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ARTICLE INFO ABSTRACT

Compared to conventional Delay-and-Sum (DAS) beamforming, Delay-Multiply-and-Sum (DMAS) imaging uses
multiplicative coupling of channel pairs for spatial coherence of receiving aperture to improve image resolution
and contrast. However, present DMAS imaging is based on the radio-frequency (RF) channel signals (RF-DMAS)
and thus requires large oversampling to avoid aliasing and switching of band-pass filtering to isolate the cor-
responding spectral components for imaging. Baseband DMAS (BB-DMAS) beamforming in this study is based on
the demodulated channel signals to provide similar results but with simplified signal processing. The BB-DMAS
beamforming scales the magnitude of time-delayed channel signal by p-th root while maintaining the phase.
After channel sum, the output dimensionality is restored by p-th power. The multiplicative coupling in BB-DMAS
always renders baseband signal and thus the need for oversampling is eliminated. Besides, the BB-DMAS can use
any rational p values to provide flexible image quality and an explicit relation between BB-DMAS beamforming
and channel-domain phase coherence exists. Our results show that the image characteristics between BB-DMAS
and RF-DMAS are similar. The suppression of lateral side lobe level, grating lobe level and uncorrelated random
noises gradually increases with the rational p value in BB-DMAS beamforming. The image contrast improves
from —24.8dB in DAS to —34.3dB, —43.0dB and —51.4 dB in BB-DMAS, respectively with p value of 1.5, 2.0
and 2.5. In conclusion, BB-DMAS beamforming provides flexible manipulation of image quality by introducing
baseband spatial coherence in the ultrasonic imaging.
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1. Background

Ultrasound beamforming is performed by compensating the time
delay of the received echo according to the geometric path of propa-
gation for every channel in the array system. The delayed echoes in
channels are coherently summed to amplify the signal from the on-axis
direction and to suppress the interference from the off-axis direction.
This process is commonly referred to as the delay-and-sum (DAS)
beamforming. Though DAS beamforming is routinely utilized to pro-
duce the standard ultrasound image, it has several intrinsic drawbacks.
First, the suppression of off-axis interference in the coherent sum de-
pends mainly on the phase difference among channel waveforms and
thus is generally insufficient for near-axis clutter. Second, for the echo
coming from the direction of grating lobe, its coherent nature also
produces noticeable image artifacts particularly when a longer pulse is
utilized as excitation waveform. Consequently, DAS beamforming suf-
fers from high lateral side-lobe level (LSLL) and noticeable grating lobe
artifacts in the near field. These drawbacks lead to low image quality.

Note that a smooth transmit-receive aperture apodization can help to
suppress the LSLL but the lateral main-lobe width increases [1]. In other
words, the design of aperture apodization results in a tradeoff between
the image contrast and the image resolution. Moreover, the smooth
apodization inevitably reduces the effective aperture size and thus de-
grades the signal-to-noise ratio.

In order to improve the image quality in DAS beamforming, many
adaptive imaging methods have been proposed which can be grouped
into two main categories. Methods in the first category achieve side-
lobe suppression by directly constraining the side-lobe energy to opti-
mize the apodization coefficient for each receive channel [2-6]. How-
ever, for every image pixel, the optimization process involves the in-
version of the auto-covariance matrix of the received channel data and
thus demands for huge computation especially when the number of
channels is drastically high (e.g., in a 2-D array system). Similar diffi-
culties also occur for methods involving the deconvolution of transmit
beam pattern to estimate the interferences in the channel for compen-
sation such as the parallel adaptive receive compensation algorithm
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Fig. 1. Diagram of signal flowchart in the pro-
Time delay + Magnitude Scalin Channel i -
S, —» V. > g g > > p-power > Vipomas posed BB-DMAS beamforming. When p =1, the
Phase Rotation by p-root Sum BB-DMAS degenerates to the conventional DAS
beamforming.
Table 1 Table 2

Simulation Parameters.

Transmit waveform 2-cycle Sinusoid

Center frequency 5MHz
Bandwidth of Probe 90%
Number of elements 128
Number of scan lines 513

Line spacing 0.078 mm
Element pitch 0.31 mm
Element height 7 mm
Element width 0.308 mm
Kerf 2.5um
Focal depth 30 mm
Sampling rate 100 MHz
Sound velocity 1540 m/s
Transmit F-number 1.5

[7-9]. On the contrary, methods in the second category avoid the ap-
pearance of image clutter by estimating the focusing quality for each
image pixel and then the display magnitude of low-quality pixel is re-
duced. In other words, each pixel in the standard DAS image is multi-
plied by an adaptive weighting value based on its focusing quality. For
example, the coherence factor (CF) can represent the focusing quality,
which is defined as the ratio between the coherent power and the total
power in the channel data [10]. By scaling the DAS image by the CF
weighting, on-axis components are preserved due to its high coherent
power while the off-axis components are relatively suppressed. It
should be also noted that the CF weighting can also be represented in
the form of Wiener postfilter [11]. Other definition of focusing factor
also includes generalized coherence factor (GCF) [12], phase coherence
factor (PCF) [13] and normalized cross-correlation between received
echoes from complementary apertures [14].

