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Abstract: The problem of phase aberration correction in Multi-element Synthetic Aperture
Focusing (MSAF) imaging systems is considered in this paper. In the MSAF imaging, the phase
distortions caused by tissue inhomogenities can be adaptively estimated and compensated in
two successive stages of signal processing — partial beamforming (low-resolution image) and
synthetic aperture formation (high-resolution image). In this paper, two methods that can be
used for phase correction at the stage of high-resolution image formation are studied — a Full
Common Spatial Frequency (FCSF) technique and a Partial Common Spatial Frequency
(PCSF) technique. The two techniques are based on the estimate of the cross-correlation
function between low-resolution images, which is used for evaluation of phase aberration
errors when forming a final high-resolution image. The effectiveness of each technique for
phase aberration correction is determined by the improvement factor, which is defined as
difference in dynamic range between the corrected image and the distorted one.

Keywords: Ultrasound imaging, Synthetic aperture imaging, Phase aberration correction,
Simulation analysis.

Introduction

Synthetic aperture imaging systems are a very attractive alternative to conventional imaging
systems with phased array (PA) providing dynamically focused B-mode images in both transmit
and receive at a higher frame rate. All the methods for synthetic aperture formation can be
divided into the following classes — Synthetic Receive Aperture (SRA) technique [8], Synthetic
Transmit Aperture (STA) technique[9], Synthetic Aperture Focusing (SAF) technique [10], and
Multi-Element Synthetic Aperture Focusing (MSAF) technique [1, 6]. The Multi-element
Synthetic Aperture Focusing technique is the best alternative method that acquires high-quality
images at a very high frame rate. In the MSAF imaging, at each time, several array elements
transmit an ultrasound pulse simultaneously emulating a single virtual transmit element in order
to create a spherical wave. In the receive mode, a group of elements receive the echo signals
simultaneously. At the next transmission a transmit sub-aperture is moved by L elements, and
the process of transmission and reception is repeated again. This is continued for all positions of
transmit/receive sub-apertures. The RF data associated with a single sub-aperture pair
“transmitter-receiver” are synthetically focused producing low-resolution images (partial
beamforming). The final high-resolution MSAF image is formed as a sum of low-resolution
images after compensation of time delays associated with each sub-aperture pair “transmitter-
receiver’.
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In the MSAF systems, a constant acoustic velocity of 1540 m/s is usually assumed when
forming a final high-resolution image. The actual acoustic velocity in tissue, however, varies
from 1450 m/s in fat to 1665 m/s in collagen. As a result, the low-resolution images are
improperly focused and as a consequence, the final high-resolution image is degraded. This
effect is called as aberration of MSAF images.

Aberrations of ultrasound images can be classified as phase aberrations or distributed
aberrations [3]. The phase aberrations can be simulated as a near field thin screen. In this
model it is assumed that a thin aberration layer lies at the surface of a transducer (Fig. 1).

- Transducer
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Near Field/

Phase Screeil

Fig. 1 Near — field thin phase screen

This is reflected in the fact that the signals received at different array elements are not aligned
after beamforming, i.e. geometrical time delays compensation. To improve the image quality
these time delays must be estimated and corrected. Various approaches can be used for phase
correction — maximization of speckle brightness [7]; cross-correlation of echoes at adjacent
elements [2]; minimization of the sum of absolute differences between samples at adjacent
elements [5]; phase correction using speckle-look [4]. All these approaches are based on
different methods for time delay estimation, which results in the accuracy of phase error
estimates, stability and complexity of the algorithms. The distributed aberrations can be
simulated as a cascade of mid-range phase screens. In this model it is assumed that the
aberration layer lies away from the transducer [3]. This is reflected in distortions in the shape of
the received pulses, which are not associated with time shifts.

In this paper are considered only aberrations that are associated with time shifts of low-
resolution images (phase aberrations). Two methods for phase correction are studied here — a
Full Common Spatial Frequency (FCSF) technique and a Partial Common Spatial Frequency
(PCSF) technique, are described in [6]. In the MSAF system proposed in [6], only one element
is dropped between transmit/receive sub-apertures, i. e. L = 1. Unlike [6], in the MSAF system
presented here, the number of array elements between two neighbor transmit/receive sub-
apertures is greater than unity, i.e. L > 1. The phase correction in this system is based on
estimation of cross-correlation between neighbor low-resolution images in order to estimate
phase errors between low-resolution images. The effectiveness of both techniques is evaluated
by the improvement factor defined as difference in dynamic range between the corrected image
and the distorted one.
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MSAF imaging
Consider a MSAF system with the process of data acquisition shown in Fig. 2.
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Fig. 2 Data acquisition in a MSAF imaging system

In each transmission, a group of N, elements (transmit sub-aperture) is fired simultaneously to

emulate a high power virtual transmit element located at the center of a transmit sub-aperture. The
position of such a virtual transmit element within a virtual physical array is i, (m =0, ..., M -1) [6].
A receive sub-aperture with N, elements, located at a position 7, (m =0, ..., M -1) receives the
echo RF signals. The process of transmission/reception is repeated for M different positions of a
transmit/receive sub-aperture. Unlike [6], the number of array elements between two neighbor
transmit/receive sub-apertures is grater than unity (L > 1), whereL =i ,, —i, form=0, ..., M -1.

