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Effect of Subaperture Beamforming

on Phase Coherence Imaging
Hideyuki Hasegawa and Hiroshi Kanai

Abstract—High-frame-rate echocardiography using unfo-
cused transmit beams and parallel receive beamforming is a
promising method for evaluation of cardiac function, such as
imaging of rapid propagation of vibration of the heart wall
resulting from electrical stimulation of the myocardium. In
this technique, high temporal resolution is realized at the ex-
pense of spatial resolution and contrast. The phase coherence
factor has been developed to improve spatial resolution and
contrast in ultrasonography. It evaluates the variance in phas-
es of echo signals received by individual transducer elements
after delay compensation, as in the conventional delay-and-
sum beamforming process. However, the phase coherence fac-
tor suppresses speckle echoes because phases of speckle echoes
fluctuate as a result of interference of echoes. In the present
study, the receiving aperture was divided into several sub-
apertures, and conventional delay-and-sum beamforming was
performed with respect to each subaperture to suppress echoes
from scatterers except for that at a focal point. After subap-
erture beamforming, the phase coherence factor was obtained
from beamformed RF signals from respective subapertures.
By means of this procedure, undesirable echoes, which can
interfere with the echo from a focal point, can be suppressed
by subaperture beamforming, and the suppression of the phase
coherence factor resulting from phase fluctuation caused by
such interference can be avoided. In the present study, the
effect of subaperture beamforming in high-frame-rate echocar-
diography with the phase coherence factor was evaluated using
a phantom. By applying subaperture beamforming, the aver-
age intensity of speckle echoes from a diffuse scattering me-
dium was significantly higher (—39.9 dB) than that obtained
without subaperture beamforming (—48.7 dB). As for spatial
resolution, the width at half-maximum of the lateral echo am-
plitude profile obtained without the phase coherence factor
was 1.06 mm. By using the phase coherence factor, spatial
resolution was improved significantly, and subaperture beam-
forming achieved a better spatial resolution of 0.75 mm than
that of 0.78 mm obtained without subaperture beamforming.

I. INTRODUCTION

CHOCARDIOGRAPHY is a widely used modality for

diagnosis of the heart. Because of the temporal
resolution, which is much better than those of comput-
ed tomography (CT) and magnetic resonance imaging
(MRI), echocardiography is indispensable for evaluation
of cardiac function in clinical situations. In addition to
the morphological observation of cross-sectional images
of the heart based on ultrasonography, ultrasonic meth-
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ods for measurements of the myocardial strain and strain
rate [1]-[4] have been developed and used for evaluation
of cardiac function. Also, it has been recently reported
that the propagation of myocardial electrical excitation,
which has been visualized by ultrasonic measurement of
electrical-stimulation-induced myocardial motion, can be
observed by further increasing the temporal resolution in
echocardiography [5], [6]. The measurement of such propa-
gation phenomenon would be useful for detection of a site
of myocardial infarction. The electrical excitation propa-
gates in Purkinje fibers and ventricular muscle at typical
velocities of 2 to 4 m/s [7], [8], and the corresponding
propagation velocities of myocardial contraction of 0.9
to 4 m/s have been measured by ultrasound [5]. In those
cited studies, frame rates of several hundred hertz, which
were much higher than the several tens of hertz in conven-
tional echocardiography, were realized by sparse scan (low
density of scan lines) and ECG gating (requiring several
cardiac cycles to obtain an entire image).

To realize high-frame-rate echocardiography without
decreasing the density of scan lines and ECG gating, Lu
et al. used plane waves in transmission to illuminate a
wider region by one emission and to reconstruct an image
of the illuminated region [9] based on diffraction tomog-
raphy [10]-[12]. Recently, a diverging beam, which emu-
lates a spherical wave from a virtual point source behind
an array, has been found to be usable to illuminate an
even wider region than a plane wave, and diverging beam
transmission and parallel receive beamforming have been
shown to be feasible in high-frame-rate echocardiography
[13]-[17].

Recent developments in high-frame-rate ultrasonogra-
phy commenced with linear arrays [18]-[21]. Using parallel
beamforming, temporal resolution has been significantly
improved, but spatial resolution was degraded by the use
of unfocused transmit beams. To improve spatial resolu-
tion, coherent plane-wave compounding has been intro-
duced [22]. In this technique, beamformed RF signals at
the same spatial point, which were obtained by transmit-
ting plane waves from different directions, were coherently
averaged. By means of this procedure, the synthesized
point spread function became narrower (i.e., had better
spatial resolution) than those formed by individual trans-
missions. In the case of a linear array, the size of the ap-
erture is large, i.e., the width of a plane wave is large, and
plane waves can be compounded coherently even when the
steering angle is relatively large. On the other hand, in
echocardiography using a phased array, ultrasound must
be insonified from a narrow acoustic window between ribs
and, thus, the size of the aperture, corresponding to the
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width of a plane wave, is limited. Under such conditions, it
is difficult to compound plane waves at different steering
angles, and the effect of compounding is degraded.