Recently, a novel nonlinear beamforming has been proposed for
ultrasound imaging by multiplying received radio-frequency (RF)
echoes between every possible channel pair after time compensation. It
is referred to as the delay-multiply-and-sum (DMAS) beamforming
[15]. The purpose of channel-domain multiplication is to introduce the
spatial coherence of channel data into the beamforming process. For
clutters and noises, their spatial coherence rapidly drops as the spacing
between channels increases. On the contrary, echoes from the main
lobe generally exhibit higher coherence (i.e., high similarity) when
being detected by channels in different spatial locations. Consequently,
the side-lobe clutter and grating lobe artifacts can be suppressed in the
beamforming output relative to the main-lobe signal. Note that the
original form of RF-DMAS beamforming is computationally demanding
due to the multiplication between every possible channel pairs.
Therefore, a low computational cost formulation has been exploited
and implemented in real-time on a research scanner [16]. Moreover, it
can be generalized and further simplified by taking the square root of
the absolute value of RF channel waveform before coherent summation
[17]. Though the performance of RF-DMAS beamforming appears
promising, its potential limitation is the sampling rate of the RF channel
waveforms. Specifically, due to the multiplication of RF channel wa-
veform, the original echoes at the f, imaging frequency will be spec-
trally shifted to the DC and the 2f, frequency in the RF-DMAS beam-
forming. Since the RF-DMAS beamforming uses the 2f, component for
imaging, oversampling is required before channel multiplication to
represent the 2f, component without aliasing. Also, an additional band-
pass filtering is required to extract the 2f, component. Note that, when
the original echoes contain the high-order harmonic component from
the imaged object such as microbubble contrast agents [18], the re-
quired oversampling may further increase.
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Experimental Parameters.

Linear Array Curved Array

Transmit waveform 2-cycle Sinusoid 2-cycle Sinusoid

Center frequency 5MHz 4.4 MHz
Number of elements 128 128
Number of scan lines 153 209

Line spacing 0.23mm 0.34°
Element pitch 0.31 mm 0.50 mm
Focal depth 30 mm 80 mm
Sampling rate 25.6 MHz 17.6 MHz
Sound velocity 1430m/s 1540 m/s
Transmit F-number 2 2

Inspired by the RF-DMAS beamforming, a baseband version of
DMAS beamforming (BB-DMAS) is proposed in this study using the
baseband spatial coherence instead of the original RF multiplication of
channel waveform. In other words, the RF channel waveform is first
demodulated and then the spatial coherence is estimated using the
baseband channel data for imaging. Note that the proposed approach
does not suffer from the aforementioned requirement of oversampling
and the additional band-pass filtering because no spectral up-shifting is
expected in the multiplication of baseband channel data. Consequently,
the data rate in the proposed BB-DMAS beamforming remains the same
as that in the conventional baseband DAS beamforming. Section 2 in-
troduces the basics of BB-DMAS beamforming and its relation to the
conventional DAS beamforming in terms of adaptive weighting. Section
3 describes the simulation methods and experimental setup in this
study. Comparison of image quality between the proposed method and
the adaptive weighting imaging method using both simulated and ex-
perimentally constructed B-mode image is presented in Section 4. Re-
sults are discussed in Section 5.

2. Theory
2.1. Baseband DAS (BB-DAS) beamforming

Baseband beamforming is a well-known alternative approach to
achieve high focusing accuracy without oversampling. First, the
channel waveforms are demodulated down to baseband and then the
time delay is applied in a coarser temporal resolution. Finally, to correct
the phase error produced in the demodulation process among different
channels, phase rotation would be performed before coherent summa-
tion. Given the baseband channel data of the n-th channel after phase
rotation s, = a,e”n(a, > 0) in the N-element array, the BB-DAS
beamforming is performed by simply coherently summing the baseband
channel data as shown in the following:

a,eitn

|M2

1
N

1 N
Ypas = 5 Z Sn
N D m

n=1

2.2. BB-DMAS beamforming

Given the aforementioned channel data of the n-th channel, its
magnitude-square-rooted version can be constructed as S, Ja, e/#n. In
other words, the channel magnitude is scaled by taking its square root
while the channel phase is kept unchanged. The proposed BB-DMAS
beamforming is defined as the square of the coherent summation of the
scaled channel data and can be formulated as
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Fig. 2. Simulated PSFs and corresponding axial/lateral profiles in RF-DMAS and BB-DMAS (p = 2.0) beamforming. The —6-dB lateral width (LW) is provided for

comparison of image lateral resolution.
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Since the B-mode image is obtained by simply taking the absolute
value of the beamforming output, the BB-DMAS beamforming will
produce the B-mode image according to

