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Abstract— Synthetic transmit aperture (STA) has been 
extensively used in ultrasound system recently because of its 
high frame rate and high image quality. However, STA is 
susceptible to motion artifacts. Some studies have proposed 
strategies to overcome this problem, but the image quality still 
degrades in inhomogeneous motion environment, which means 
that tissue moves in different directions and speed. In this work, 
we propose the coherent image herding (CIH) method to form 
high resolution image (HRI) with better image quality by 
determining whether the compensated low resolution image 
(LRI) needs to be chosen to form better HRI and subsequently 
performing a cross-correlation analysis on the raw channel data 
between the selected LRIs. In simulation results, the proposed 
method can obtain better HRI in the inhomogeneous motion 
environment, and it improves the contrast ratio (CR) and 
contrast noise ratio (CNR) about 9.5 dB and 1.5 dB respectively 
with only 0.71% computational complexity larger than the 
referenced work in the cyst phantom simulation using Field II 
program. 

I. INTRODUCTION  

In recent years, ultrasound system becomes more and more 
important in diagnosis because of its safe and real-time 
property. Since the limitation of the beamforming frame rate is 
dominated by the round trip delay between pulses 
transmission and echoes receiving, STA is used to increase the 
frame rate by transmitting the unfocused plane wave beam 
[1][2]. This method combines a series of LRIs to form a HRI, 
and is also used to improve image quality compared to 
traditional phased array and linear array imaging. In some 
applications, the ultrasound system is often used to observe 
the tissue which has the fast motion like the cardiac. However, 
STA is susceptible to motion which will cause the resolution 
degradation because the LRIs are mutually incoherent in 
motion environment [3][4]. And the problem becomes more 
serious in the application of cardiac imaging and 3D imaging. 

To improve the image quality of STA in motion 
environment, there are two methods which can reduce the 
incoherence between LRIs. The first is to increase the frame 
rate that causes smaller displacement between different 
transmissions, and the second is to calculate the displacement 

of tissue in LRIs by different methods [3][4][5][6] and 
compensate them. Gammelmark and Jensen [5] proposed a 
duplex motion compensation that can acquire the velocity and 
direction of motion in every tissue region. Their method uses 
extra firing between every two synthetic aperture (SA) firings, 
and collects these echoes to form another set of HRIs for more 
robust motion estimation. After doing cross-correlation 
between high resolution lines in those HRIs, the inter-firing 
displacement can be found. This method can estimate motion 
in 2D directions, and has high performance in contrast 
resolution, but its computational complexity is too high to use 
in real-time applications.  

Motion displacement can be decomposed into axial and 
lateral components. Trahey and Nock [3] investigated that 
axial motion is a dominant factor because axial misalignment 
are known to give more significant incoherence between LRIs 
in SA imaging. Based on this concept, Billy et al. [6] proposed  
axial motion compensation. This method can be regarded as a 
simpler version of duplex because center-point firings are 
adopted in extra interleaved firings. The global axial 
displacement is defined as the average axial displacement 
between receive channels that yields the maximum cross-
correlation. Thus a macroscopic axial displacement can be 
acquired and used to eliminate incoherence between LRIs in 
this approach. Although the method is helpful to obtain the 
global displacement of tissue, it assumes that there is only one 
motion direction and constant speed in every LRIs. However, 
the tissue moves in different directions and has different 
displacements at each moment in vivo.  

In this work, we propose a coherent image herding (CIH) 
method that can obtain HRI with higher image quality by 
accumulating only LRIs which have high cross-correlation 
with reference image for STA imaging in motion 
environment.  

This paper is organized as follows. The motion 
compensation method in conventional STA beamforming is 
described in Section II, and the proposed method is shown in 
Section III. The simulation results and setup are presented in 
Section IV, and the paper is concluded in Section V. 
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II. MOTION COMPENSATION IN STA IMAGING 

The basic concepts of STA method are shown in Fig. 1. In 
conventional STA, a single element transmits a pulse and all 
elements receive the echo signals.  The STA method can also 
use many transducer elements to transmit simultaneously and 
use all elements to receive the echo signals. LRI is formed at 
each transmission, and the HRI is formed by combining all 
LRIs when all the elements have transmitted. For N 
transmissions, the STA image can be expressed by 
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where �  and �  denote the distance and angle respectively. 
HRI and ��� are correspondingly the high-resolution image 
and the ith low-resolution image. In order to increase image 
quality, the LRIs need to be compensated in motion 
environment and then combined together to form the 
compensated HRI. The method of [6] has three stages and 
focuses on inter-firing displacement in axial direction. The 
first stage is acquiring the raw data and estimating motion 
from emissions sequence. Next, the cross-correlations between 
every two adjacent center-point firing are calculated in the 
second stage to find motion displacement. Finally, the third 
stage combines the reverse-shifting LRIs to form the HRI. The 
compensated HRI can be expressed by 
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where �������  and ��������  denote respectively the 
compensated high-resolution image and the ith compensated 
low-resolution image, and ��  is the estimated motion 
displacement in ith LRI. 