To improve spatial resolution and contrast in ultraso-
nography, the minimum variance beamforming method
has been developed [23]. This method improves the spa-
tial resolution significantly by minimizing the power of
echo signals coming from undesired directions (i.e., except
for the focal point). In minimum variance beamforming,
Synnevag also introduced sub-array averaging for control-
ling the trade-off between the robust solution and the
spatial resolution [24]. This method requires calculation
of the covariance matrix of the complex echo signals re-
ceived by individual transducer elements after delay com-
pensation as in conventional delay-and-sum beamforming
process, and the inverse matrix of the covariance matrix
must be obtained. Therefore, although minimum variance
beamforming is a promising method for improvement of
spatial resolution, it is computationally intensive.

There is another technique, namely, the phase coher-
ence factor (PCF) [25], which would also be effective for
improvement of spatial resolution and contrast in high-
frame-rate echocardiography. However, speckle echoes tend
to be suppressed by the phase coherence factor, whereas
strong echoes tend to be enhanced. In echocardiography,
specular reflection from valves and the interface between
the heart wall and blood should be visualized, but speckle
echoes from the inside of the heart wall should also be
visualized. Therefore, in the present study, a strategy for
use of the phase coherence factor was proposed for avoid-
ing suppression of speckle echoes from a diffuse scattering
medium.

II. PRINCIPLES
A. Phase Coherence Factor

The phase coherence factor [25] is used for weighting
beamformed RF echoes to improve spatial resolution and
contrast in ultrasonography. The weight is determined by
evaluating the variance in phases of ultrasonic RF echoes
received by individual transducer elements. The phase
variance is evaluated after delay compensation as in a
conventional delay-and-sum beamforming process. When
an echo comes from a scatterer exactly located at a focal
point of the beamformer, echoes received by individual
elements are perfectly aligned after the application of de-
lay compensation and, thus, the phase variance among
elements would be zero, corresponding to high phase co-
herence factor (maximum is 1). Because of this property
of the phase coherence factor, echoes from spatial points
except for a focal point will be suppressed because of fo-
cusing errors resulting in increased phase variance, and
spatial resolution and contrast will be improved.

To obtain phases of echo signals received by individual
elements, in the present study, for computational efficien-
cy, the complex signal g,(¢) of the echo signal s;(t) received
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by the ith element (i =1,2,..., N) was obtained using the
short-time Fourier transform with respect to the ultra-
sonic center frequency f, instead of the analytic signal
obtained by the Hilbert transform. The short-time Fourier
transform was used with a Hann window of 0.512 ps in
length. Under this condition, the first nulls of the power
spectrum of the Hann window in estimation of the Fourier
coefficient at the ultrasonic center frequency of 3 MHz
were located at —0.125 and 6.25 MHz. Although a shorter
window can increase the frequency bandwidth of its main
lobe, components at negative frequencies would be includ-
ed to estimate the Fourier coefficient at 3 MHz. Therefore,
in the present study, one of the first nulls was placed close
to 0 MHz. By estimating the Fourier coefficient only at
the ultrasonic center frequency, the computational load
was significantly lower than the Hilbert transform. In de-
lay compensation in conventional delay-and-sum beam-
forming, subsample time delay 7, was compensated by
multiplying the estimated complex signal g¢;(t) by
exp (72 fy7s). The phase coherence factor PCF was evalu-
ated using the phase ¢; of g;(1) - exp (727 fy7s). However,
the estimated phases ¢; have discontinuity when the esti-
mated phase value crosses the +7 and —7 boundary, de-
spite the fact that phases close to 7 are similar. To avoid
this pitfall, the auxiliary phase d)lA was also obtained,
where +7 was added to ¢; if ¢; < 0 and —m is added if ¢;
> 0. The standard deviations o1 and oy across the receiv-
ing aperture were estimated with respect to ¢; and ¢,LA7
respectively, and the smaller standard deviation (o or o9)
was used as the standard deviation o of the phases of
echoes received by individual elements. Using the estimat-
ed standard deviation o, the coherence factor PCF was
estimated as

PCF=1-2, (1)
To

where o is the nominal standard deviation of 7 /3/2 of a
uniform distribution between —7 and m [25].