1N A 1 N A N A =
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Note that the Rgg(m) represents the autocorrelation of the magni-

A
tude-scaled channel data S = [/s\l S8 ... Sylacross the entire active

aperture at the m-th lag:

Zsz_lm Xk Xp s m m=0,1,2. .,(N—-1)
N+m
k=1

R(m )=

Xg Xk—m m=-1,-2...—(N—-1)

4

In other words, the B-mode image in BB-DMAS beamforming is
actually the integration of the entire autocorrelation function and thus
corresponds to the spatial coherence of the magnitude-scaled channel
data [19].

2.3. Relationship between BB-DMAS beamforming and BB-DAS
beamforming

With the assumption that the magnitude variation among channels
can be ignored (i.e., a, = ay for n =1,2,3 ---N), the relation between
the BB-DMAS beamforming and the BB-DAS beamforming can be for-
mulated as

(s
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That is, the B-mode of BB-DMAS beamforming can be understood as
the multiplication of the B-mode of DAS beamforming with a factor
relating to the phase coherence among channels. Note that the as-
sumption of a, 2 a, holds particularly for high coherent target such as
wire reflector. For low coherent target like speckle, it should be noted
that the variation of channel magnitude may not be negligible. When

the channel data across the aperture is highly coherent, the term
N

| 20
beamforming is similar to that of BB-DAS beamforming. On the con-
trary, |y EnN:l e/#n| is smaller than unity if the channel data across the
aperture is less coherent. Consequently, compared to the BB-DAS
beamforming, the BB-DMAS beamforming would attenuate the low-
coherence component in the received echoes such as the side-lobe
clutter. Please note that the phase coherence factor is intrinsically in-
cluded in the BB-DMAS beamforming. It does not demand for additional
computation to estimate the weighting value of the conventional DAS
output as proposed in [13].

_, e/#n| approaches unity, indicating the B-mode of BB-DMAS

2.4. Generalized p-th root BB-DMAS beamforming

The BB-DMAS beamforming can be generalized by maintaining the
channel phase but adopting the p-th root of the channel magnitude. The
approach is similar to that in [17] but the sign operation is not required.
The diagram of signal flowchart is demonstrated in Fig. 1 and can be
formulated as following:

N

2

n=1

p
1 .
YBBDMASp = [N ¥ay, e]¢")

(6)

Note that, in Fig. 1, the baseband channel data is firstly time-de-
layed with phase rotation to compensate the relative time-of-flight of
channel waveforms. After the magnitude-scaled channel data is co-
herently summed, the p-th power is performed to recover the signal
dimensionality.

Under the same assumption thata, = a, forn =1,2,3 ---N, the p-th
root BB-DMAS beamforming can also be represented as the output of
BB-DAS beamforming weighted by the (p-1)-th power of the
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Fig. 3. Simulated PSFs in BB-DMAS beamforming with p value ranging from 1.0 to 3.0. The —6-dB lateral width (LW) is provided for comparison of image lateral

resolution.

aforementioned phase coherence factor. When p is larger than two, the
phase coherence weighting value is getting even smaller due to the
operation of (p-1)-th power and thus the low-coherence component is
further attenuated. In contrast, when p is smaller than two, the phase
coherence weighting is approaching unity and the BB-DMAS beam-
forming performs more similar to the conventional BB-DAS beam-
forming.
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2.5. Comparison between BB-DMAS beamforming and RF-DMAS
beamforming