Since the tissue moves in different directions and speed in 
the same time in vivo, it is very likely that the compensated 
LRIs using method [6] are still incoherent when the motion is 
inhomogeneous. 

III. PROPOSED METHOD  

In this section, we propose a CIH method to form HRI in 
motion environment. The method can be seen as the post-
processing of motion compensation technique illustrated in 
Fig. 2 since better LRIs with motion compensated is chosen 
using CIH method. In this work, the motion compensation 
method we adopted is [6]. The concepts of CIH method are 
described in Fig. 3. The method consists of three steps. First, a 
Reference Image and threshold K are chosen for comparison 
with other LRIs. Second, calculate the cross-correlation 
between LRIs and reference image. Finally, accumulate the 
LRIs with cross-correlation higher than threshold K to form 
the HRI. 

Even in the environment without motion, the image quality 
between different LRIs is different because of the different 
positions of transmitting elements. The image quality of LRI  
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Fig. 1. The conventional STA imaging system. 

 

 

Fig. 2. Block diagram of the ultrasound system with proposed CIH method. 
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Fig. 3. Illustration of how the proposed method forms the HRI by 
accumulating all LRIs with high cross-correlation values. 
 

 
Fig. 4. The LRIs using different subgroups of elements to transmit: (a) is the 
LRI of left subgroup, (b) is the LRI of center subgroup, and (c) is the LRI of 
right subgroup. 
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is better when center subgroup of elements is transmitting 
because the region of interest (ROI) is in the center of image. 
The phenomenon mentioned above is illustrated in Fig. 4. 
Since the image quality of LRI is better when center subgroup 
of elements is transmitting, we choose the ���� �� LRI as the 
reference image. The threshold K might set to 0.8~0.9 since 
the higher cross-correlation leads to higher coherence between 
images. Although higher cross-correlation leads to higher 
coherence, the threshold K might not set too high, such as 0.95, 
to let the degradation of image quality because there are lower 
data to form HRI. The threshold K is set to 0.8 in this work by 
experiment. Then, the value of cross-correlation between LRI 
and reference image can be obtained as follows 
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where "#$��%&'(�.+/�0 ��&'(  denote the mth sample in 
previous and current center-firing vector for the pth receive 
channel respectively. And M is the total samples in one beam. 
When the cross-correlation between compensated LRIs and 
reference image is less than the threshold K, this LRI is 
regarded as the incoherent image that degrades the image 
quality of HRI. Therefore, CIH method only accumulates the 
coherent compensated LRIs. The flow chart of CIH method is 
shown in Fig. 5. The CIH method can be expressed by 
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where the s(i) is the selection function. When cross-
correlation between ith LRI and reference image is larger 
than K, s(i) is one. Otherwise, s(i) is zero. The vector S is 
given as 

6 
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The CIH method generates the vector S, and use equation (5) 
to obtain the HRI with better image quality. 
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HRI
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Start

 
 Fig. 5. The flow chart of CIH method. 

IV. SIMULATION SETUP AND RESULTS 

In this section, simulation setup and results are presented 
to show the image quality of the CIH method. The simulation 
parameters are listed in Table I. In the simulation, synthetic 
image with two cyst phantoms is generated by Field II 
program [7]. A linear-array transducer with 128 elements is 

used, and the parameters are shown in Table I. The central 64 
transducer elements are used to transmit, and total 128 
elements are used to receive pulse echo signal. We separate 64 
transmitting transducers in 8 subgroups, each with 8 adjusting 
elements. The elements of a subgroup are transmitted 
instantaneously, and each subgroup is transmitted in sequence 
as shown in Fig.6. Therefore, 8 LRIs are generated to form a 
HRI in the simulation.  

