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Abstract – High-frame-rate (HFR) imaging methods using delay-
and-sum (D&S), steered plane waves (SPW), and limited-
diffraction beams (LDB) have been studied in 1990s. In the HFR 
imaging methods, multiple transmissions can be used to obtain 
sub-images that can be combined coherently or incoherently to 
form a final frame of image.  

Coherent superposition of sub-images can obtain images of a high 
image contrast and resolution but has a low signal-to-noise (SNR) 
ratio on speckle. In opposite, incoherently-superposed images 
have low image contrast and resolution but have a high SNR.  

To maintain high image contrast and resolution of the 
coherently-superposed images while also having the high SNR of 
the incoherently-superposed images, a new imaging method using 
coherent and incoherent processing is developed. In this method, 
a ratio image is first obtained by dividing the incoherently-
superposed image with the coherently-superposed image. Then, 
the ratio image is used in a nonlinear process to obtain the final 
image that is a combination of the coherently- and incoherently-
superposed images.  

To verify the method, an experiment was performed with a 
home-made HFR imaging system and the results show that the 
new method can obtain high image contrast and resolution while 
having a high SNR. Due to its simplicity, the method has a 
potential to be incorporated into existing commercial imaging 
systems to obtain high contrast, high resolution, and low speckle 
images. The high SNR may also improve the accuracy of image 
segmentations for various applications.  
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I.  INTRODUCTION  
In 1990s, a high-frame-rate (HFR) two-dimensional (2D) 

and three-dimensional (3D) imaging method using single plane 
wave [1][2] or multiple plane waves steered at different angles 
(see Fig. 8 of [2]) in transmission was developed, where both 
the Delay-and-Sum (D&S) (see Fig. 5 of [2]) and Fourier-
based (see Fig. 4 of [2]) methods were used to reconstruct 
images. The Fourier-based image reconstruction method was 
developed from the theory of limited-diffraction beam (LDB) 
[1]. One of the advantages of the Fourier-based image 
reconstructions is that the amount of computations can be 

reduced as compared to the D&S method, especially, in 3D 
imaging. In 2006, the HFR imaging method was further studied 
in terms of steered plane wave (SPW) in transmissions and 
extended to LDB in transmissions [3]-[6].  

Because fewer transmissions can be used to reconstruct 
images, high image frame rate (or high time resolution) can be 
achieved with the HFR imaging method. Given the 
advancement in hardware and the development of new 
applications, recently, the HFR imaging method has gained a 
renewed interest. The applications of the HFR imaging method 
include: fast cardiac imaging [5][7]-[8], strain and strain rate 
imaging [8]-[9], blood flow velocity vector imaging [10]-[13], 
elasticity imaging [7][14]-[15], supersonic imaging [15], and 
functional imaging [16], etc.  
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Figure 1.  A cross-section of an ATS539 tissue-mimicking phantom showing 
the imaging areas of 120 mm depth with +/-45 degree field of view for the 
experiments. (Modified from Fig. 4 of [18].).  

In the HFR imaging method where either SPW or LDB is 
used in transmissions, images can be reconstructed with either 
coherent (increasing image contrast and resolution but having 
high speckle noise) [3]-[6] or incoherent (reducing speckle 
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noise but lowing image contrast and resolution) [1]-[2][17] 
superposition of sub-images obtained from different 
transmissions. In 2017, the incoherent superposition method 
was studied to reduce the speckle noise at the expenses of 
reduced image contrast and resolution [17].  

In this paper, a nonlinear method that combines images 
reconstructed with the coherent and incoherent superposition is 
developed to obtain images of both low speckle noise and high 
image contrast and resolution.  

II. METHOD  
In this method, two HFR images are first reconstructed with 

the coherent and incoherent superposition of sub-images 
obtained from different transmissions using the same radio-
frequency (RF) echo data. Then, the incoherently-superposed 
image is divided by the coherently-superposed image to obtain 
a ratio image that is used to determine the portions of the 
incoherent image to be modified by the coherent image to 
obtain the final high-resolution and high-contrast image.  