B. Problem in Conventional Phase Coherence Imaging

One important consideration in this procedure is that
echoes from multiple scatterers should overlap in the sig-
nal received by each element. Let us consider the case in
which an echo from a scatterer exactly located at a focal
point of a beamformer is much stronger than other echoes,
namely, out-of-focus echoes. Fig. 1(1-a) shows RF echoes
received by individual elements and their phases obtained
after delay compensation in a conventional delay-and-sum
beamforming process. The red dashed lines in Fig. 1 show
the focal point. In such a case, the contribution of out-
of-focus echoes is negligible because the echo from the
focal point is dominant, and phases of signals received by
individual elements reflect the phase of the dominant echo
from the focal point. Therefore, the phases are similar
at the focal point and the phase variance is low, i.e., the
phase coherence factor is high.
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Fig. 1. RF echoes and their phases obtained from (1) a strong scatterer
and (2) a weak scatterer; RF echoes and their phases are obtained by
individual (a) elements and (b) subapertures. £§

On the other hand, when an echo from a focal point is
weak, e.g., echoes from a diffuse scattering medium, con-
tributions of out-of-focus echoes cannot be negligible. Fig.
1(2-a) shows RF echoes from a diffuse scattering medium
and their phases. As can be seen in Fig. 1(2-a), RF echoes
are not aligned even after delay compensation because
out-of-focus echoes are not negligible and interfere with
the echo from the focal point. In such a case, the phase
variance would be high, i.e., a low phase coherence factor,
even when a weak echo coming from the focal point exists.

C. Strategies for Avoiding Suppression of Speckle Echoes
in Phase Coherence Imaging

For avoiding undesirable suppression of weak echoes
from a diffuse scattering medium, in the present study,
some strategies for evaluation of the phase variance were
examined, as described subsequently.

1) Controlled PCF [25]: A method for avoiding suppres-
sion of speckle echoes, which should be mentioned first,
is to weaken the effect of the phase coherence factor by
introducing a control parameter ~ as follows [25]:

PCFY =1— 0. (2)
0o
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In the present study, a controlled phase coherence fac-
tor PCFY% at v = 0.5 was examined.

2) PCF With Subaperture Beamforming [26]: In the case
of a diffuse scattering medium, the interference between
an echo from a focal point and out-of-focus echoes sig-
nificantly influences the phase estimated from the echo
signal received by each element. Therefore, out-of-focus
echoes must be suppressed to estimate the phase of an
echo from the focal point. To suppress the contributions
of out-of-focus echoes, a receiving aperture consisting of
N elements was divided into M subapertures. Each subap-
erture performs conventional delay-and-sum beamforming
with respect to an assigned focal point. By subaperture
beamforming, echoes from scatterers except for that at
the focal point can be suppressed. Figs. 1(1-b) and 1(2-b)
show RF echoes and their phases obtained after subap-
erture beamforming. For the strong echo from the focal
point [Fig. 1(1-b)], there is no significant change in the
RF echoes and phases at the focal point between pre-
and post-subaperture beamforming because out-of-focus
echoes are negligible. On the other hand, in the case of the
weak echo from a diffuse scattering medium shown in Fig.
1(2-b), there is a significant change in RF echoes between
pre- and post-subaperture beamforming. By subaperture
beamforming, an echo from the focal point was enhanced,
and the differences in phases at the focal point became
smaller than those before subaperture beamforming.

In the present study, non-overlapping and overlapping
subapertures were examined. Hyun et al. showed that sub-
aperture beamforming could be used for efficient calcula-
tion of spatial coherence in the use of a 2-D matrix array
[27]. They showed that the short-lag spatial coherence
estimated without subaperture beamforming showed the
best performance but subaperture beamforming led to no
significant degradation of the performance. Overlapping
subapertures were used in [28] for improving estimation of
aberration in received ultrasonic echoes.

In the case of non-overlapping subapertures, each sub-
aperture consists of N/M elements. On the other hand,
the number of subapertures and the number of elements in
each subaperture can be assigned independently. However,
in comparison between non-overlapping and overlapping
subapertures, the same number of elements in each subap-
erture was used and the number of subapertures was set
at N — M + 1 (the subaperture was shifted by one ele-
ment) in the case of overlapping subapertures. The phase
coherence factor was estimated using the phases of the
subaperture output signals based on (2).

3) PCF With Reduced Number of Elements: The estima-
tion of the phase coherence factor with subapertures beam-
forming significantly reduces the number of phase data
for estimating the phase variance. Using a smaller num-
ber of phase data increases the variance in the estimated
phase variance (see appendix). The increased variance in
estimation of the phase variance would increase the case
in which the phase variance evaluated from echoes from
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diffuse scattering medium becomes low. This means that
speckle echoes from a diffuse scattering medium are more
likely visualized compared with the case in which a larger
number of phase data are used. To examine the effect of
the number of phase data on phase coherence imaging, in
the present study, the phase coherence factor was also esti-
mated using a smaller number of elements (and, therefore,
phase data). The number of elements corresponds to the
number of subapertures in the non-overlapping case.

