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Abstract—High-frame-rate ultrasound is a promising tech-
nique for measurement and imaging of cardiovascular dynam-
ics. In high-frame-rate ultrasonic imaging, unfocused ultrason-
ic beams are used in transmit and multiple focused receiving 
beams are created by parallel beamforming using the delay 
and sum (DAS) method. However, the spatial resolution and 
contrast are degraded compared with conventional beamform-
ing using focused transmit beams. In the present study, the 
minimum variance beamformer was examined for improve-
ment of the spatial resolution in high-frame-rate ultrasound. 
In conventional minimum variance beamforming, the spatial 
covariance matrix of ultrasonic echo signals received by indi-
vidual transducer elements is obtained without considering the 
directivity of the transducer element. By omitting the element 
directivity, the error in estimation of the desired signal (i.e., 
the echo from the focal point) increases, and as a result, the 
improvement of the spatial resolution is degraded. In the pres-
ent study, the element directivity was taken into account in 
estimation of the spatial covariance matrix used in minimum 
variance beamforming. The effect of the element directivity 
on adaptive beamforming was evaluated by computer simula-
tion and basic experiments using a phantom. In parallel beam-
forming with the conventional DAS beamformer, the lateral 
spatial resolution, which was evaluated from the lateral full 
width at half maximum of the echo amplitude profile in the 
basic experiment, was 0.50 mm. Using conventional amplitude 
and phase estimation (APES) beamforming, the lateral spatial 
resolution was improved to 0.37 mm. The lateral spatial reso-
lution was further improved to 0.30 mm using the modified 
APES beamforming by considering the element directivity. 
Image contrast and contrast-to-noise ratios, respectively, were 
−12.3 and 6.5 dB (DAS), −32.8 and −11.3 dB (APES), and 
−7.0 and 3.1 dB (modified APES).

I. Introduction

Measurements of cardiovascular dynamics and vis-
coelasticity are useful for diagnosis of the cardiovas-

cular system. high-frame-rate ultrasound is a promising 
technique for measurement and imaging of tissue dynam-
ics. high-frame-rate ultrasound using parallel beamform-
ing, which was introduced in the 1980s [1], basically uses 
unfocused transmit beams and creates multiple focused 
receiving beams in each transmission. The first practical 

application of high-frame-rate ultrasound was the mea-
surement of the displacement distribution in biological tis-
sue induced by acoustic radiation force [2]. This technique 
is very useful for assessment of tissue viscoelasticity non-
invasively. recently, we have shown that high-frame-rate 
ultrasound is also useful for B-mode, tissue strain, and 
blood flow imaging [3]. currently, various methods based 
on high-frame-rate imaging have been developed for mea-
surement of cardiovascular dynamics [4]–[10].

one of the problems of high-frame-rate imaging is the 
degradation of spatial resolution owing to the use of unfo-
cused transmit beams and, thus, development of methods 
for improvement of spatial resolution is desired to simul-
taneously realize high temporal and spatial resolutions. 
The spatial compound technique [11] is one method for 
improvement of the spatial resolution in high-frame-rate 
imaging [12]. In the cited study, the image spatial resolu-
tion was shown to be significantly improved by coherently 
compounding multiple steered plane waves. however, mul-
tiple transmissions of plane waves degrades the imaging 
frame rate.

recently, adaptive beamforming, namely, minimum 
variance beamforming, has been introduced to ultra-
sound imaging for improvement of the spatial resolution 
[13]–[16]. In the beamforming procedure, ultrasonic echo 
signals received by individual transducer elements in an 
ultrasonic probe are aligned based on the geometrical 
information of the focal point and then averaged. This 
way of beamforming is called the delay and sum (das) 
method. The weights given to the element echo signals in 
the averaging procedure are fixed, and a tapered weight-
ing function, such as the hann function, is typically used. 
In adaptive beamforming, those weights are adaptively 
determined using the received ultrasonic echoes, and this 
procedure improves the spatial resolution significantly. 
recently, minimum variance beamforming was combined 
with synthetic transmit beamforming for high-frame-rate 
echocardiography [17].