There are many ways that the ratio image can be used to 
obtain the final images. The first is to set a threshold for the 
ratio. If the ratio is larger than the threshold, the corresponding 
value of the pixel of the coherently-superposed image is used to 
replace that of the incoherently-superposed image. If the 
threshold is 1.0, the final image will be the same as the 
coherently-superposed image. If the threshold is infinity, the 
final image will be the same as that of incoherently-superposed 
image, i.e., the incoherently-superposed image will not be 

modified. The results in this paper are from this method due to 
its simplicity and thus could be easily implemented in existing 
commercial imaging systems where the D&S and other 
methods are used for image reconstructions. The threshold may 
be set to a different value for a different number of 
transmissions. For example, the threshold was set to 2.5 for 11 
transmissions (11 TX), and 3.16 for 91 transmissions (91 TX).  

Other ways to use the ratio image have been investigated to 
obtain the final images, such as, using a block of pixels in the 
ratio image to determine if the corresponding block of the 
coherently-superposed image should be used to replace or 
combine with the pixels of the incoherently-superposed image. 
Due to a 4-page limit of this paper, the results with these 
approaches are not shown.  

III. EXPERIMENT  
To verify the efficacy of the new method, an experiment 

was performed with a home-made HFR imaging system [5][6]. 
In the experiment, a linear phased array transducer of 128 
elements, 2.5-MHz center frequency, and about 58% two-way 
pulse-echo bandwidth was used. The dimensions of the 
transducer aperture were 19.2-mm (width) and 14-mm (height). 
An ATS539 tissue-mimicking phantom was used (Fig. 1). 
Images were reconstructed with the Fourier method [1][2]. The 
dimensions of the reconstructed images of the phantom were 
153.6 mm in width and 120 mm in depth. Images were log-
compressed at 50 dB dynamic range.  

 

 

Figure 2.  Images obtained with the coherent superposition ((a) and (d)), incoheren superposition ((b) and (e)), and the new coherent and incoherent processing 
((c) and (f)) using 11 sub-images (corresponding to 11 transmissions or 11 TX) recontructed with the steered plane wave (SPW) ((a), (b), and (c)) and limited-
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diffraction-beam (LDB) ((d), (e), and (f)) methods. The threshold for (c) and (f) is 2.5 for the ratio image. The Fourier-based method were used to reconstruct 
all images [1][2][4][5]. (The results of coherent and incoherent superposition are similar to those of [17].)  

 

 

Figure 3.  Images obtained with the coherent superposition ((a) and (d)), incoheren superposition ((b) and (e)), and the new coherent and incoherent processing 
((c) and (f)) using 91 sub-images (corresponding to 91 transmissions or 91 TX) recontructed with the steered plane wave (SPW) ((a), (b), and (c)) and limited-
diffraction-beam (LDB) ((d), (e), and (f)) methods. The threshold for (c) and (f) is 3.16 for the ratio image. The Fourier-based method were used to reconstruct 
all images [1][2][4][5]. (The results of coherent and incoherent superposition are similar to those of [17].)  

 

Table 1. Speckle signal-to-noise ratio (SNR) along dashed lines (cyan colored lines in Figs. 2 and 3) of images reconstructed with the coherent superposition, 
incoherent superposition, and the new coherent and incoherent processing of sub-images reconstructed with the steered plane wave (SPW) and limited-diffraction-
beam (LDB) methods. Results of both 11 and 91 transmissions are shown. (The results of coherent and incoherent superposition are similar to those of [17].)  

11 Transmissions (11 TXs) 91 Transmissions (91 TXs) SNR 
SPW LDB SPW  LDB

Coherent  39.23  45.40 41.33  39.23
Incoherent  50.72  70.10 54.26  76.73
Coherent and Incoherent  43.66  52.93 50.35  48.27 

 

Table 2. Contrast of the cystic object indicated by the red and green circles in the images (Figs. 2 and 3) reconstructed with the coherent superposition, incoherent 
superposition, and the new coherent and incoherent processing of sub-images reconstructed with the steered plane wave (SPW) and limited-diffraction-beam 
(LDB) methods. Results of both 11 and 91 transmissionsare are shown. A larger absolute value indicates a higher image contrast. (Cystes have negative contrasts).  

