation, leading to improved
resolution and reduced artifacts. Imaging resolution can be
further improved by using the full-waveform inversion (FWI)
method. 3839

The proposed method has several limitations. First, the
proposed method only works when the imaging space is within
the aperture. This means that the field of view is limited. Sec-
ond, the method’s performance in deep tissue imaging needs
further optimization, possibly through improved gain com-
pensation strategies or adaptive processing techniques. Third,
the proposed f-k method requires more memory than its DAS
counterparts to store the zero-padded RF data and the interme-
diate variables, which might introduce hardware burdens.

6. Conclusion

This paper has proposed a frequency—wavenumber do-
main migration method for orthogonal plane wave imaging
with row—column-addressed arrays. The proposed OPW f-k
method was evaluated using point simulations, phantom ex-
periments, and in vivo experiments. The quantitative results
show that OPW f-k achieves superior spatial resolution and
enhanced contrast performance while reducing computational
complexity compared to the DAS algorithm. The proposed
method demonstrates a promising technique for real-time or-
thogonal plane wave compounded imaging with row—column-
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addressed arrays.
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