III. EXPERIMENTAL RESULTS
A. Basic Experiments Using Phantom

In the present study, a custom-made ultrasound sys-
tem (RSYS0002, Microsonic, Tokyo, Japan), which en-
ables 96-channel simultaneous transmit and is able to
acquire ultrasonic RF echoes from 96 elements, was used
with a commercial 3.75-MHz phased array probe (UST-
52101, Hitachi-Aloka, Tokyo, Japan). The total number
of elements and the element pitch of the phased array
probe were N = 96 and 0.2 mm, respectively. Ultrason-
ic echoes received by individual elements were sampled
at 31.25 MHz at 12-bit resolution for off-line processing
(receive beamforming, estimation of phase coherence fac-
tor, etc.). An ultrasound imaging phantom (model 54GS,
Computerized Imaging Reference Systems Inc., Norfolk,
VA) was used for evaluation of spatial resolution and ef-
fects of subaperture beamforming on speckle echoes from
a diffuse scattering medium. The phantom includes fine
wires and cyst phantoms in a diffuse scattering medium.

Fig. 2(a) shows a B-mode image of the phantom ob-
tained by parallel receive beamforming described in [14]
with transmissions of diverging waves in 15 directions.
The virtual point source was 100 mm behind the array,
and the angular interval between transmit beams was 6°.
The lateral amplitude profile of the B-mode image at a
range distance of 42 mm is shown in Fig. 3. To evaluate
spatial resolution, the width at half-maximum of the am-
plitude profile of an echo from a wire was calculated from
the data shown in Fig. 3. The width at half-maximum w
was estimated to be 1.06 mm. For consideration of the ef-
fects of subaperture beamforming on speckle echoes from
a diffuse scattering medium, ratio r, between the peak
amplitude of an echo from a wire to the average echo am-
plitude in the diffuse scattering medium (corresponding to
the region indicated by lateral angle 6 of —45° < 0 < —5°
in Fig. 3) was evaluated. Also, the mean over standard
deviation g /o of the echo amplitude profile in —45° <
0 < —5° was obtained for evaluation of image blurring.
The ratio r, and mean over standard deviation u /o were
evaluated to be —32.3 dB and 7.2 dB, respectively, for
parallel beamforming without the phase coherence factor.
In the B-mode image obtained without the phase coher-
ence factor, speckle echoes can be observed, but the image
is blurred by undesired signals, such as electrical noise and
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echoes originating from side lobes, which would increase
the mean p of echo amplitudes.

Fig. 2(b) shows a B-mode image of the phantom ob-
tained with the phase coherence factor with no subaper-
ture beamforming. In Fig. 2(b), although the lateral spa-
tial resolution is improved by using the phase coherence
factor, speckle echoes in a diffuse scattering medium are
significantly suppressed. Lateral spatial resolution w, was
0.78 mm. Amplitude ratio r, and mean over standard de-
viation p /o were evaluated to be —48.7 dB and —0.3 dB,
respectively. The mean over standard deviation p /o was
decreased because the speckle echoes were more visualized
by the phase coherence factor and the standard deviation
o was increased.

Figs. 2(c), 2(d), 2(e), and 2(f) show B-mode images
obtained with controlled coherence factor, coherence fac-
tors estimated with non-overlapping subapertures, re-
duced number of elements, and overlapping subapertures,
respectively. With respect to the controlled phase coher-
ence factor, the spatial resolution w; was 0.92 mm. The
amplitude ratio r, and mean over standard deviation /o
were —36.5 dB and 6.34 dB, respectively. Although the in-
creased 1, of —36.5 dB shows the enhancement of speckle
echoes, the increased w; and p /o show the degraded spa-
tial resolution and image blurring, respectively.

Then, phase coherence factors obtained with non-over-
lapping subapertures and reduced number of elements
were compared. The number of elements in each non-over-
lapping subaperture was N/M (where M is the number
of subapertures and N is the total number of elements).
In Fig. 2(d), M = 4. In Fig. 2(e), the number of elements
used for estimation of the phase coherence factor was 4,
where each element was located at the position corre-
sponding to the center of each of the non-overlapping sub-
apertures in Fig. 2(d). In Fig. 2(d), spatial resolution wy,
amplitude ratio r,, and mean over standard deviation /o
are 0.75 mm, —39.9 dB, and 3.6 dB, respectively. In Fig.
2(e), spatial resolution wy, amplitude ratio r,, and mean
over standard deviation /o are 0.77 mm, —39.4 dB, and
5.3 dB, respectively. In terms of speckle-echo visualiza-
tion, non-overlapping subaperture and reduced number
of elements showed similar performances. However, the
phase coherence factor estimated with non-overlapping
subapertures achieved better spatial resolution (smaller
w) with less blurring (lower p /o). Figs. 4(a), 4(b), and
4(c) summarize estimated spatial resolution {wj}, am-
plitude ratios {r,}, and means over standard deviation,
{u /o}, respectively.