In minimum variance beamforming, the spatial co-
variance matrix of the received element echo signals is 
estimated to determine the weights to the element echo 
signals. In this procedure, the desired signal (echo from 
the focal point) is suppressed when the desired signal is 
contained in the spatial covariance matrix. sub-array av-
eraging was introduced to remove the desired signal from 
the spatial covariance matrix. Using sub-array averaging, 
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suppression of the desired signal is avoided at the expense 
of the spatial resolution [14]. sub-array averaging is also 
contribute to reduce the dimension of the spatial covari-
ance matrix. Furthermore, temporal or depth averaging 
is required to obtain speckle statistics similar to that ob-
tained by conventional das beamforming [18]. reduction 
of computational load, such as reduction of the dimension 
of the spatial covariance matrix, is very important for real-
time implementation and is studied intensively [19]–[21].

alternative way to remove the desired signal from the 
spatial covariance matrix is to estimate the desired signal 
from the received element signals. Blomberg et al. pro-
posed the amplitude and phase estimation (aPEs) beam-
forming, in which the desired signal is estimated by das 
beamforming [22]. however, in their study, the directivity 
of the transducer element is not considered in estimation 
of the desired signal. In the present study, the element 
directivity was incorporated to improve the accuracy in 
estimation of the desired signal. such improvement would 
reduce the suppression of the desired signal in the aPEs 
beamforming.

II. Materials and Methods

A. Conventional Delay and Sum (DAS) Beamforming

let us define the complex signal of the ultrasonic echo 
received by the mth transducer element of an ultrasonic 
probe by sm (m = 0, 1, 2, ..., M − 1), where M is the total 
number of elements in the aperture. The M signals are 
ordered in a vector as follows:

 S =       ,0 1 1( )s s sM… −
T  (1)

where T denotes the transpose. The lateral position of the 
mth transducer element is defined by xm and the range 
position z of every transducer element is zero. By defin-
ing the position of the receiving focal point to be (xf, zf), 
the output uds of the das beamformer is expressed as 
follows:

 uDS DS
H= ,w S  (2)

where h is the hermitian operator. In (2), wds shows the 
weights for the element signals used in das beamform-
ing. In the present study, for an easy comparison between 
the physical meanings of the adaptive and conventional 
das beamformers, rectangular apodization is considered 
in conventional das beamforming. In the case of rectan-
gular apodization, (2) is expressed as follows:
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where f0 is the ultrasonic center frequency, and c0 is the 
speed of sound.

B. Adaptive Beamforming

as in conventional das beamforming, the output uMV 
of the adaptive beamformer, namely, minimum variance 
beamformer, is expressed as follows:

 uMV MV
H= .w S  (5)

The minimum variance beamformer determines the 
weight wMV so as to minimize the variance P of the out-
put uMV [13], [14]. The variance (power) P of the output 
uMV is expressed as follows:

 P u= = = ,2E E[ ]MV MV
H H

MV MV
H

MV[ ] w SS w w Rw  (6)

where E[∙] denotes the expectation, and R is the spatial 
covariance matrix and expressed as follows:

 R SS= .E[ ]H  (7)

This minimization problem can be expressed as follows:

 min
w

w Rw w a
MV

MV
H

MV MV
H subject to , = 1. (8)

The solution to (8) is expressed as follows:

 w
R a

a R aMV H= .
1

1

−

−  (9)

as can be seen in (9), the weight wMV determined by 
the minimum variance beamformer has a form very simi-
lar to that of the das beamformer expressed by (3). In 
(3), the identity matrix is used as the covariance matrix. 
This means that undesired signals, which are suppressed 
by the das beamformer, are uncorrelated with each other 
(i.e., the covariance matrix of such components becomes 
the identity matrix). on the other hand, in minimum vari-
ance beamforming, the spatial covariance matrix, which 
corresponds to the undesired signals to be suppressed, 
is determined from the measured signal S. however, the 
measured signal S contains the desired signal (i.e., the 
echo from the focal point). Therefore, the desired signal 
would also be suppressed when the spatial covariance ma-
trix defined by (7) is used. To overcome this problem, the 
aPEs beamformer, which removes the desired signal from 
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the covariance matrix, has been introduced [22]. In aPEs 
beamforming, the weight waPEs is determined as follows:

 w
Q a

a Q aAPES H= ,
1

1

−

−  (10)

where Q = R − GGh, and G = [g0 g1 g2 ... gM−1]T. The 
G corresponds to the desired signal, and in [22], all of the 
elements gm (m = 0, 1, ..., M − 1) of vector G are esti-
mated as gm = ahS/M.

