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Abstract— Cardiac high-frame-rate (HFR) imaging has 

shown promise in bringing new diagnostic information. The 

development of advanced 3D-HFR echocardiographic 

techniques, with the aim of providing high image quality, has 

become a key research focus. Methods such as Steered 

Diverging Waves and Sub-Aperture Diverging Waves have been 

already extended to 3D. Because phase delays due to large tissue 

displacements can blur the compound images, 3D Motion 

compensation (MoCo) approaches have recently been 

introduced and integrated in the compounding process. In this 

in silico work, we were interested in investigating the influence 

of the MoCo approach on three different diverging waves 

strategies, each with three different configurations of virtual 

sources. First, the locations of the virtual sources were 

formalized according to the chosen diverging wave strategy and 

the diverging wave opening angle. Then, the nine approaches 

were compared quantitatively by estimating the CNR and CR. 

The results confirmed that MoCo increased the CNR andCR for 

each case. 
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I. INTRODUCTION 

 In the past few years, research has focused on the 

development of new acquisition schemes able to perform 3-

D ultrasound imaging with higher temporal resolution than 

conventional approaches available on commercial scanners. 

The most promising solution is the 3-D extension of a radar-

based technique called synthetic aperture. Synthetic aperture 

imaging consists of coherently combining images with low 

spatial resolution at a frame rate equal to the pulse repetition 

frequency (PRF) into one image with high spatial resolution. 

This technique makes it possible to obtain high-frame-rate 

imaging ( 500 to 10 000 frame/s ) while keeping a high 

enough image quality. Naturally, a compromise must be 

found between frame rate and image quality which will 

depend on the targeted applications.  Low resolution can be 

achieved in different ways, for example by using plane or 

spherical waves. . Tanter and Fink’s group introduced the 

term coherent compounding, which uses multiple plane 

waves emitted from different angles before being summed to 

form a high-resolution image [1]. Jensen’s group used 

spherical waves to obtain high-frame-rate vector velocity 

imaging [2]. Both techniques use synthetic aperture imaging, 

where low-resolution images from different insonification 

angles are added together. A third way to obtain high-frame-

rate imaging is the multi-line transmit (MLT) approach, 

which combines several focused beams into a single image 

[3]. Both techniques have been extended in 3-D for multiple 

applications, such as vascular and cardiac imaging  [4]–[6].  

Synthetic aperture can be achieved with two different 

acquisition schemes. Both schemes include the placement of 

a number of virtual sources behind the probe. The first 

approach consists in transmitting several diverging waves, 

with different steering angles, by keeping the same sub-

aperture for all transmissions. The second approach consists 

in transmitting several diverging waves with the same 

steering angles, by sliding the sub-aperture according the 

position of virtual sources. 

For specific applications, such as cardiac imaging, the 

compounding process may suffer from phase delays due to 

large tissue displacements between the first and last 

transmission. Phase delays between the transmissions lead to 

an incoherent compounding, which leads to the deterioration 

of the image quality. Motion Compensation (MoCo) 

approaches have recently been introduced to compensate for 

the tissue motion within the compounding process. Different 

techniques were tested in high-frame-rate 2-D 

echocardiography with synthetic aperture [7]–[9]. More 

recently, 3-D MoCo approach was tested in simulation, by 

comparing the results obtained with synthetic aperture (with 

sliding sub-aperture) and MLT approach [10].   Moreover, 

the feasibility of 3-D MoCo has been experimentally 

demonstrated [11]. This work aims at investigating the 

influence of the MoCo approach on three different synthetic 
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aperture strategies with three differents configuration of 

virtual sources in simulation.  
  

II. MATERIAL AND METHOD 

A. 3D Diverging waves strategies 

Three different diverging wave strategies (S-1,…, S-3, Fig 1) 

were considered in this work. For each strategy, three 

different configurations of virtual sources were tested [C-

1,…C-3]. The two transverse coordinates of the virtual 

sources, xvs  and yvs  were defined as follows: 
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Where sN  is the number of virtual sources, ,x yN is the 

number of elements in each direction, and D a constant 

corresponding to the ratio between the size of the chosen sub-

aperture and the size of the full aperture. The three different 

virtual source configurations were defined according to the 

values of D ( 2, 3, 4). 

 

The first strategy (S-1) consists in transmitting 3D diverging 

waves with a sub-aperture sliding according the position of 

the virtual sources [10]. The axial position of the virtual 

sources zvs  was defined  as follows: 
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where is the chosen opening angle of the diverging wave. 

 

The second strategy (S-2) consists in transmitting 3D steered 

diverging waves with the full aperture. The axial position of 

the virtual sources zvs  was defined as follows: 
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where m is the chosen opening angle of the diverging wave, 

at the probe center. With this strategy, the virtual sources are 

placed on a plane parallel to the probe. By doing so, the 

opening angles vary slightly from one transmission to 

another. 

  

The third strategy (S-3) also consists in transmitting 3D 

steered diverging waves with the full aperture. In contrary to 

S-2,  the virtual sources are placed on a spherical shaped 

surface in order to keep the opening angle constant for each 

transmission. zvs  was defined as follow: 
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where is the chosen opening angle of the diverging waves. 