As shown in Fig. 4(a), the spatial resolution w, evalu-
ated from an echo from a fine wire (strong scatterer) was
further improved by subaperture beamforming. A strong
echo from a strong scatterer located at a focal point is also
interfered by weak echoes from diffuse scattering medium,
which is surrounding the strong scatterer. Although the
effect of such interference is smaller than that between
echoes both from weak scatterers in diffuse scattering me-
dium, the phase variance estimated with respect to the
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(c)

Fig. 2. B-mode images of phantom: (a) without the phase coherence factor, (b) with the conventional phase coherence factor, (¢) with the controlled
phase coherence factor (v = 0.5), (d) with the phase coherence factor with 4 non-overlapping subapertures (24 elements/subaperture), (e) with the
phase coherence factor estimated by 4 elements, and (f) with the phase coherence factor with 73 overlapping subapertures (24 elements/subaperture).

strong echo from the focal point would increase, which
leads to suppression of the peak amplitude (at the focal
point) of the strong echo. As a result, the spatial resolu-
tion, which was evaluated as the width at half-maximum
of the echo amplitude, was degraded slightly when the
phase coherence factor was estimated without subaper-
ture beamforming (corresponding to a reduced number
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(f)

of elements). Using subaperture beamforming, such weak
echoes interfering with the strong echo at the focal point
were suppressed, and the spatial resolution was improved.

As shown in Fig. 4(b), amplitude ratios {r,}, which are
similar at all numbers of subapertures and number of ele-
ments, show that phase coherence factors estimated with
non-overlapping subapertures and reduced number of ele-
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Fig. 3. Lateral amplitude profiles of B-mode images at range distance of
42 mm. Profiles were obtained without phase coherence factor (PCF),
with conventional PCF, with controlled PCF, with PCF obtained by
4 non-overlapping subapertures (24 elements/subaperture), with PCF
obtained by reduced number of elements (4 elements), and with PCF
obtained by 73 overlapping subapertures (24 elements/subaperture). 6

ments realized similar levels of speckle-echo visualization.
However, it should be noted that the average echo am-
plitude is also increased by random noise, such as elec-
trical noise. This result suggests that the average echo
amplitude in a diffuse scattering medium depends on the
number of data used for estimation of the phase coherence
factor. By reducing the number of data for estimation of
the phase coherence factor, the variance in estimation of
the phase variance becomes higher, as described in the
appendix, and the difference between the phase coherence
factor of the coherent echo and that of the incoherent
component, e.g., echoes from diffuse scattering medium,
electrical noise, etc., is possibly decreased more. As a re-
sult, the increase in the difference between relative magni-
tudes of the coherent echo and the incoherent component
was suppressed by decreasing the number of data used for
estimation of the phase coherence factor.

In an ultrasound imaging, echo speckles increase the
standard deviation in the echo amplitude profile. On the
other hand, random noise, such as electrical noise, leads to
noisy images; i.e., the mean of the echo amplitude profile
in an ultrasound image increases. In Fig. 4(c), the mean
over standard deviation u /o obtained with subaperture
beamforming was lower than that obtained with reduced
number of elements (without subaperture beamforming).
This means that subaperture beamforming realizes more
enhancement of speckle echoes. As shown in Fig. 4(b),
the average echo amplitudes in diffuse scattering medium
are similar, and more enhancement of speckle echoes (not
random noise) is possible by the phase coherence factor
obtained with subaperture beamforming.

Therefore, by evaluating the mean over standard de-
viation, it can be confirmed whether speckle echoes or
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Fig. 4. Basic experimental results obtained with phase coherence fac-
tors, which were estimated with non-overlapping subapertures and re-
duced number of elements. (a) Lateral widths at half-maxima {uy} of
echo amplitude profiles (w; obtained without the phase coherence factor
(PCF) was much larger (1.06 mm) and not indicated in the figure). (b)
Amplitude ratios {r,}. (¢) Mean to standard deviation of echo amplitude
profile.

random noise is enhanced. In Fig. 4(c), the mean over
standard deviation u /o obtained with subaperture beam-
forming was lower than that obtained with reduced num-
ber of elements (without subaperture beamforming). This
means that subaperture beamforming realizes more sup-
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pression of random noise. As shown in Fig. 4(b), the aver-
age echo amplitudes in diffuse scattering medium are simi-
lar, and more enhancement of speckle echoes (not random
noise) is possible by the phase coherence factor obtained
with subaperture beamforming.