C. Consideration of Element Directivity  
in Adaptive Beamforming

In the aPEs beamforming proposed in [22], the direc-
tivity of each transducer element is not considered (the 
transducer element is assumed to be omnidirectional). 
however, each element should have directivity owing to 
its finite size. Therefore, more components arising from 
the desired signal will remain in the covariance matrix 
Q when the accuracy in estimation of the desired signal 
is degraded due to the element directivity. consequently, 
the desired signal in the output uaPEs will be suppressed. 
In the present study, the directivity of each transducer 
element was considered to improve the accuracy in estima-
tion of the desired signal G (i.e., the echo from the focal 
point) for a better removal of the desired signal from the 
covariance matrix.

as shown in Fig. 1, the direction from the mth trans-
ducer element to the focal point (xf, zf) is defined by θm. 
The directivity D(θm) of the mth transducer element (m = 
0, 1, 2, ..., M − 1) is expressed as follows [23]:

 D m

l
m

l
m
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θ

θ

π
λ

π
λ

sin sin

sin

( )
 (11)

where

 θm
mx x

z= ,1− −( )tan f

f
 (12)

l is the width of each transducer element, and λ is the 
ultrasonic wavelength.

In the modified aPEs beamforming proposed in the 
present study, the vector G = [g0 g1 g2 ... gm−1 gm gm+1 ... 
gM−1]T corresponding to the estimate of the desired signal 
is obtained as follows:
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on the basis of (10), the weight wmaPEs and the output 
umaPEs of the modified amplitude and phase estimation 
beamformer are obtained using the vector G obtained by 
(13).
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 umAPES mAPES
H= .w S  (15)

D. Sub-Aperture Beamforming for Reduction  
of Computational Load

In the present study, the modified aPEs beamformer 
along with sub-aperture beamforming was also examined 
for reduction of the computational load. The output yk of 
the kth sub-aperture (k = 0, 1, 2, ... K − 1) consisting of 
Msub = M/K elements is expressed as follows:
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Fig. 1. Illustration of geometry. directivity function D(θm) was calcu-
lated by (11) at l = 150 μm and λ = 200 μm.
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In the present study, the output umaPEssub of the modi-
fied aPEs beamforming with sub-aperture beamforming 
was obtained as follows:

 umAPESsub mAPESsub= ,w Y  (17)

where

 Y =       ,0 1 1y y yK… −( )T  (18)

 w
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and J is a K dimensional vector of ones. Using sub-aper-
ture beamforming, the dimensions of the covariance ma-
trix C are reduced to K × K. The difference between the 
procedures of the proposed method with and without sub-
aperture beamforming is illustrated in Fig. 2.

E. Evaluation of Image Quality

In the present study, the quality of an obtained B-mode 
image was evaluated by methods described in [24], [25].

1) Spatial Resolution: The spatial resolution was defined 
as the lateral full-width at half-maximum of the amplitude 
profile of an echo from a point scatterer (point scatterer in 
simulation, fine wire in experiments).

2) Contrast: contrast C was evaluated as follows:

 C l

B l
= ,

2

µ µ
µ µ
B −
+

 (24)

where uB and µl are mean gray levels in background and 
lesion, respectively.

3) Contrast-to-Noise Ratio (CNR): contrast-to-noise 
ratio was evaluated as follows:

 CNR B l

B l

= ,2 2

2

µ µ
σ σ

−
+

 (25)

where σB
2 and σ l

2 are variance of gray levels in background 
and lesion, respectively. Both in simulations and experi-
ments, anechoic cyst phantoms were adopted as the lesion, 
and diffuse scattering medium was adopted as background.

F. Method of Simulation

In the present study, the proposed method was evalu-
ated by computer simulation and basic experiments using 
a phantom. In simulation, the scatterer distribution was 
generated by modifying the program, cyst_pht.m, pro-
vided by Field II [26]. The simulated phantom includes 
strong point scatterers and anechoic cysts. an in-house 
software was used for simulation of echoes from the gen-
erated scatterer distribution because Field II simulation 
does not incorporate with the element directivity. In the 
in-house software, the echo signal received by the jth 
transducer element sj(t) is obtained as follows:

 s t r r A D D h tj
i
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i j
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1
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Fig. 2. Illustration of the proposed method with and without sub-aper-
ture beamforming.
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where θi and θj are insonification and scattering angles 
illustrated in Fig. 3, M is the number of transmitting ele-
ments, N is the number of scatterers, and An is the scat-
tering strength of the nth scatterer. The element directiv-
ity D(∙) is obtained by (11). Each scatterer is located at 
(xn, zn) as illustrated in Fig. 3. Using the location of the 
transmitting and receiving elements (xi,0) and (xj,0), the 
distances ri from the transmitting element to the scatterer 
and that rj from the scatterer to the receiving element are 
expressed as follows:

 r x x zi i n n= ( ) ,2 2− +  (27)

 r x x zj j n n= ( ) .2 2− +  (28)

