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Abstract – A high frame rate (HFR) imaging theory was 
developed based on limited diffraction beams in 1997 (up to 3750 
three-dimensional (3D) volumes/s for a depth of 200 mm in 
biological soft tissues). In this paper, the theory is extended to 
include explicitly various transmission schemes such as multiple 
limited-diffraction array beams and steered plane waves. 
Computer simulations and in vitro and in vivo experiments were 
performed to verify the extended theory. Results show that the 
extended theory provides a continuous compromise between 
image quality and frame rate which is useful in clinic.  
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I.  INTRODUCTION 
A two-dimensional (2D) and three-dimensional (3D) high 

frame rate imaging (HFR) method [1]-[2] was developed based 
on limited diffraction beams [3]-[4] by one of the authors (Lu) 
in 1997 and was noted as one of the predictions of the 21st 
century medical ultrasonics [5]. Furthermore, Lu has suggested 
using steered plane waves in transmissions to increase image 
field of view and reduce speckle noises (see P.840 and P.850 of 
[1], and P.85, 94 and Fig. 8 of [2]) [6]-[7] or using limited-
diffraction array beams in transmission to increase field of 
view and spatial Fourier domain coverage to increase image 
resolution [1]-[2], [8]. Images constructed with different 
steering angles can be combined with a coherent (enhancing 
resolution) or incoherent superposition (reducing speckles) [1]- 
[2], [6]-[7]. To increase field of view, a method using a 
spherical wave transmission followed by Fourier 
transformation for image reconstruction has also been proposed 
[9].  

In this paper, Lu has extended his theory of high frame rate 
imaging [1]-[2] to include explicitly various transmission 
schemes such as multiple limited-diffraction array beams [10] 
and steered plane waves. The extended theory includes Lu’s 
earlier suggestions of using these transmission schemes [1]-[2], 
[8]. Lu has also proved that limited-diffraction array beam 
weightings of received echo signals over a 2D transducer 
aperture are the same as a 2D Fourier transform of these signals 
over the same aperture [11]. It is worth noting that with 
limited-diffraction array beam transmissions [1]-[2], [8], time 
or phase delays for signals applied to transducer elements are 
not necessary. This may allow using only single or a small 
number of transmitters for all transducer elements and thus 
may simplify imaging system greatly, especially in 3D imaging 
where over 10,000 transmitters may otherwise be needed.  

To verify the extended theory, computer simulations, in 
vitro experiments on phantoms, and in vivo experiments on the 

human kidney and heart were performed. A high frame rate 
imaging system was used for the experiments [12]-[13]. 
Results show that the extended theory provides a continuous 
compromise between image quality and image frame rate, 
which is useful since in some applications such as imaging of 
liver and kidney where high frame rate imaging is not crucial, 
high quality images can be obtained at the expense of image 
frame rate.  

II. THEORETICAL PRELIMINARY 
Superposing X waves [3]-[4], one obtains limited 

diffraction array beams [10] in transmission ( T
ArrayΦ ) and 

reception ( R
ArrayΦ ), respectively [11]:  
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where ( , , )
T T T

T
x y zK k k k=  and ( , , )R

x y zK k k k=  are 
transmission and reception wave vectors, respectively, 

0 0 0 0( , , )r x y z=  is a point in space, t  is the time, /k cω=  is 
the wave number, where ω  is the angular frequency and c  is 
the speed of sound. ( )A k  and ( )T k  are the transmission and 
reception transfer functions, respectively, and ( )H k  is the 
Heaviside step function [14].  

Convolving (1) with (2) in terms of time and multiplying 
the result with an object function, 0( )f r , and then integrating  
over the space 0r , one obtains the echo signals from the object. 
Taking temporal Fourier transform of echo signals, one obtains 
a relationship between the Fourier transform of the echo signals 
in terms of time ( R ) and the 3D spatial Fourier transform of 
the object function ( F ):  
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where ( ) ( )BLF A k T k F=  is a band-limited version of F , 
( )H k  is moved to the side of R  for convenience, and where  

'

'

' 2 2 2 2 2 2 0

T

T

T T T

x x x

y y y

z z z x y x y

k k k

k k k

k k k k k k k k k

 = + = +


= + = − − + − − ≥

. (4) 

It is easy to prove that R  in (3) is also a 2D spatial Fourier 
transform over the transducer surface, 1 1 1( , ,0)r x y= , and one-
dimensional (1D) Fourier transform in terms of time for echo 
signals received by transducer elements (e.g., a 2D array 
transducer) [11].  