In Fig. 4, spatial resolution wj, amplitude ratio r,, and
mean over standard deviation p /o are also evaluated with
respect to ultrasound images obtained using Hann apo-
dization in each subaperture beamforming. Subaperture
apodization controls the effect of suppression of out-of-
focus echoes by changing the effective size of subaperture,
which is similar to controlling the effect of the coherence
factor by changing the filter coefficient (corresponding to
the cut-off direction of arrival) in [29]. Subaperture apo-
dization weakens the effect of subaperture beamforming
because apodization reduces the effective subaperture size.
As shown in Fig. 4, although the phase coherence factor
obtained with apodized subapertures also improves speck-
le-echo visualization, as indicated by the amplitude ratio
r,, the spatial resolution wj and the mean over standard
deviation p /o are degraded by subaperture apodization.

In Fig. 4, it is shown that subaperture beamforming is
useful for improving the spatial resolution and visualiza-
tion of speckle echoes. However, subapertures do not over-
lap, and the number of subapertures are limited, particu-
larly at a large number of elements in each subaperture.
To evaluate the effect of the number of subapertures, the
results were also obtained with non-overlapping and over-
lapping subapertures, as shown in Fig. 5.

Using overlapping subapertures, the spatial resolution
w, was degraded at a large number of elements in each
subaperture. In the case of overlapping subapertures with
a large number of elements, the information from subap-
ertures are not independent, and the echo signals from
elements, which are located around the center of the to-
tal aperture, are used many times (corresponding to the
number of subapertures) to obtain the phase coherence
factor. This can be considered as the aperture data being
apodized by a weighting function whose weight is high
around the central of the aperture when we regard the
beamformed signals from respective subapertures as the
signals from array elements. The effective aperture size of
the array is reduced by such apodization and, therefore,
the lateral spatial resolution is degraded, as shown in Fig.
5(a), using overlapping subapertures. Also, for random
noise, the randomness among noises contained in the sig-
nals from subapertures is degraded using overlapping sub-
apertures even when noises contained in the signals from
individual elements are random. As a result, the effect of
averaging of the signals from subapertures on suppression
of random noise is degraded, and the mean over standard
deviation deviation /o is larger than that obtained with
non-overlapping subapertures.

In summary, subaperture beamforming in estimation
of the phase coherence factor can improve the spatial
resolution and speckle-echo visualization, and the effect
of the phase coherence factor can be controlled in vari-
ous ways, such as introducing a control parameter, re-
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Fig. 5. Basic experimental results obtained with phase coherence factors,
which were estimated with non-overlapping and overlapping subaper-
tures. (a) Lateral widths at half-maxima {w} of echo amplitude profiles
(w; obtained without the phase coherence factor (PCF) was much larger
(1.06 mm) and not indicated in the figure). (b) Amplitude ratios {r,}. (c)
Mean to standard deviation of echo amplitude profile.

ducing the number of elements, subaperture apodization,
and using overlapping subapertures. Introducing a control
parameter, reducing the number of elements, and sub-
aperture apodization improve speckle-echo visualization
but degrade the spatial resolution. The use of overlap-
ping subapertures slightly degrades the spatial resolution
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but improves speckle-echo visualization (higher amplitude
ratio 7,) compared with the use of non-overlapping sub-
apertures, particularly at a large number of elements in
each subaperture. Therefore, the phase coherence factor
obtained with overlapping subapertures might be a use-
ful strategy. However, the use of overlapping subapertures
requires a significant additional computational cost, and
the phase coherence factor obtained with non-overlapping
subapertures shows good performance and seems effective
for improvement of the spatial resolution while preserving
speckle echoes.

B. In Vivo Measurement of Human Heart

Fig. 6(a) shows a B-mode image of the heart of a
26-year-old healthy male. By weighting beamformed RF
signals using the conventional phase coherence factor, un-
desirable signals in the cardiac lumen are suppressed, as
shown in Fig. 6(b). However, speckle echoes inside the
heart wall are also suppressed significantly.

Figs. 6(c), 6(d), 6(e), and 6(f) show B-mode images ob-
tained with controlled coherence factor, coherence factors
estimated with 4 non-overlapping subapertures, reduced
number of elements of 4, and 73 overlapping subapertures
(sizes of subapertures were same as those of 4 non-over-
lapping subapertures), respectively. By introducing the
control parameter, the effect of the phase coherence factor
was weakened, and speckle echoes inside the heart wall
could be visualized. However, undesired echoes in the car-
diac lumen were hardly suppressed.