In the present study, the time delay τTBF,i applied to 
the ith transmitting element by the transmitting beam-
former was set at zero because plane wave transmission 
was considered. The propagation delays τi and τj during 
transmission and reception are expressed as τi = ri/c0 and 
τj = rj/c0, respectively, where c0 is speed of sound. The ul-
trasonic pulse h(t) emitted from each transducer element 
is expressed as follows:

 h t
t
T f t t T
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where f0 is the center frequency of ultrasound set at 8 
Mhz, and Tp is the ultrasonic pulse duration correspond-
ing to three cycles at ultrasonic center frequency. The ele-
ment pitch and kerf were set at 0.2 and 0.05 mm, respec-
tively. The signal-to-noise ratio of the simulated element 
rF signal was controlled by adding random noise.

G. Experimental Setup

an ultrasound imaging phantom (model 54Gs, cIrs 
Inc., norfolk, Va, Usa) was used for evaluation of the 

improvement of the imaging spatial resolution. a linear 
array ultrasonic probe at a nominal center frequency of 
10 Mhz (UsT-5412, aloka, Tokyo, Japan) was used, and 
ultrasonic echo signals received by individual transducer 
elements were acquired by a modified ultrasound scanner 
(α-10, aloka) at a sampling frequency of 40 Mhz. The 
beamforming procedure was performed off-line on the ul-
trasound echo signals received by the individual elements 
using an in-house software based on Matlab (The Math-
Works Inc., natick, Ma, Usa). The element pitch of the 
linear array was 0.2 mm, but the width l of each trans-
ducer element was not known. Therefore, the width l was 
assumed to be 0.15 mm.

The transmit-receive sequence is described in [3]. In the 
present study, the number of emissions of plane waves for 
creation of one image frame was set at 4, and each plane 
wave was emitted using 96 transducer elements. In each 
transmission, 24 focused receiving beams were created at 
intervals of 0.2 mm, and the aperture used to create one 
focused receiving beam consisted of M = 72 elements. 
consequently, one image frame consisting of 24 × 4 = 96 
focused receiving beams was obtained by four emissions 
of plane waves.

To obtain a complex element signal sm of the mth ele-
ment, in the present study, the discrete Fourier transform 
at f0 = 8.9 Mhz was applied to the real echo signal re-
ceived by the mth element at every moment in time (cor-
responding to range distance) with a hann window whose 
length was 0.225 μs. The computational cost of this pro-
cedure is similar to that of the quadrature demodulation 
and very effective to obtain the complex signal sm.

In the present study, the time delay compensation de-
fined by the steering vector a was performed by time shift-
ing the obtained complex signal sm. however, sm is the 
discrete signal sampled at 40 Mhz. Therefore, the residual 
sub-sample time delay Δτm was compensated by multi-
plying the time-shifted version of sm by exp(2πf0 Δτm). 
after this time delay compensation, the steering vector a 
becomes a vector of ones.

III. Experimental results

A. Simulation Experiments

Figs. 4(a), 4(b), and 4(c) show B-mode images of the 
phantom obtained by conventional das beamforming, 
aPEs beamforming, and modified aPEs beamforming 
proposed in the present study, respectively. The signal-
to-noise ratio of the simulated rF signal was 40 dB. Fig. 
5 shows lateral amplitude profiles at a range distance of 
15 mm obtained by the respective methods. The lateral 
spatial resolutions evaluated from the lateral full widths 
at half maxima of the lateral amplitude profiles were 0.26 
mm (das), 0.27 mm (aPEs), and 0.24 mm (modified 
aPEs). In conventional aPEs beamforming, the accuracy 
in estimation of the desired signal (the echo from the fo-
cal point) is degraded due to the lack of the information 

Fig. 3. Illustration of geometry in computer simulation.
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on the element directivity, and the desired signals cannot 
be removed from the spatial covariance matrix R. as a 
result, the desired signals are also suppressed by adaptive 
beamforming (particularly present with respect to strong 
echoes from wires). on the other hand, by considering 
the element directivity, more parts of the desired signals 
contained in the spatial covariance matrix R are removed, 
and as a result, the undesired signals are suppressed but 
the desired signals are not suppressed, as shown in Fig. 
4(c).