Equations (1) to (4) are also suitable for 2D imaging by 
simply setting y , yk , and 

Tyk  to zero. For simplicity, in the 
following, we will show 2D results only. From (4), one obtains 
inverse formulae for limited-diffraction array beam and steered 
plane wave transmissions, respectively (this allows fast Fourier 
transform (FFT) to be used in image reconstructions):  
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For limited-diffraction array beam transmissions, the 
parameter 

Txk  is fixed for all k  in each transmission. Both sine 
and cosine aperture weightings are applied to transducer 
surface for each fixed 

Txk  ( _ max 10 /
T Tx xk k xπ≤ ≤ = ), where 

1x∆  is the pitch (spacing between transducer elements). For 
multiple transmissions, 

Txk  is equally spaced. For steered plane 
wave transmissions, the Axicon angle of the X wave [3]-[4], 

Tζ , is fixed for all k  in each transmission ( Tζ  is also the 
steering angle). Tζ  is equally spaced between / 4π±  for 
multiple transmissions. For conventional delay-and-sum (D&S) 
method, the following formula is used to obtain the evenly 
spaced sine of the steering angles:  

0sin ( / 2) / , 0, 1, 2, , ( 1) / 2n n D n Nθ λ= = ± ± ± − , (7) 
where nθ  ( / 4nθ π≤ ) is the nth-steering angle, 0λ  is the 
center wavelength, D  is the transducer aperture, and N  is an 
integer.  

III. SIMULATIONS AND EXPERIMENTS 
The simulation algorithms are developed based on the 

impulse response methods [15]-[19]. A one-cycle sine wave 
pulse at the center frequency of the transducer is used to excite 
the transducer. The simulation results are shown in Figs. 2-4.  

Results of in vitro experiments of phantoms are shown in 
Figs. 5-10. In vivo experiments of a human kidney and a heart 
are shown in Figs. 11 and 12, respectively.  
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Figure 1.  Structure and imaging areas of an ATS539 multipurpose tissue-
mimicking phantom. 

 

Figure 2.  Simulated images according to the imaging Area I of the ATS539 
phantom (see Fig. 1). Images are reconstructed with limited-diffraction 
array beam transmissions. Images are log-compressed at 50 dB. The 
transducer has 128 elements, 40.96 mm aperture, 0.32 mm pitch, 3.5 MHz 
center frequency, and 58% -6dB pulse-echo bandwidth. The area of each 
image panel is 81.92 x 140 mm. Images are obtained with (a) 1 (up to 5500 
frames/s with 1540 m/s speed of sound), (b) 11 (up to 500 frames/s), and 
(c) 91 (up to 60 frames/s) transmissions, respectively. (d) Result obtained 
with the conventional delay-and-sum (D&S) method with a fixed 
transmission focal depth of 70 mm and with 263 transmissions (up to 21 
frames/s).  

 

Figure 3.  The same as Fig. 2 except that steered plane waves are used in 
transmissions, instead of limited-diffraction array beams.  
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Figure 4.  Simulated images for 18 point scatterers on three lines with 15 
degrees between the lines. Six point scatterers are distributed evenly over 
each line with 20 mm spacing. The log compression, image panel size, and 
the parameters of the transducer are the same as those in Fig. 2. Image 
reconstructed with: (a) limited-diffraction array beam transmissions (91 
transmissions up to 59 frames/s); (b) steered plane wave transmissions; (c) 
D&S method with a fixed focal depth at 60 mm (263 transmissions up to 
20 frames/s); and (d) D&S method with a dynamically focused 
transmission synthesized using a montage process.  