Though both the RF-DMAS beamforming and the proposed BB-
DMAS beamforming rely on the spatial coherence in the channel do-
main to improve the image quality, several distinctions exist between
them. First, the RF-DMAS beamforming is designed to perform on the
RF channel waveform. The mutual multiplication among the RF
channel waveforms upshifts the original spectrum from f, frequency to
the 2f, frequency and therefore a band-pass filtering operation is re-
quired to extract the 2f, component for imaging. On the contrary, the
proposed BB-DMAS beamforming is performed in the baseband channel
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data and thus is not limited by the requirement of additional band-pass
filtering. Moreover, unlike the p-th root implementation of DMAS
beamforming in [17] which demands for band-pass filtering at f, fre-
quency when p is odd integer or band-pass filtering at 2f, frequency
when p is even integer, the BB-DMAS beamforming does not change
with the selection of p value because the channel data has been de-
modulated into the baseband before beamforming. Specifically, the
generalized p-th root BB-DMAS beamforming uses the same signal
processing for any selection of p value and the p value is no longer
limited to integer value. This simplifies the implementation of BB-
DMAS beamforming and also makes the manipulation of image quality
much more flexible. Second, the RF-DMAS beamforming also poten-
tially produces a new pair of grating lobes which is closer to the main-
lobe direction due to the doubled center frequency in the RF channel
multiplication [15]. In contrast, the proposed BB-DMAS beamforming is
immune to this artifact because of its baseband nature.

3. Research method
3.1. Simulation setup

Two types of imaged objects — point reflectors and speckle-gen-
erating phantom are simulated respectively for evaluation of point-
spread-function (PSF) and image contrast in the presence of cyst region.
The simulation is based on the Field II program [20-21] with the
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Fig. 4. Simulated B-mode images of wire matrix in RF-DMAS and BB-DMAS
beamforming with p value ranging from 1.5 to 2.5.

parameters listed in Table 1. For PSF, a single point target is placed at
the transmit focal depth of 30 mm. In addition, matrix of point re-
flectors was also considered. In a speckle-generating phantom, hy-
poechoic cyst, anechoic cyst and hyperechoic cyst having radius of
3 mm are placed at the transmit focal depth. The phantom has a size of
30mm X 10mm X 1 mm, respectively in the lateral, axial, and eleva-
tional directions and a density of about 10 scatterers per resolution cell.
For the hypoechoic cyst, various scattering magnitudes of —18dB,
—12dB and —6 dB relative to the image background are considered in
separate simulations when the corresponding scattering magnitude of
the hyperechoic cyst is respectively set to be +18dB, +12dB and
+6 dB. Therefore, there are a total of 7 different scattering magnitude
(i.e., —18dB, —12dB, —6 dB, +6 dB, +12dB, + 18 dB and anechoic)
in the speckle-generating simulations. Moreover, point reflectors with
scattering magnitude of 26 dB higher than the background are also
included in the speckle simulation as a reference.

The proposed BB-DMAS beamforming with different p values are
compared with RF-DMAS beamforming. For RF-DMAS, its
plementation is based on the equivalent formulation proposed in [16]
and the dominant signal component at about twice the transmit fre-
quency is extracted after beamforming using a 64-tap FIR filter at a
sampling rate of 100 MHz. For BB-DMAS, the simulated channel data at
a reduced sampling rate of 25 MHz is firstly demodulated to baseband
and then time-delayed with phase rotation to compensate the relative
time-of-flight of channel waveforms. The BB-DMAS beamforming scales
the magnitude of time-delayed channel signal by p-th root while
maintaining the phase. After channel summation of the magnitude-
scaled channel data, the output dimensionality is restored by p-th
power to provide the BB-DMAS beamforming as indicated in the Section
2.4. Moreover, the CF weighting method is also performed as a
benchmark of adaptive imaging for comparison of image contrast. For
CF-weighted image, the time-delayed baseband channel data without

im-
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Fig. 5. Simulated B-mode images of wire matrix in RF-DMAS and BB-DMAS
beamforming with p value ranging from 1.5 to 2.5. White Gaussian noise is
included with a channel SNR of 10 dB.

magnitude scaling (i.e, p = 1) are coherently summed and then multi-
plied with a weighting value which represents the ratio of DC compo-
nent relative to the total components in the power spectrum of channel
data. Specifically, the CF weighting value is calculate using the fol-
lowing equation [10]:

N 2
CF = 1205z, Sl
N
N IsaP (10)
Note that, for all beamforming methods in this study, the receive
aperture size is the active area of the entire probe and thus no dynamic
apodization is used.

3.2. Experimental setup

Experimental measurements are performed using Prodigy ultra-
sound imaging system (S-sharp Corporation, New Taipei City, Taiwan)
with a 128-element linear array probe to acquire the pre-beamforming
channel waveforms. The linear array has a pitch of 0.31 mm and a
center frequency of 5 MHz. A commercial ultrasound phantom (model
549, ATS Laboratories, Bridgeport, CT. USA) was used as the imaged
object. Images of the ATS phantom are acquired by setting the trans-
mission focal depth at 30 mm using two different scanning view. One
includes the anechoic cysts for evaluation of image contrast and the
other contains the wire reflectors for evaluation of image resolution. In
addition to the phantom measurements, in vivo channel waveforms are
also acquired from the kidney of a 38-year-old male volunteer with a
4.4-MHz curved linear array by setting the transmission focal depth at
80 mm. Note that the channel waveforms are recorded at a sampling
rate of four times of the center frequency of the transducer in both
phantom and in vivo measurements. The experimental imaging
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parameters are listed in Table 2.