In addition, C and cnr were estimated for evaluation 
of the image contrast. a rectangular region (from 19.3 to 
21.2 mm in the range direction, from 14 to 16 mm in the 
lateral direction) was assigned as the lesion, and a rectan-
gular region (from 19.3 to 21.2 mm in the range direction, 
from 8 to 10 mm in the lateral direction) was assigned as 
background (diffuse scattering medium). obtained results 
(C, cnr) were (−8.5 dB, 6.6 dB; das), (−25.1 dB, −2.7 
dB; aPEs), and (−6.1 dB, 2.1 dB; modified aPEs). In 
conventional aPEs beamforming, C and cnr are signifi-
cantly degraded due to suppression of the desired signals. 
Using the proposed modified aPEs beamforming, C and 

cnr are better than conventional aPEs beamforming 
but similar to das beamforming. In the modified aPEs 
beamforming, the spatial resolution was improved by sup-
pressing the undesired signals. The suppression of the un-
desired signal also deepens dips between speckle echoes 
as shown in Fig. 4(c). The improvement in the spatial 
resolution yields a smaller speckle size, and the smaller 
speckle size reduces the mean gray level in diffuse scatter-
ing medium. also, the deeper dips between speckle echoes 
increases the variance of gray levels. as a result, the C 
and cnr obtained by the modified aPEs beamforming 
did not outperform those obtained by das beamforming.

Table I shows lateral full widths at half maxima, C, and 
cnr obtained at different signal-to-noise ratios. similar 
tendencies were observed at three different signal-to-noise 
ratios, but the conventional aPEs beamformer was more 
influenced by noise.

In the present study, the feasibility of sub-aperture 
beamforming was also examined. Fig. 6 shows B-mode 
images obtained by (top) aPEs beamforming and (bot-
tom) modified aPEs beamforming, respectively, with (a) 
24 sub-apertures, (b) 12 sub-apertures, and (c) 4 sub-ap-
ertures. Even with sub-aperture beamforming, the qual-
ity of the B-mode images could be significantly improved 

Fig. 4. B-mode images of simulated phantom obtained by (a) delay and 
sum beamforming (das), (b) amplitude and phase estimation beam-
forming (aPEs), and (c) modified amplitude and phase estimation 
beamforming (maPEs).

Fig. 5. lateral amplitude profiles at a range distance of 15 mm in B-
mode images shown in Fig. 4 obtained by delay and sum beamform-
ing (das), amplitude and phase estimation beamforming (aPEs), and 
modified amplitude and phase estimation beamforming (maPEs).

TaBlE I. lateral Full Widths at half Maxima (FWhM), contrast, and contrast-To-noise ratios 
(cnrs) obtained at different snrs Using delay and sum (das), amplitude and Phase Estimation 

(aPEs), and Modified amplitude and Phase Estimation (maPEs) Beamforming. 

snr [dB] Beamformer FWhM [mm] contrast [dB] cnr [dB]

40 das 0.26 −8.5 6.6
aPEs 0.27 −25.1 −2.7
maPEs 0.24 −6.1 2.1

30 das 0.26 −8.6 6.6
aPEs 0.28 −27.8 −5.9
maPEs 0.24 −6.1 2.1

20 das 0.26 −8.7 6.5
aPEs 0.27 −31.7 −9.4
maPEs 0.24 −6.2 2.1
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by considering the element directivity. Using sub-aperture 
beamforming, the dimensions of the covariance matrix are 
reduced, and the computational load can be significantly 
decreased. as can be seen in the lower image of Fig. 6(c), 
a good B-mode image can be obtained even with only 
4 sub-apertures. lateral amplitude profiles at a range 
distance of 15 mm obtained by aPEs beamforming and 
modified aPEs beamforming are shown in Figs. 7(a) and 
7(b), respectively. In Fig. 7, the signal-to-noise ratio of the 
simulated rF signal was set at 40 dB.

Fig. 8 shows lateral full widths at half maxima (spa-
tial resolution), contrast, and cnr at different numbers 
of sub-apertures and signal-to-noise ratios obtained by 
aPEs beamforming and modified aPEs beamforming. 
The evaluated performance metrics show that aPEs 
beamforming is more influenced by noise. The contrast 
obtained by modified aPEs beamforming is totally bet-
ter than aPEs beamforming, but the cnrs obtained by 
aPEs beamforming with smaller numbers of sub-aper-
tures were better than those obtained by modified aPEs 

beamforming. In modified aPEs beamforming, the spatial 
resolution was not influenced by sub-aperture beamform-
ing, but contrast and cnr were degraded slightly.