 

Figure 5.  Experiment results of a wire phantom in water. Images are 
reconstructed with limited-diffraction array beam transmissions. There are 
7 wires in total with 6 wires in a line and one wire on the third row 20 mm 
to the right of the line. The image panel size is 51.2 x 140 mm. The 6 wires 
are evenly distributed with 20 mm spacing. The log compression and the 
parameters of the transducer are the same as those in Fig. 2, except that the 
-6dB pulse-echo bandwidth of the transducer is about 50%, instead of 
58%, of the center frequency. Images are obtained with (a) 1 (up to 5277 
frames/s, with 1477.56 m/s speed of sound), (b) 11 (up to 479 frames/s), 
(c) 19 (up to 278 frames/s), and (d) 91 (up to 58 frames/s) transmissions, 
respectively. (e) Result obtained with the D&S method with a fixed 
transmission focal depth of 60 mm and with 274 transmissions (up to 19 
frames/s); and (f) Result of the D&S method with a dynamically focused 
transmission synthesized with a montage process.  

 

Figure 6.  The same as Fig. 5 except that steered plane waves are used in 
transmissions instead of limited-diffraction array beams.  

 

Figure 7.  The same as Fig. 2 except that these are experiment results from a 
real ATS539 phantom on imaging Area I (see Fig. 1) using a real 
transducer. The speed of sound of the phantom is 1450 m/s and the -6dB 
pulse-echo bandwidth of the transducer is about 50% of the center 
frequency.  

 

Figure 8.  The same as Fig. 7 except that steered plane waves are used in 
transmissions instead of limited-diffraction array beams  

 

Figure 9.  The same as Fig. 7 except that the imaging Area II of cystic objects 
of the ATS539 phantom (see Fig. 3) is used in the experiments.  

 

Figure 10.  The same as Fig. 9 except that steered plane waves are 
used in transmissions instead of limited-diffraction array beams.  
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Figure 11.  In vivo experiments of a right kidney of a volunteer. An 
Acuson V2 probe of 128 element, 2.5 MHz center frequency, 19.2 mm 
aperture, 0.15 mm pitch, and 14 mm elevation with 68 mm elevation focal 
depth is used. The depth of images is 120 mm. Data are acquired at the 
highest frame rate that the HFR system is allowed for the depth (187 sµ  
between transmissions or 5348 frames/s for a speed of sound of 1540 m/s). 
(a) Image reconstructed with 91 steered plane wave transmissions (59 
frames/s). (b) Image reconstructed with the D&S method with a fixed focal 
depth of 70 mm and 88 transmissions (61 frames/s).  

 

Figure 12.  In vivo experiments of the heart of a volunteer. The 
transducer parameters, the depth of images, and the settings of the HFR 
imaging system are the same as those in Fig. 11. Data acquisition of the 
heart is triggered and synchronized by an electrocardiograph (ECG) signal 
to get images at the desired heart cycle moments (see the ECG display on 
the right hand side panel). Image reconstructed with (a) 11 (486 frames/s), 
(b) 19 (281 frames/s), and (c) 91 (59 frames/s) steered plane wave 
transmissions. (d) Image reconstructed with the D&S method with a fixed 
focal depth of 70 mm and 88 transmissions (61 frames/s).  

IV. CONCLUSION 
The high frame rate 2D and 3D imaging theory [1]-[2] has 

been extended to include explicitly various transmission 
schemes such as multiple limited-diffraction array beams and 
steered plane waves [11]. The function, R , in (3) has been 
shown by one of the authors (Lu) to be exactly the same as the 
spatial and temporal Fourier transform of the echo signals 
received with a 2D array transducer [11]. Computer 
simulations and in vitro and in vivo experiments are performed. 
Results show that the extended theory can be used to 
reconstruct images of a higher quality than those of the 
conventional D&S method of a synthesized dynamic 
transmission focusing using a montage process, which reduces 
image frame rate dramatically. Because FFT and limited-
diffraction array beam transmissions can be used with the 
extended theory, imaging system may be greatly simplified.  
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