As can be seen in Figs. 6(d), 6(e), and 6(f), undesirable
echoes in the cardiac lumen could be suppressed by the
phase coherence factors estimated with non-overlapping
subapertures, reduced number of elements, and overlap-
ping subapertures while preserving speckle echoes inside
the heart wall. However, there are slightly more undesir-
able signals in the cardiac lumen in the case of the reduced
number of elements shown in Fig. 6(e).

As shown in Figs. 6(d) and 6(f), subaperture beam-
forming realizes good performance in suppressing unde-
sirable signals while preserving speckle echoes inside the
heart wall, whereas the larger speckle size in Fig. 6(f)
shows the slight degradation of the spatial resolution by
overlapping subapertures as described in Section III-A.
From these results, it was also shown in the in vivo mea-
surement that subaperture beamforming improves visual-
ization of speckle echoes in phase coherence imaging.

IV. DISCUSSION

As described in the present paper, the phase coherence
factor is very useful for improvement of spatial resolu-
tion and contrast in high-frame-rate echocardiography.
However, the phase coherence factor suppresses speckle
echoes significantly, and, therefore, a strategy for avoiding
suppression of speckle echoes has been proposed. In the
present study, the phase coherence factor was obtained
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with subaperture beamforming to suppress the influence
of out-of-focus echoes.

As shown in Fig. 4(a), the spatial resolution w, evalu-
ated from an echo from a fine wire (strong scatterer) was
further improved by subaperture beamforming. For inter-
pretation of such slight improvement of the lateral spatial
resolution owing to subaperture beamforming, we have
conducted a simple simulation experiment. In this simula-
tion, it was assumed that an ultrasonic echo from a point
target was received by 96 elements at element pitches of
0.2 mm. The point scatterer was located at 40 mm in range
distance and 0° in lateral direction. The ultrasonic center
frequency was set at 3 MHz and a Hanning envelope with
3 cycles at the ultrasonic center frequency was assumed.
White noise was added to the simulated ultrasonic signals
at a signal-to-noise ratio of 38.4 dB. In this simulation,
echoes from diffuse scattering medium surrounding the
point scatterer were assumed to be random.

Fig. 7(a) shows the lateral profiles of non-normalized
amplitudes of beamformed RF signals obtained without
phase coherence factor (PCF) (red line), with PCF with-
out subaperture beamforming (green line), and with PCF
with 6 subapertures (blue line). As shown in Fig. 7, the
peak echo amplitude obtained with PCF without subap-
erture beamforming is slightly decreased by the increase
of the phase variance resulting from random signals. Such
random signals are suppressed by subaperture beamform-
ing before evaluation of PCF, and the suppression of the
peak amplitude is avoided.

Fig. 7(b) shows the lateral profiles of normalized am-
plitudes. By avoiding the suppression of the peak ampli-
tude, the width at half-maximum of the profile obtained
with PCF with subaperture beamforming is found to be
decreased slightly. This phenomenon can be considered
as follows: When the location of the focal point coincides
with that of the scatterer (corresponding to the peak of
the lateral profile in Fig. 7), the phases of all echo signals
are the same and the phase variance is zero if there is
no noise. Therefore, all the noise components work to in-
crease the phase variance. In other words, the phase vari-
ance is purely dependent on the random signals.

On the other hand, when the location of the focal point
does not coincide with that of the scatterer, the phase
variance is dependent on both the geometrical mismatch
between the focal point and the scatterer and the ran-
dom signals. Therefore, the increase of the phase variance
caused by noise would be smaller than that at the peak of
the lateral profile. As a result, a larger suppression of the
echo amplitude resulting from the random signals occurs
at the peak of the lateral profile, and the width at half-
maximum increases, as shown in Fig. 7(b), when subaper-
ture beamforming is not used.

In Fig. 4(b), although amplitude ratio r, obtained with
non-overlapping subapertures was increased by decreasing
the number of non-overlapping subapertures, the lateral
spatial resolution w; was degraded when the number of
subapertures was less than 8. By reducing the number of
subapertures, a greater number of elements could be used
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(©)

Fig. 6. B-mode images of a 26-year-old healthy male: (a) without the phase coherence factor, (b) with the conventional phase coherence factor, (c)
with the controlled phase coherence factor (v = 0.5), (d) with the phase coherence factor with 4 non-overlapping subapertures (24 elements/subap-
erture), (e) with the phase coherence factor estimated by 4 elements, and (f) with the phase coherence factor with 73 overlapping subapertures (24

elements/subaperture).