B. Basic Experiments

Figs. 9(a), 9(b), and 9(c) show B-mode images of the 
phantom obtained by conventional das beamforming, 
aPEs beamforming, and modified aPEs beamforming 
proposed in the present study, respectively. Fig. 10 shows 
lateral amplitude profiles at a range distance of 21 mm 
obtained by the respective methods. The lateral spatial 
resolutions evaluated from the widths at half maxima of 
the lateral amplitude profiles were 0.50 mm (das), 0.37 
mm (aPEs), and 0.30 mm (modified amplitude and phase 
estimation). similar tendency compared with the simula-
tion experiment was obtained.

For evaluation of the image contrast, a phantom includ-
ing an anechoic cyst was measured. Figs. 11(a), 11(b), and 

Fig. 6. B-mode images of simulated phantom obtained by (top) ampli-
tude and phase estimation beamforming and (bottom) modified ampli-
tude and phase estimation beamforming. (a) 24 sub-apertures, (b) 12 
sub-apertures, (c) 4 sub-apertures.

Fig. 7. lateral amplitude profiles at a range distance of 15 mm in B-
mode images shown in Fig. 6 obtained by (a) amplitude and phase esti-
mation beamforming and (b) modified amplitude and phase estimation 
beamforming.
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11(c) show B-mode images obtained by das beamform-
ing, aPEs beamforming, and modified aPEs beamform-
ing, respectively. a rectangular region (from 44.3 to 46.2 
mm in the range direction, from 1 to 5 mm in the lateral 
direction) was assigned as the lesion, and a rectangular 
region (from 44.3 to 46.2 mm in the range direction, from 
8 to 12 mm in the lateral direction) was assigned as back-
ground (diffuse scattering medium). obtained results (C, 
cnr) were (−12.3 dB, 6.5 dB; das), (−32.8 dB, −11.3 
dB; aPEs), and (−7.0 dB, 3.1 dB; modified aPEs). re-
sults similar to those in simulation experiments were ob-
tained.

The feasibility of sub-aperture beamforming was also 
examined. Fig. 12 shows B-mode images of the string 
phantom obtained by (top) aPEs beamforming and (bot-
tom) modified aPEs beamforming, respectively, with (a) 
24 sub-apertures, (b) 12 sub-apertures, and (c) 4 sub-ap-
ertures. Even with sub-aperture beamforming, the quality 

of the B-mode images could be significantly improved by 
considering the element directivity. as can be seen in the 
lower image of Fig. 12(c), a good B-mode image can be 
obtained even with only 4 sub-apertures. lateral ampli-
tude profiles at a range distance of 21 mm obtained by 
aPEs beamforming and modified aPEs beamforming are 
shown in Figs. 13(a) and 13(b), respectively.

Fig. 14 shows B-mode images of the cyst phantom ob-
tained by aPEs beamforming and modified aPEs beam-
forming, respectively, with (a) 24 sub-apertures, (b) 12 
sub-apertures, and (c) 4 sub-apertures. a good B-mode 
image can be obtained even with only 4 sub-apertures.

Figs. 15(a), 15(b), and 15(c) show lateral full widths 
at half maxima, contrast, and cnrs obtained by aPEs 
beamforming and modified aPEs beamforming. The ten-
dencies similar to those in the simulation experiments 
were observed. The evaluated performance metrics were 
improved by sub-aperture beamforming with a smaller 

Fig. 8. Performance metrics obtained by (left) amplitude and phase estimation beamforming and (right) modified amplitude and phase estima-
tion beamforming at different numbers of sub-apertures and signal-to-noise ratios (snrs). (a) lateral full widths at half maxima, (b) contrast, (c) 
contrast-to-noise ratios.
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number of sub-aperture in aPEs beamforming. In modi-
fied aPEs beamforming, the performance metrics were 
much less influenced by the number of sub-apertures; the 
spatial resolution was slightly improved by a smaller num-
ber of sub-apertures. The contrast and contrast-to-noise 
ratio were slightly degraded by a smaller number of sub-
apertures, as in the simulation experiments.