11 Transmissions (11 TXs) 91 Transmissions (91 TXs) Contrast (dB)  
SPW  LDB SPW  LDB 

Coherent  -12.82  -15.37 -26.03  -24.47
Incoherent  -11.27  -10.52 -12.85  -10.99
Coherent and Incoherent  -12.15  -14.14 -26.08  -27.17
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IV. RESULTS  
Figs. 2 and 3 show images obtained with 11 (11 TX) and 91 

(91 TX) transmissions, respectively. In both figures, images 
reconstructed with SPW and LDB methods are shown in the 
first (Panels. (a), (b), and (c)) and second (Panels. (d), (e), and 
(f)) rows, respectively. Images obtained with coherent 
superposition (Panels. (a) and (d)), incoherent superposition 
(Panels. (b) and (e)), and the new coherent and incoherent 
processing (Panels. (c) and (f)) are in the first, second, and 
third columns, respectively. The signal-to-noise ratio (SNR) 
and image contrast of the reconstructed images are given in 
Tables 1 and 2, respectively. The SNR was calculated with the 
average versus the standard deviation of pixel values along 
each horizontal dashed line (cyan color) in both Figs. 2 and 3. 
The contrast (in unit of dB) was calculated by 20 times the 
logarithm of the ratio between the average of the pixel values 
within the green circle and the average of pixel values within 
the two outer rings in both Figs. 2 and 3. All the calculations 
were performed before the images were log compressed.  

Results show that for both 11 and 91 TX, images 
reconstructed with coherent superposition have the highest 
image contrast and resolution, but have the lowest SNR on 
speckle. Images reconstructed with incoherent superposition 
have the lowest image contrast and resolution, but have the 
highest SNR. However, images reconstructed with the new 
coherent and incoherent processing have contrast and 
resolution close to those of coherently-superposed images 
while the SNR values are close to those of incoherently-
superposed images.  

 

V. DISCUSSION AND CONCLUSION  
Images reconstructed with the new coherent and incoherent 

processing can obtain high image contrast and resolution while 
having low speckle noise (high SNR). This method has a 
potential to be used in existing commercial imaging systems 
because it is simple and easy to implement (for imaging 
systems that use the D&S, SPW, or LDB methods for image 
reconstruction). The high SNR on speckle will improve the 
accuracy of image segmentations for various applications.  

 

REFERENCES  
[1] Jian-yu Lu, "2D and 3D high frame rate imaging with limited diffraction 

beams," IEEE Transactions on Ultrasonics, Ferroelectrics, and 
Frequency Control, vol. 44, no. 4, pp. 839-856, July 1997.  

[2] Jian-yu Lu, "Experimental study of high frame rate imaging with limited 
diffraction beams," IEEE Transactions on Ultrasonics, Ferroelectrics, 
and Frequency Control, vol. 45, no. 1, pp. 84-97, January 1998.  

[3] Jian-yu Lu and Jiqi Cheng, "System for extended high frame rate 
imaging with limited diffraction beams," United States Patent, no. 
7957609, Issued: June 7, 2011.  

[4] Jiqi Cheng and Jian-yu Lu, "Extended high frame rate imaging method 
with limited diffraction beams," IEEE Transactions on Ultrasonics, 
Ferroelectrics, and Frequency Control, vol. 53, no. 5, pp. 880-899, May 
2006.  

[5] Jian-yu Lu, Jiqi Cheng, and Jing Wang, "High frame rate imaging 
system for limited diffraction array beam imaging with square-wave 
aperture weightings," IEEE Transactions on Ultrasonics, Ferroelectrics, 
and Frequency Control, vol. 53, no. 10, pp. 1796-1812, October 2006.  