In the simulation, two cyst phantoms have different 
displacement between adjacent transmissions. The positions of 
the cysts are in the depth of 25 and 35 mm below the 
transducer respectively. Between two adjacent LRIs, the tissue 
and the cyst near the transducer move 0.5mm toward 
transducer, and the other moves 0.5mm away from the 
transducer. Besides, the reference image is the ���� th LRI, 
which is the fourth LRI, and the threshold K is set to 0.8. 

 Fig 7 (a)-(d) show the HRIs using different methods in the 
inhomogeneous motion environment.  (a)-(d) indicate HRI 
without motion, HRI with motion, HRI using the compensated 
method [6], and HRI using both the compensated method [6] 
and CIH method, respectively.  

In usual, the contrast resolution represents the ability to 
resolve objects with different amplitudes from the background. 
Therefore, two main indices, CR and CNR, are used to 
evaluate the contrast resolution of images in this work. The 
CR can be expressed as follows: 
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where ?��@!A�?� respectively denote the mean intensity in the 
background and the mean intensity in the cyst. The CNR can 
be expressed as follows: 
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where 7B/��@!A�7B/� denote the standard deviation in the 

background and the standard deviation in the cyst respectively. 
The CR and CNR of the referenced work and CIH method are 
shown in Table II. It is obvious that our method has about 9.5 
dB and 1.5 dB better performances in CR and CNR 
respectively than the referenced work.  

Fig. 8 shows the performance of CIH method using 
different threshold K. The CR and CNR are higher when 
threshold K is 0.8 and 0.9. Hence, it is reasonable that the 
threshold K is set to 0.8 to get coherent images from 
compensated LRIs. 

 
Fig. 6. The STA has 64 elements to transmit and  all 128 elements to 
receive. We use 8 elements in one firing, and fire 8 times. 
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Fig. 7. (a) is the HRI without motion, (b) is the HRI with motion, (c) 
is the HRI using method [6], and (d) is the HRI using method [6] 
and CIH  method with K =0.8. 
 

 
Fig. 8. The performance of CIH method using different threshold K. 

TABLE I.   FIELD II SIMULATION PARAMETERS. 

Parameters Settings 
Sound speed (m/s) 1540 

Center frequency (MHz) 4.37 
Sample frequency (MHz) 20 

Pitch (mm) 0.3 
Dynamic range (dB) 50 

Phantoms Settings 
Cyst diameter (mm) 5 

Default positions of cyst (mm) (25, 35) 

TABLE II. CR AND CNR IN FIG. 7 (C) AND (D) 

Cyst in 35mm, away the transducer CR(dB) CNR(dB) 

Motion compensation method [6] 5.45 1.04 
Motion compensation method [6]  

& CIH method  14.99 2.54 

V. COMPLEXITY DISSCUSSION 

TABLE III shows the parameters in our simulation and the 
computational complexity of overall beamforming procedures 
between reference work [6] and CIH method. The complexity 
is quantified by counting the number of multiplications. The 
Nc denotes the total channel counts and Nt represents the 
transmission times. The M represents total samples in one 
beam, and the Nb denotes the beam counts. The tap of low-
pass filter in demodulation is L and the search range of 
motion displacement in beam samples is D. The motion 
displacement is set to 4mm between adjacent LRIs, therefore 
D is set to 100 samples. The overall complexity of method [6]  

TABLE III. MULTIPLIER COMPLEXITY ANALYSIS 
Parameters 

Nc 128 
Nt 8 
Nb 131 
L 16 
M 2000 
D 100 

Multiplier Complexity 

 Reference work [6] Our Method(CIH) 
Demodulation & 

Low-pass filter(L tap) Nc*Nt*M*L + Nc*Nt*M  

Delay generator & Phase 
rotation 2*Nc*M* Nb  

Motion compensation Nc*(Nt – 1)*M*D 

CIH mehod - Nc*( Nt - 1)*M  

Total complexity 2.81*108 2.83*108  
(0.71 % overhead) 

and our method are correspondingly 2.81*108 and 2.83*108, 
respectively. Our method can improve the CR and CNR 
about 9.5 dB and 1.5 dB with only 0.71% complexity larger 
than reference work in the cyst phantom simulation 
respectively.  

VI. CONCLUSIONS  

In this work, we propose a new method that improves the 
image quality by accumulating the compensated LRIs which 
have high cross-correlation value with reference image in the 
inhomogeneous motion environment. The simulation results 
show that the proposed method improves the CR and CNR 
about 9.5 dB and 1.5 dB respectively with only 0.71% 
complexity larger than reference work in the cyst phantom 
simulation in inhomogeneous motion environment.  
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