3.3. Image quality metrics

The image contrast is quantitatively calculated by two parameters:
the contrast ratio (CR) and the contrast-to-noise ratio (CNR). The CR
value is defined as the ratio of the mean value in the cyst region to that
in the background region. It can be formulated as
CR = 20l0g, ((ktoyse /) Where 1, and p,,, are the mean image values
before log-compression inside the cyst and in the background region,
respectively. The CNR value takes the speckle variation into con-
sideration by dividing the absolute value of image contrast by the
standard deviation before log-compression. Its formulation is
CNR = Ipty — Mpeil/ \/Obs + Of where oy ando, represents the
standard deviation, respectively in the cyst and the background. In
order to quantify the image resolution, the —6-dB lateral width of wire
reflector at the focal depth is also compared among different beam-
forming methods.

4. Results
4.1. Simulations

In Fig. 2, the PSFs at the focal depth of BB-DMAS and RF-DMAS
beamforming are demonstrated in the upper panels with a display dy-
namic range of 70 dB while their lateral and axial profiles are provided
in the lower panels. For the BB-DMAS, the p value is set to be two in
order to provide a fair comparison with the RE-DMAS. As can be seen in
the upper panels of Fig. 2, the PSF image of BB-DMAS resembles that of
RF-DMAS when the p value is equal to 2. The axial profiles of BB-DMAS
and RF-DMAS appear to be similar to each other, indicating that they
have the same image axial resolution. Also, both RF-DMAS and BB-
DMAS beamforming exhibit similar level of lateral side lobe and thus
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Fig. 7. Quantitative analyses of image contrast as a function of scattering
magnitude in the cyst region. (a) contrast ratio (CR) and (b) contrast-to-noise
ratio (CNR).

should provide similar image contrast. For comparison of image lateral
resolution, the corresponding —6-dB lateral width (LW) in Fig. 2 is
0.26 mm and 0.29 mm, respectively for BB-DMAS and RF-DMAS. The
PSFs of BB-DMAS beamforming with p value ranging from 1.0 to 3.0 are
also represented in Fig. 3. Note that BB-DMAS beamforming with
p = 1.0 is actually the same as conventional DAS. The corresponding
lateral beam patterns at the depth of 30 mm are also illustrated. Fig. 3
shows BB-DMAS is capable of providing flexible and continuously
tunable manipulation of the lateral side lobe level by changing the p
value to any rational value. Moreover, the image lateral resolution of
BB-DMAS beamforming also improves with the p value.

Simulations of wire matrix were also performed to study the
achievable grating lobe rejection in BB-DMAS beamforming as shown in
Fig. 4. Note that, due to the wideband transmit waveform in ultrasound
imaging, echoes from grating lobe direction also has lower coherence in
the channel-domain as compared to those from main lobe direction. In
Fig. 4, the display dynamic range is increased to 90 dB in order to ob-
serve the grating lobe artifacts in the B-mode images of the wire matrix.
Though the BB-DMAS beamforming with p = 1.5 still exhibits notice-
able grating lobe artifacts especially for wires at the depth of 10 mm
and 20 mm, the achievable suppression of grating lobe level increases
with the p value. Actually, for p value greater than 2, the aforemen-
tioned grating lobes becomes almost invisible. Note that the RF-DMAS
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Fig. 8. Experimental B-mode images of wire matrix in speckle-generating
phantom using BB-DMAS beamforming with p value ranging from 1.0 to 3.0
and CF weighting. The RF-DMAS counterpart is also included for comparison.
The green rectangle indicates the wire at transmit focal depth for evaluation of
—6-dB lateral width (LW). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

beamforming also provides comparable suppression of grating lobe
level to the BB-DMAS counterpart with p = 2.0. B-mode image of the
same wire matrix was also simulated by including white Gaussian noise
into the channel waveforms of each scan line. The channel SNR is set to
be 10dB. Fig. 5 shows that BB-DMAS beamforming provides effective
noise rejection, showing that the noise level in the image background
markedly decreases with the p value. This observation indicates that
measurement of channel coherence in BB-DMAS beamforming helps to
suppress the noisy background while keeping the coherent source such
as the point reflectors visually detectable. Again, it is also noticeable
that the BB-DMAS beamforming with p = 2.0 provides comparable
suppression of uncorrelated random noises to the RF-DMAS counter-
part.