IV. discussion

In minimum-variance-based adaptive beamforming, the 
components in the received signals, which correlate with 
the spatial covariance matrix, are suppressed. Therefore, 

only undesired signals should be contained in the spatial 
covariance matrix. however, the spatial covariance matrix 
is estimated by the measured signals, which contain the 
desired signal (echo from the focal point), and the desired 
signal would be suppressed by the adaptive beamform-
ing process if no procedure for suppression of the desired 
signal contained in the spatial covariance matrix is used. 
In conventional minimum variance beamforming, the de-
sired signal contained in the spatial covariance matrix is 
suppressed by sub-array averaging [14]. The aPEs beam-
former proposes an alternative way for suppression of the 
desired signal contained in the spatial covariance matrix. 
The aPEs beamformer estimates the desired signal based 
on the concept of das beamforming and removes it from 
the spatial covariance matrix [22]. however, the conven-
tional aPEs beamformer does not incorporate with the 
element directivity, and thus, the desired signal remains 
in the covariance matrix. In conventional aPEs beam-
forming described in [22], sub-array averaging was also 
used to further suppress the residual desired signal in the 
spatial covariance matrix. Using the conventional aPEs 
beamformer with sub-array averaging, B-mode images, 
which are significantly better than those obtained by das 
beamforming, can be obtained. Figs. 16(a) and 16(b) show 
B-mode images of the string and cyst phantoms obtained 
by conventional aPEs beamforming with sub-array aver-
aging and diagonal loading. Each sub-array is composed of 
L = 48 elements (72 elements in the total aperture), and 
diagonal loading corresponding to 0.05/L of the received 
power [22] was used. as shown in Fig. 16, B-mode images 
obtained by conventional aPEs beamforming with sub-
array averaging are much better than those obtained by 
das beamforming shown in Figs. 9 and 11.

In the present study, the accuracy in estimation of the 
desired signal contained in the spatial covariance matrix 

Fig. 9. B-mode images of string phantom obtained by (a) delay and sum 
beamforming (das), (b) amplitude and phase estimation beamforming 
(aPEs), and (c) modified amplitude and phase estimation beamforming 
(maPEs).

Fig. 10. lateral amplitude profiles at a range distance of 21 mm obtained 
by delay and sum beamforming (das), amplitude and phase estimation 
beamforming (aPEs), and modified amplitude and phase estimation 
beamforming (maPEs).

Fig. 11. B-mode images of cyst phantom obtained by (a) delay and sum 
beamforming (das), (b) amplitude and phase estimation beamforming 
(aPEs), and (c) modified amplitude and phase estimation beamforming 
(maPEs).
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was improved by considering the element directivity. as 
a result, good B-mode images could be obtained with-
out sub-array averaging, which was required for conven-
tional aPEs beamforming [22]. The feasibility of the 
proposed method was examined through simulations and 
basic experiments. sub-array averaging was not used for 
evaluation of the effect of the element directivity itself. 
In the proposed modified aPEs beamformer, in which 
the element directivity was taken into account, the spatial 
resolution and the image contrast were improved with-
out sub-array averaging. In terms of the computational 
load, sub-aperture beamforming was used to increase the 
computational efficiency. The image spatial resolution is 
degraded when the computational load is reduced by sub-
array averaging used in conventional adaptive beamform-
ing (reduction of the size of the covariance matrix) [14]. In 
the present study, it was shown that sub-aperture beam-
forming did not degrade the spatial resolution and was 
computationally effective.

In the field of audible sound, the element directivity 
of a microphone array has been taken into account for 
determining the invariant (not adaptive) weights for indi-
vidual elements in the beamforming process [27], [28]. In 
medical ultrasound imaging, the element directivity has 
not been considered in general. We have shown that the 
performance of the adaptive beamformer can be improved 
by considering the element directivity.

The adaptive beamformer suppresses the components 
contained in the covariance matrix, which is estimated 
from the received ultrasonic echo signals. Therefore, the 
desired signals should be removed from the covariance ma-
trix. The accuracy in estimation of the desired signal is 
degraded if the element directivity is not considered. The 
amount of the desired signal component, which remains 
in the covariance matrix, is dominant when the desired 
signal is a strong echo, such as an echo from a wire in 
the experiment in the present study. In such a case, the 
dominant component contained in the covariance matrix 

Fig. 12. B-mode images of string phantom obtained by (top) amplitude 
and phase estimation beamforming and (bottom) modified amplitude 
and phase estimation beamforming. (a) 24 sub-apertures, (b) 12 sub-
apertures, (c) 4 sub-apertures.