for subaperture beamforming, and greater suppression of
out-of-focus echoes could be realized. Therefore, the phase
coherence factor of an echo from a diffuse scattering medi-
um could be estimated more correctly, and speckle echoes

were enhanced (corresponding to the increased amplitude
ratio r, and the reduced mean over standard deviation
w /o). Spatial resolution was also improved (correspond-
ing to small w;) by more suppression of out-of-focus echoes
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Fig. 7. (a) Non-normalized and (b) normalized lateral profiles of am-
plitude of an echo from a point scatterer obtained by simulation

experiment. 6

by wider subapertures. The reason for the degradation
of the spatial resolution at numbers of subapertures of
less than 8 was considered to be that a small number
of beamformed RF signals was not sufficient to obtain a
statistically stable estimate of phase variance. However,
the change in spatial resolution {wj} at numbers of subap-
ertures of less than 8 is small, and such a small difference
may be an error. Therefore, the spatial resolution w, was
evaluated at a different range distance of 61 mm, as shown
in Fig. 8. In Fig. 8, a similar tendency can be confirmed,
i.e., the spatial resolution wj is also degraded at numbers
of subapertures of less than 8.

In the present study, the number of elements in each
subaperture was fixed, not depending on the range dis-
tance. The degree of suppression of out-of-focus echoes,
which is achieved by the same number of elements (size)
of a subaperture, would depend on the range distance
even when the distance between the location of a scat-
terer (source of the out-of-focus echo) and the focal point
is same. Therefore, it would be effective to change the
subaperture size depending on the range distance to ob-
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Fig. 8. Spatial resolution w; at a range distance of 61 mm obtained with
non-overlapping subapertures.

tain spatially homogeneous effects of subaperture beam-
forming. However, the variable subaperture has not been
examined in the present study because the homogeneity of
the image quality was not the main scope of the present
study.

In delay-and-sum beamforming in each subaperture, the
subsample time delay 7, was compensated by multiplying
the complex received signal g;(t) by exp(727 fy7s). In the
present study, fy was set at 3 MHz, which was almost the
center frequency of the received RF echo, whereas the
nominal center frequency of the phased array probe was
3.75 MHz. As described in [30], [31], the center frequency
of the received RF echo can vary by ultrasonic frequency-
dependent attenuation, interference among echoes, etc.
Although more computation is required, the estimation of
the actual center frequency of the received RF echo would
realize more accurate beamforming and estimation of the
phase coherence factor.

Furthermore, although speckle echoes can be more vi-
sualized by subaperture beamforming, ultrasound imaging
with the phase coherence factor increases the distance in
intensity between echoes from specular and diffuse scat-
terers. In future work, it would also be necessary to inves-
tigate a more suitable method than the conventional log
compression technique to appropriately show ultrasound
images weighted by the phase coherence factors to physi-
cians in clinical situation.

V. CONCLUSIONS

To realize high-frame-rate echocardiography, parallel
beamforming has been introduced; however, spatial res-
olution was degraded by the use of unfocused transmit
beams. Although the phase coherence factor is feasible for
improvement of spatial resolution, speckle echoes from a
diffuse scattering medium are suppressed. In the present
study, a strategy for estimating the phase coherence factor
has been presented for improvement of spatial resolution
in high-frame-rate echocardiography and for avoiding sup-
pression of speckle echoes. One of the reasons for reduc-
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tion of the phase coherence factor estimated for a weak
echo from a diffuse scattering medium was interference of
echoes. Therefore, by using subaperture beamforming, a
weak echo from a focal point in a diffuse scattering medi-
um was enhanced, and the phase variance of echo signals
received by individual transducer elements was reduced.
As a result, suppression of speckle echoes could be success-
fully avoided without degradation of spatial resolution.

APPENDIX
RELATIONSHIP BETWEEN VARIANCE OF ESTIMATE
AND NUMBER OF DATA

Let us define the phase of the RF echo signal received by
the ith transducer element or subaperture (i = 0,1, ..., K
— 1) by ¢;. There would be some degree of correlation
between the phases evaluated from echo signals received
by individual transducer elements, which are scattered by
diffuse scattering medium. However, in this theoretical
consideration, the phases of echo signals are assumed to
be independent to simply explain the relationship between
the number of phase data and the estimated phase vari-
ance. The measured phase includes random noise, which
is assumed to obey the normal distribution. Let us also
define the population mean and standard deviation of the
measured phase ¢; by g and o4 Under such conditions,
the Cramér-Rao lower bound CLRB(c4) in estimation
of the population standard deviation oy is expressed as
[32], [33]

1
KXEz[{a(%g)lnP(@)}Q]

CRLB(02) = ; (3)

where EJ-] represents the expectation operator, and p(¢)
is the probability density function of the measured phase
¢;, which is expressed as
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Eq. (3) can be modified as follows:
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As described previously, the variance CRLB(0'}) in the
estimation of the phase variance a; can be reduced by
increasing the number of elements or subapertures K.
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