Simulated B-mode images of speckle-generating phantom with cyst
inclusions are demonstrated in Fig. 6 using RF-DMAS and BB-DMAS
(p = 2) beamforming, respectively in the upper and the middle panels.
Adaptive CF weighting is also performed for comparison. In Fig. 6, the
left cyst has a —12-dB scattering magnitude relative to the image
background while the right cyst has a +12-dB scattering magnitude.
The middle cyst is anechoic and is surrounded by four wires. Similar to
the RF-DMAS beamforming and the adaptive CF weighting, the image
clutter within the anechoic cyst has been effectively removed by the
proposed BB-DMAS beamforming. Nonetheless, it should be noted that
the CF weighted image exhibits more granular appearance in the
background speckle pattern. Quantitative analyses of CR and CNR of
the cyst region with various scattering magnitude ranging from —18 dB
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to +18dB are shown in Fig. 7 for comparison of RF-DMAS, BB-DMAS
with different p value and CF-weighting. The CR and CNR values are
estimated using the 'blue rectangles and the green circles in Fig. 6,
respectively as the background region and the cyst region. Note that a
straight red line is included in the panel (a) to represent the reference
CR value which is determined by the scattering magnitude of the cyst
relative to that of the background in the simulation setup. Both DMAS
beamforming and CF weighting tend to over-estimate the CR value for
hypoechoic cyst while they agree well with the reference line for hy-
perechoic cyst. The performance of BB-DMAS gradually converges to
the performance of CF-weighting when the p value increases. For ex-
ample, for the —12-dB hypoechoic cyst, the estimated CR is —14.5dB,
—13.8dB and —13.1dB, respectively for BB-DMAS with p = 2.5,
p = 2.0 and p = 1.5. In contrast, the CR is —15.2dB and —13.7 dB for
the CF weighting and RF-DMAS, respectively. Note that the BB-DMAS
beamforming with p = 2.0 has a CR value similar to the RF-DMAS
counterpart. Fig. 7(a) also shows that, for the anechoic cyst, the CR in
BB-DMAS beamforming markedly improves with the p value but re-
mains inferior to that in CF-weighting. For example, the estimated CR
for the anechoic cyst drastically boost from —58dB in the BB-DMAS
beamforming with p = 2.0 to —82dB in CF weighting.

In Fig. 7(b), however, results indicate that the BB-DMAS beam-
forming with p = 1.0 (i.e., conventional DAS) still provides the highest
CNR for all types of cyst compared to BB-DMAS, RF-DMAS and CF
weighting. This is due to the smooth speckle pattern in DAS beam-
forming. In contrast, though the CF weighting generally achieves the
highest image contrast for hypoechoic cyst (e.g., the lowest estimated
CR value in Fig. 7(a)), its CNR is considerably lower than both BB-
DMAS and RF-DMAS beamforming since the coherence weighing tends
to produce more granular speckle pattern and thus noticeably elevate
the background speckle variation. Moreover, the RF-DMAS appears to
have a higher CNR than the BB-DMAS with p = 2.0 even though they
have virtually the same PSF as shown in Fig. 2. However, it should be
noted that BB-DMAS beamforming with p = 1.5 has the highest CNR
performance relative to the BB-DMAS with higher p values and the RF-
DMAS. Consequently, BB-DMAS appears to provide a flexibly tunable
tradeoff by manipulating the p value to increase the CR without ex-
cessive loss of CNR.

4.2. Experiments

Experimental B-mode images of speckle-generating ATS phantom
using BB-DMAS beamforming with p value ranging from 1.0 to 3.0 are
demonstrated in Fig. 8 and Fig. 9, respectively for wire reflectors and
anechoic cysts. The CF weighting method is also provided for com-
parison. Note that, when the imaged object has a much higher echo-
genicity than the speckle background such as the wires reflectors, CF-
weighted image tends to exhibit marked black-region artifacts around
the wire reflectors. This is particular obvious especially in the region
away from the transmit focal depth. For example, the presence of wire
reflectors at the depth of 24 mm would be regarded as the incoherent
interference to nearby speckle background and thus an abrupt decrease
of the coherence factor occurs. Consequently, the wire reflector in CF-
weighted image appears to be a white spot with a pair of black wing in
the lateral direction. In contrast, this kind of over-attenuation of speckle
background in the vicinity of strong reflectors is relatively alleviated in
BB-DMAS beamforming especially when p = 1.5 and 2.0. Moreover, the
image resolution in BB-DMAS beamforming also improves with the p
value. For the wire reflector at the focal depth (i.e., 30 mm) as indicated
by the green box, its —6-dB LW decreases from 0.37 mm with p = 1.0
to 0.31 mm, 0.27 mm and 0.22 mm, respectively with p value of 1.5, 2.0
and 3.0. Though the CF-weighted image also has comparable lateral

! For interpretation of color in Fig. 6, the reader is referred to the web version
of this article.
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width of 0.25mm, it will not be included in the subsequent B-mode
images due to the presence of severe black-wing artifacts in the image
background. For comparison, the RF-DMAS counterpart is also provided
and it appears visually similar to the BB-DMAS with p = 2.0.