Fig. 13. lateral amplitude profiles at a range distance of 21 mm obtained 
by (a) amplitude and phase estimation beamforming and (b) modified 
amplitude and phase estimation beamforming.
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becomes the residue of the desired signal. as a result, the 
strong echoes (desired signal) were particularly suppressed 
by adaptive beamforming when the element directivity 
was not considered.

In conventional aPEs beamforming, the estimation of 
the desired signal corresponds to das beamforming with 
rectangular apodization. Therefore, the side lobe compo-
nents, which are undesired signals, are also estimated and 
removed from the covariance matrix. Therefore, the side 
lobe components are not suppressed so much in conven-
tional aPEs beamforming.

By considering the element directivity, the accuracy in 
estimation of the desired signal (i.e., the echo from the 
focal point) is improved, and more parts of the desired sig-
nal are removed from the covariance matrix. on the other 
hand, the accuracy in estimation of the side lobe compo-
nents is degraded by considering the element directivity 
because the directivity shown by (11) assumes the direc-
tion of the signal to be the direction of the focal point, 
whereas the side lobe components originate from the other 

directions. as a result, the side lobe components remain in 
the covariance matrix and are suppressed by the modified 
aPEs beamformer proposed in the present study.

conventional adaptive beamforming is often used with 
the sub-array averaging technique [15]. sub-array averag-
ing avoids the desired signals being suppressed and reduc-
es the computational load but degrades the spatial reso-
lution. In the modified aPEs beamformer, sub-aperture 
beamforming reduces the computational load but does not 
degrade the spatial resolution. such characteristics of the 
modified aPEs beamformer are very practical to realize 
high temporal and spatial resolutions simultaneously. Un-

Fig. 14. B-mode images of cyst phantom obtained by (top) amplitude 
and phase estimation beamforming and (bottom) modified amplitude 
and phase estimation beamforming. (a) 24 sub-apertures, (b) 12 sub-
apertures, (c) 4 sub-apertures.

Fig. 15. lateral full widths at half maxima (a), contrast (b), and 
contrast-to-noise ratios obtained by amplitude and phase estimation 
(aPEs) beamforming and modified aPEs with different numbers of 
sub-apertures.
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der the computational environment in the present study, 
the computation time required for proposed beamforming 
with 4 sub-apertures (18 elements in each sub-aperture) 
was 1/20 of that required for proposed beamforming with-
out sub-apertures (72 elements in total aperture). calcula-
tion of the inverse matrix of the spatial covariance matrix 
of a large dimension is a significant computational load, 
and the sub-aperture beamforming is effective to reduce 
the dimension of the spatial covariance matrix.

one of the problems of the proposed modified aPEs 
beamformer is the excessive suppression of speckle echoes 
from diffuse scattering medium. as can be seen in Fig. 10, 
the difference between amplitudes of echoes from a strong 
scatterer (wire) and those of a diffuse scattering medium 
was significantly increased to about 60 dB. although such 
a problem should be overcome in the future work, the 
proposed modified aPEs beamformer is effective for im-
provement of the spatial resolution in ultrasound imaging 
and is also computationally effective when working with 
sub-aperture beamforming.

V. conclusions

In the present study, the aPEs beamformer was modi-
fied so that the accuracy in estimation of the desired sig-
nal is improved when the spatial covariance matrix was 

estimated. although ultrasonic attenuation during propa-
gation was not considered, the spatial resolution and im-
age contrast were improved significantly compared with 
conventional das and aPEs beamforming. Further study 
on incorporating with ultrasonic attenuation would realize 
more accurate estimation of the desired signal and addi-
tional improvement of the image quality.

In addition, sub-aperture beamforming was imple-
mented for reduction of computational load. In minimum 
variance beamforming, sub-array averaging was used for 
reduction of computational load. however, sub-array aver-
aging degraded the spatial resolution of an obtained ultra-
sound image. In contrast, sub-aperture beamforming used 
in the proposed modified aPEs beamformer did not de-
grade the spatial resolution. also, as seen in Fig. 12, sub-
aperture beamforming seems to improve the penetration 
depth. a larger number of elements in each sub-aperture 
realized a better penetration depth. The improvement of 
the signal-to-noise ratio of the output signal from each 
sub-aperture can be considered as a reason for the im-
provement in the penetration depth.

as described above, the proposed modified aPEs 
beamformer has preferable characteristics, i.e., providing 
better spatial resolution and contrast than conventional 
beamformer even with a 4 × 4 spatial covariance matrix. 
Further study should be conducted for real-time imple-
mentation of the proposed method. a GPU-based system 
is a potential candidate for real-time implementation [29].
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