In that case the number of transmissions needed to create a synthetic aperture equivalent to a
virtual physical array with N elements is:

M=(N-N)/L+1 (1

It is assumed that the signal processing is realized in the base band frequency domain, and
(M*Nr) lines of complex amplitude are stored in the computer memory after quadrature
detection. The process of image formation is carried out in two stages. Firstly, the complex
amplitude of each low-resolution image associated with a single sub-aperture pair “transmitter-
receiver” is obtained as a partial beamforming sum:

N, -1

Sm (r’ 0) = Z Wij,j (t - 7’-m,j ) eXp(l‘CDm,j) (2)

Jj=0

1s the

complex amplitude of the echo signal received at the /™ element of the m™ receive sub-aperture,
7, ;and @ - are the time delay and phase correction applied to the /™ element of the m™ receive

where S, (r,6) is the complex amplitude of the signal focused at a point (r, 6), U

m,j
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sub-aperture during beamforming, w; is the weighting coefficient applied to the ™ element of a

3)

receive sub-aperture. The phases @, ; used in the beamforming are evaluated as:

q)m,j = 27y(.OTm,j
where f, is the central frequency of a transducer. The complex amplitude of the final high-

4

resolution image is formed as a sum:

M-1
Sisar (1,0) = ZSm (r,0)

m=0

The final B-images are obtained from (4) after envelope detection, logarithmic compression,

and then scan conversion.

Correlation between neighbor receive sub-apertures
The two-way time delays of the echo signals received at the j element of the m™ receive sub-
)

aperture and at the ™ element of the (m+1)™ receive sub-aperture are given by

=(x,, + X, )sinf/c

7, =(x,+x, )sind/c and 7.,

where c is the velocity of sound (Fig. 3).
Synthetic aperture center
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Fig. 3 The geometry of neighbor sub-apertures focusing

The location of receive sub-apertures (x, , x,,,, ) and the location of their elements ( x

reference to the synthetic aperture center are given by
xm:(m_$)§l’ xm+l =xn1+5L
Ny d N -1 2 ©)
)_ xm+l,k = xm+l + (k - 2 )5

x .=x +(j—
m,j m (] 2 2
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where (m=1, .., M) and (k, j=1, .., N,). It can be easy seen that elements k and j of the two

neighboring receive sub-apertures have a common spatial frequency, if the time delay at
element £ is the same as at element j, 1.e. 7,,; = T,u+14. In that case the indexes k and j satisfy the
condition:

j=2L+k, (7)

where j=1,2,.., N, and k=1,2,.., N,
According to (7), elements (2L+1), (2L+2), ..., Nr of the m"™ receive sub-aperture and elements
1, 2,...2L of the (m+1)™ receive sub-aperture have common spatial frequencies. The number of
common spatial frequencies is:
N -2L,for L=0,1, 2, .., N’—_l
K, = 2 ®)
0, otherwise

According to [5], the correlation coefficient between the echoes received at the two neighboring
sub-apertures is evaluated as:

p,=(N.=2L)/N,, L=0,1,.. (N —1)/2 (9)

Phase correction

Phase distortions caused by tissue motion or inhomogenities can be compensated at each of the
two stages of MSAF signal processing — low-resolution image formation and high-resolution
image formation. Phase estimation and phase correction across each receive sub-aperture is
carried out at the stage of partial beamforming when forming low-resolution images. This
operation can be made using the methods described in [2, 3, 4, 5, 7]. In this section we consider
only the techniques for phase correction applied at the stage of synthetic aperture formation.
Briefly, these techniques are used for compensation of phase errors between low-resolution
images when a high-resolution image is formed. The concept of common spatial frequencies
associated with neighboring receive sub-apertures can be successfully used for phase correction
across a synthetic aperture [3, 4, 6, 7]. According to this concept the echo signals recorded from
the neighboring receive sub-apertures are fully correlated over a limited kernel of sub-aperture
elements. The cross-correlation function between neighboring low-resolution images is used for
estimation of phase errors between low-resolution images. In this section we consider two
techniques for adaptive phase correction described in [6].