Fig. 9 shows that BB-DMAS beamforming provides improved CR
when the selection of p value increases. Nonetheless, the CNR of BB-
DMAS image decreases with p value due to the increased speckle var-
iation in nonlinear beamforming. Note that, among all p values higher
than unity, the CNR with p = 1.5 is the highest which is consistent with
the simulations. Though the RF-DMAS image also provides CR im-
provement, the achievable CR remains inferior to that of BB-DMAS with
p = 2.0. This is probably due to the distortion of PSF when the RF-
DMAS is implemented at a lower sampling rate. Fig. 10 shows the in
vivo B-mode images of kidney using BB-DMAS beamforming with p
value of 1.0 and 1.5., respectively in panel (a) and (b) for comparison. It
should be noted that BB-DMAS beamforming with p = 1.0 is actually
the same as the conventional DAS. The RF-DMAS counterpart is also
provided in panel (c) for comparison. In BB-DMAS beamforming, the p
value is selected to be 1.5 due to its highest CNR as indicated in Fig. 9.
The quality of Fig. 10(b) is clearly improved as compared to that of
Fig. 10(a) due to higher image contrast. Note that the clutter artifacts
and reverberations which appear as foggy mask in Fig. 10(a) generally
have low spatial coherence in the channel domain. Therefore, after
removing these image artifacts using BB-DMAS beamforming with p
value higher than unity, the anatomical structures of kidney such as the
renal pelvis can be better highlighted.

5. Discussions and conclusions

In this study, the delay-multiply-and-sum (DMAS) beamforming has
been extended to baseband (BB) implementation by p-th root scaling
the magnitude of baseband channel signal but preserving its phase

BB-DMAS (p=2.0)

Lateral distance [mm]
RF-DMAS

=
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Fig. 9. Experimental B-mode images of anechoic
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information. After coherent summation of the magnitude-scaled
channel signal and restoring the signal dimensionality by p-th power,
the resultant BB-DMAS beamforming is capable of suppressing lateral
side lobe level and grating artifacts together with random noises in the
B-mode image. Compared to its radio-frequency (RF) counterpart, the
proposed BB-DMAS beamforming has several advantages. First, the
data rate in BB-DMAS beamforming remains the same as that in the
conventional baseband DAS beamforming Specifically, in order to avoid
spectral aliasing, oversampling is required in RF-DMAS beamforming to
accommodate the artificial 2f, spectral component.

Using the formulation in [16], it can be derived that RF-DMAS re-
quires one sign, two absolute value, one square root and two additions
for each data sample per channel. For BB-DMAS, however, both the real
and the imaginary part of each complex sample per channel require one
square root and one addition. Assuming that the data rate of RF-DMAS
is twice higher than that of BB-DMAS due to oversampling, BB-DMAS
can eliminate a total of two sign, four absolute value and two additions
relative to RF-DMAS for the same temporal segment per channel. Note
that a complete analysis of computational complexity should also
consider the intrinsic distinction between BB beamforming and RF
beamforming such as the number of demodulator and the effect of data
rate on time compensation. This is however beyond the scope of this
study and will be addressed in the future work.

In the case of harmonic RF-DMAS beamforming as in [22], the re-
quired oversampling is even more severe. For example, the second
harmonic signal at 2f, frequency in the output of RF-DMAS beam-
forming will be spectrally shifted to 4f, frequency. Consequently, a very
high sampling rate (up to 16f,) is required by either an expensive
analog-to-digital converter or extensive interpolation. This dramatically
increases the sample number for every image line. On the contrary, the
proposed BB-DMAS beamforming is performed using the BB channel
data and thus is not limited by the requirement of oversampling. The
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Fig. 10. in-vivo B-mode images of human kidney using BB-DMAS beamforming
with p value of 1.0 and 1.5. The RF-DMAS counterpart is also included for
comparison.