[6] Jian-yu Lu, "High frame rate imaging system," United States Patent, no. 
8496585, Issued: July 30, 2013.  

[7] S. Wang, W. Lee, J. Provost, J. Luo, and E. E. Konofagou. "A composite 
high-frame-rate system for clinical cardiovascular imaging." IEEE 
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 
vol. 55, no. 10, pp. 2221-2233, October 2008.  

[8] Hasegawa, Hideyuki, and Hiroshi Kanai. "Simultaneous imaging of 
artery-wall strain and blood flow by high frame rate acquisition of RF 
signals." IEEE Transactions on Ultrasonics, Ferroelectrics, and 
Frequency Control, vol. 55, no. 12, pp. 2626-2639, December 2008.  

[9] A Heimdal, A Støylen, H Torp, and T Skjærpe, “Real-time strain rate 
imaging of the left ventricle by ultrasound,” Journal of the American 
Society of Echocardiography, vol. 11, no. 11, pp. 1013–1019, November 
1998.  

[10] Jian-yu Lu, Zhaohui Wang, and Sung-Jae Kwon, "Blood flow velocity 
vector imaging with high frame rate imaging methods," in 2006 IEEE 
Ultrasonics Symposium Proceedings, 06CH37777, vol. 2, pp. 963-966, 
2006 (ISSN: 1051-0117).  

[11] Jian-yu Lu, "Improving accuracy of transverse velocity measurement 
with a new limited diffraction beam," in 1996 IEEE Ultrasonics 
Symposium Proceedings, 96CH35993, vol. 2, pp. 1255-1260, 1996 
(ISSN: 1051-0117).  

[12] Jian-yu Lu, Xiao-Liang Xu, Hehong Zou, and J. F. Greenleaf, 
"Application of Bessel beam for Doppler velocity estimation," IEEE 
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 
vol. 42, no. 4, pp. 649-662, July 1995.  

[13] J. Udesen, F. Gran, K. Hansen, J. A. Jensen, C. Thomsen, and M. B. 
Nielsen. "High frame-rate blood vector velocity imaging using plane 
waves: simulations and preliminary experiments." IEEE Transactions on 
Ultrasonics, Ferroelectrics, and Frequency Control, vol. 55, no. 8, pp. 
1729-1743, August 2008.  

[14] G. Montaldo, M. Tanter, J. Bercoff, N. Benech, and M. Fink. "Coherent 
plane-wave compounding for very high frame rate ultrasonography and 
transient elastography." IEEE Transactions on Ultrasonics, 
Ferroelectrics, and Frequency Control, vol. 56, no. 3, pp. 489-506, 
March 2009.  

[15] J. Bercoff, M. Tanter, and M. Fink. "Supersonic shear imaging: a new 
technique for soft tissue elasticity mapping." IEEE Transactions on 
Ultrasonics, Ferroelectrics, and Frequency Control, vol. 51, no. 4, pp. 
396-409, Aprio 2004.  

[16] E. Mace, G. Montaldo, I. Cohen, M. Baulac, M. Fink, and M Tanter, 
“Functional ultrasound imaging of the brain,” Nature Methods, vol. 8, 
pp. 662–664, 2011.  

[17] Jian-yu Lu, " Speckle Noise Reduction for High-Frame-Rate Imaging," 
in 2017 IEEE International Ultrasonics Symposium Proceedings, 4 
pages, 2017 (ISBN-13: 978-1-5386-3383-0) (Digital Object Identifier 
(DOI): 10.1109/ULTSYM.2017.8092437).  

[18] Jian-yu Lu, "Effects of Masks on Reconstruction of High-Frame-Rate 
Images," in 2012 IEEE International Ultrasonics Symposium 
Proceedings, CFP12ULT, pp. 2137-2140, 2012 (ISSN: 1948-5727) 
(Digital Object Identifier: 10.1109/ULTSYM.2012.0533).  

 
 

 


	I.  Introduction 
	II. Method 
	III. Experiment 
	IV. Results 
	V. Discussion and Conclusion 
	References 