For the m™ low-resolution image associated with the m™ receive sub-aperture, the corrections of
time delay (z.o») and phase (¥.,n) are evaluated as :

Tcor,m = ZATI' 5 l//cor,m = 27#02-(201‘,”1’ ATl =0 (10)

i=1

The time delay difference (Ar;) between the (i - )™ low-resolution image and the i low-
resolution image, used in (10), can be estimated using cross-correlation approach [6]:
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At,=pT.,i=2,...m (11)

where p, is the offset of the peak in a cross-correlation function and 7; is the sampling

frequency. The cross-correlation function is evaluated as:
Kt/2-1

R, (k)= D s(nT)s;,(n+K)T,) (12)

n=—Kt/2

According to [6], the reference signals S, and S, | associated with the two neighboring receive
sub-apertures can be calculated using the following techniques.

Full Common Spatial Frequency (FCSF) technique:

N,
S;(r,0)= Z w,U, (- Ti,k)exp(jq)i,k)
k=2L+1

N,-2L

S, (r,0)= Z WkUi—l,k (- Tislk ) exp(jq)i—l,k) (13)
=1

Partial Common Spatial Frequency (PCSF) technique:

Nr
S;(r,0)= Z wkUi,k (t- Tonik ) eXp(jCDi,k )

k=1

N,
S, (r,0)= Z Wy UH,k (¢ - itk ) eXp(j(DH,k ) (14)
=1

The corrected MSAF image is formed as:

M
S;Z;AF (7", 9) = Z Sm (t - z-cor,m b 9) exp(j l//car,m ) (1 5)

m=1

According to [6], the main steps of adaptive MSAF signal processing with phase error
correction are shown in Fig. 4.

Simulation results

The effectiveness of each technique for phase correction can be estimated using the
improvement factor C defined as difference in dynamic range of the corrected image and the
distorted one:

C = Dcar,dB - Daher,dB (16)

where D, ,, and D

cor

s are respectively the dynamic range of the corrected image and the

aber
distorted images. The improvement factor shows how well the image contrast is improved after
phase correction.
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Fig. 4 Adaptive MSAF signal processing with phase error correction

In order to evaluate each technique for phase correction (FCSF and PCSF), two B-mode images
(distorted and corrected) are simulated for:

o (Nr=15,M=3,L=1)and (Nr=33,M=5,L=2),
e SNR= 5 dB and 20 dB.

In simulations, it is assumed that a point target is located at a scan angle of 0° and at a distance
of 70 mm. Both generated B-mode images, the distorted and the corrected, are displayed in
dynamic range of —50 dB. The aberration time delays applied to each receive sub-aperture are
simulated through random fluctuations of the velocity of sound. The velocity of sound is
simulated as a Gaussian random variable distributed in range (1460, 1620) with mean of 1540.
For simplicity, it is assumed that in the first receive sub-array the velocity of sound is 1540 m/s.
For example, the graphical results for the case when the PCSF technique is applied are
presented in Fig. 5 and Fig. 6. It is shown that after summation of five low-resolution images of
a point target the final high-resolution image is unfocused due to the random fluctuations of the
velocity of sound in each low-resolution image. As a result of phase correction, however, the
final B-mode image is focused, and a single B-image is displayed. In result of phase correction,
the image contrast is improved by 12 dB — for SNR =5 dB and by 15 dB —for SNR =20 dB.
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Fig. 5 B-images, beam pattern and aberration profile
(Nr=33,M=5,L=2,SNR=20dB)
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Fig. 6 B-images, beam pattern and aberration profile
(Nr=33,M=5,L=2, SNR=5 dB)
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The numerical results presented in Table 1 make possible to compare the effectiveness of each
phase correction technique depending on the system parameters (Nr, M, L) and the SNR.

Table 1. Improvement factor

Improvement factor [dB]
SNR=5dB | SNR =20 dB
Method
FCSF | PCSF | FCSF | PCSF

1513 [1)0.867 7 6.6 10 9.8
33[5]2]0879] 12 11.3 15 14.5

These results show that for the same system parameters, both techniques for phase correction
are almost equivalent in effectiveness. As regards the system parameters, the second variant of
a MSAF system, (Nr = 33, M =5, L = 2), is more preferable providing higher values of the
improvement factor.

Conclusions

The problem of phase aberration correction in MSAF imaging systems is considered. In the
MSAF imaging, the phase distortions caused by tissue inhomogenities can be adaptively
estimated and compensated at two successive stages of MSAF imaging — partial beamforming
(low-resolution image formation) and synthetic aperture formation (high-resolution image
formation). Two methods (FCSF and PCSF) that can be used for phase correction at the stage of
high-resolution image formation are evaluated and estimated. The two techniques are based on
estimation of the cross-correlation function between neighbor low-resolution images that is used
to evaluate phase errors between these images. The effectiveness of each technique is
determined by the improvement factor defined as difference in dynamic range between the
corrected image and the distorted one.
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