 

B. Proposed 3D MoCo strategy  

A “round-trip” scan sequence was achieved in order to 

perform MoCo (Fig. 2). The virtual sources (i.e., the black 

spots) are sequentially activated in a specific sequence from 

the start point to the endpoint, and then they are transmitted 

back from the endpoint to the start point. Hence, 50 

transmissions were computed to reconstruct one volume. 

 

 

Fig. 2: MOCO strategy. The Green arrow indicates the 
forward path, and the red arrow indicates the backward 
path. The black spots indicate the activated virtual sources 
in the round-trip scan sequence. 

 

 
Fig 1: 2D representation of the nine different 

transmission strategies. 
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 The 3-D motion compensation was performed by combining 

tissue Doppler imaging (TDI) with the transmit sequence [7].  
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V
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 where ˆ (1)
x

R  represents the phase angle of the 

spatiotemporal filtered autocorrelation with lag 1. 

 

C. Simulation Setup 

All simulations were carried out with Field II [12], [13]. A 

matrix array of 32-by-32 elements with  a center frequency 

of 3 MHz was used. In the beamforming process, the pulse 

repetition frequency (PRF) was set to 5 kHz. 2D Hanning 

window was applied in transmit. The imaging object was a 

30 mm × 30 mm × 30 mm (azimuth × elevation × axial) cubic 

phantom containing a spherical cystic region with a radius of 

10 mm. The scattering amplitudes were randomly distributed 

between 0 and 1 following a uniform distribution outside the 

cystic region and set to 0 inside the cystic region. To 

investigate the performance of the proposed MoCo strategies, 

the phantom was moved in the axial direction at a speed of 

10 cm/s. 

 

 The metrics used to quantitavely evaluate the 

improvements of the proposed 3-D MoCo are the contrast 

ratio (CR) and the contrast-to-noise ratio (CNR): 
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where out  and in  were the mean image data (after log-

compression) outside and inside the cystic regions, 

respectively. Moreover, out  and in  were their respective 

standard deviations. 

 

III. RESULTS 

 

 The results of the simulated cyst phantom obtained 

using the C-1 virtual sources configurations and S-1 

diverging wave strategy is shown Fig.3 The images Fig. 3a 

shows the results without motion compensation containing 

noticeable motion artifacts and resulting in blurry and low 

image quality. The image Fig. 3b depicts the results with 

motion compensation qualitatively showing the restored 

motion and image quality.  

 

 

 

Fig. 4 Quantitative CNR and CR for the three virtual 

sources configuration and the three diverging waves 

strategies. The bars in blue/red colors indicate the 

results without/with 3D MoCo, respectively 

 

Fig. 3: Images obtained with the diverging waves 
strategy S-1 and the  C-1  virtual sources configuration 
in simulation.   

0 5 10 15 20

CR

CNR

CR

CNR

CR

CNR

S-
1

S-
2

S-
3

C-1

0 5 10 15 20

CR

CNR

CR

CNR

CR

CNR

S-
1

S-
2

S-
3

C-2

0 5 10 15 20

CR

CNR

CR

CNR

CR

CNR

S-
1

S-
2

S-
3

C-3

Program Digest 2019 IEEE IUS
Glasgow, Scotland, October 6-9, 2019

TuPoS-01.2



 

Quantitatively, the CNRs and CRs of the nine strategies are 

summarized in Fig. 4. The bars in blue/red colors indicate the 

results without/with MoCo, respectively. Concerning the CR, 

without motion compensation, the diverging wave strategy  

S-2 shows higher CR for the three virtual sources 

configuration ( C-1, C-2, and C-3). However, when motion 

compensation is applied, the diverging wave strategy S-1 

shows slightly higher CR for the three virtual source 

configurations. Moreover, the virtual sources configuration 

C-3 (corresponding to smaller sub-aperture) give slightly 

higher CNR and CR than C-2 and C1. 

 

Overall, the motion compensation algorithm increased, on 

average, for the S-1, S-2, and S-3, the CNR/SNR  of  3/10.2,  

2.9/9.8 and, 1.8/9.3, in dB, respectively.  

 

IV. DISCUSSION / CONCLUSIONS 

 
In this work, the influence of the MoCo approach on three 

different diverging waves strategies with three different 
configurations of virtual sources has been quantitavely 
conducted in simulation. First, the positions of the virtual 
sources have been formalized according to the chosen 
diverging waves strategy and the diverging waves opening 
angle. Then the approaches were compared quantitatively by 
estimated the CNR and CR. Even if the nine strategies gave 
similar results, the diverging waves strategies S-1 combined 
with the C-1 virtual sources configuration gave slightly better 
CNR and CR.   The results confirmed that MoCo increased 
both the CNR and the CR for each case. In average, the 
CNR/CR has been increased of +3/10.2,  2.9/9.8 and, 1.8/9.3, 
in dB, for S-1 S-2 and S-3 strategy, respectively. The 
simulations have been carried out only one time with only 
one axial velocity for each case, which is the main limitation 
of this study.  Moreover only the axial component of the 
velocity has been estimated and compensated, which will be 
insufficient in case of fast displacement in the lateral 
direction. More simulation results and experimental 
validation of the 3D motion compensation strategy has now 
to be  evaluated. 
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