baseband nature also makes the manipulation of image quality highly
tunable in the proposed BB-DMAS beamforming. In other words, unlike
the RF implementation in [17] which only considers the integer p value,
the performance of BB-DMAS beamforming can be fine-tuned by
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adopting any rational p value. Note that an improved version of the
work in [17] has recently been developed as the p-DAS beamforming
[23]. Similar to BB-DMAS, p-DAS beamforming is also capable of con-
tinuous tuning the image quality by any rational p value, it is believed
that the two works are equivalent to each other except that one is for RF
beamforming and the other is for BB beamforming. Both methods rely
on the p-th root and p-th power to scale the echo magnitude before and
after channel sum. However, the preservation of channel phase is per-
formed by the sign operation in p-DAS beamforming while the BB-
DMAS keeps the baseband phase unchanged instead.

Moreover, BB-DMAS beamforming always uses the same processing
flow regardless the selection of p value. It does not suffer from the
switching of imaging band as the p value changes from even integer to
odd integer in the RF implementation. Though the BB-DMAS image
appears visually similar to the RF-DMAS counterpart, the BB-DMAS
actually shows higher image contrast in the case of anechoic cysts due
to the undistorted PSF with a low sampling rate.

Note that a connection between the output of BB-DMAS beam-
forming and the integration of channel-domain autocorrelation func-
tion has been established in this study. Consequently, the BB-DMAS
image actually represents similar spatial coherence of the received
echoes in Short Lag Spatial Coherence (SLSC) imaging [19] but without
normalization. Therefore, the difference in echo intensity is still pre-
served in the BB-DMAS image as in the conventional DAS image.
Nonetheless, the combination of both spatial coherence and the echo
intensity in BB-DMAS beamforming inevitably leads to noticeable
highlighting effect of the focal zone. That is, since the backscattering
signal from the focal zone has both higher spatial coherence and echo
intensity, the resultant BB-DMAS image brightness of the focal zone is
generally markedly higher than that out of the focal zone even in a
homogeneous speckle-generating object. This phenomenon appears to
be particularly obvious in B-mode imaging with small F-number (i.e.,
strong focusing) as shown in Figs. 8 and 9. Moreover, when a larger p
value is utilized in BB-DMAS beamforming, the image brightness out of
the focal zone would become more attenuated and only the transmit
focal zone remains detectable in BB-DMAS beamforming. This is be-
cause, in the case of high p value, the image brightness is dominated
mostly by the spatial coherence and thus the highlighting effect of the
focal zone gets intensified. In order to compensate the highlighting
effect of the focal zone, BB-DMAS beamforming can be integrated with
total focusing technique such as the synthetic transmit aperture
[24-26] and coherent plane wave compounding [27] as suggested for
the SLSC imaging [28]. Similar approaches have been verified for RF-
DMAS beamforming [29-30] and thus are expected to work well for the
proposed BB-DMAS beamforming.

Compared to the adaptive weighting method, our results also show
that the BB-DMAS beamforming suffer less from the black wing artifact
of the image background in the lateral vicinity of strong echoic target in
the case of p = 1.5 and 2. This is also because the BB-DMAS beam-
forming provides not only spatial coherence but also echo intensity.
Specifically, even though the overall spatial coherence is significantly
reduced when the nearby strong echoic target acts as dominant side
lobe, the echo intensity of the background speckle is still preserved in
the output of BB-DMAS beamforming. On the contrary, no matter
whether the signal coherence is represented by the coherence factor in
[10,12] or phase coherence factor in [13], this coherence value is uti-
lized to weight the final B-mode image intensity and thus would mask
out any low-coherence structure in adaptive-weighted images. None-
theless, it should be also noted that the performance of BB-DMAS
beamforming would approach that of adaptive weighting method when
a higher p value is utilized. This artifact is inherent to all coherence-
based beamforming including DMAS [31]. Similarly, the CR in the
hypoechoic cyst as shown in Fig. 7(a) gets under-estimated due to the
loss of signal coherence when the echo magnitude from the main lobe is
lower than that from the side lobe. Specifically, since echoes from the
side lobe exhibit lower spatial coherence in the received channel, the
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total signal coherence degrades when the contribution from side lobe
dominates. By utilizing a higher p value to emphasize the spatial co-
herence, the phenomenon becomes more obvious in BB-DMAS beam-
forming and appears similar to that in CF weighting.

Since the proposed BB-DMAS beamforming maintains the same
phase of channel data as DAS beamforming, its application may be
further extended from B-mode imaging to other imaging modes in
which the phase information is crucial. The capability of BB-DMAS
beamforming in suppressing incoherent interferences is expected to
improve the motion detection such as in Doppler mode and shear wave
elastography and thus will be the focus of our future work.
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