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Abstract -- A method to evaluate a 3-D/2-D reconstruction technique of ultrasound images is presented. 

It is based on modeling and simulating the transmitted signal, the transducer, mediums through which 

the sound waves are propagating and the received ultrasound echoes from interfaces within the scanned 

object.  The backscattered RF echoes are generated from a given 2-D or 3-D phantom or real images.  

They are collected along specified directions (defined by azimuth and elevation angles). Then, they are 

fed as input to an image reconstruction approach based on a beamforming technique and a frequency-

time distribution approach, namely, the Wigner Ville Distribution (WVD).  The original and the 

reconstructed images are compared to evaluate the reconstruction approach.  
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      Introduction 

iagnostic ultrasound has been used for more than 

ifty years. Nowadays, it has become one of the 

ost popular medical diagnostic tools. It has the 

dvantage of safety, low cost and interactivity, 

ompared to other imaging modalities such as X-ray 

omputed Tomography (CT) and Magnetic 

esonance Imaging (MRI). The acquisition of 3-D 

mages that resemble the idealized pictures of 

natomy books has leaded the researchers to develop 

-D ultrasound imaging. It offers a number of 

dvantages over 2-D imaging: i) it allows the 

isualization of the 3-D nature of the imaged organ 

r structure, ii) it expands the Field Of View (FOV) 

o allow the presentation of neighbouring anatomy, 

ii) it allows the visualization of 2-D cross sectional 

mages at angles impossible to achieve by prior 

xamination, iv) it allows an accurate quantitative 

easurement of the organ’s size or volume and v) it 

mplies the potential to reduce some of the artifacts 

resent in a 2-D scan such as shadow, speckle and 

everberation.  

    Various approaches have been developed to 

cquire and visualize 3-D information collected by 

he ultrasound imaging modality including real time 

olumetric ultrasound imaging. One approach is 

ased on the implementation of 2-D array of sensors 

1-3], a “handheld motorized” set up to acquire a set 

of parallel slices [4] or a free hand system to collect 

non-parallel slices [5] to reconstruct a 3-D volume. 

Alternative approaches involve reflective and 

transmission modes of Ultrasound Computed 

Tomography (UCT) [6].  That is, images of 

ultrasonic reflectivity and ultrasonic attenuation are 

reconstructed using reconstruction algorithms 

developed for X-ray CT.  In the latter mode, the time 

of flight’s (TOF) measurements are useful in the 

reconstruction of images of the refractive index 

within the imaged region and consequently the 

speed of sound distribution.  

 

In this work, an approach to evaluate a 2-D or 3-D 

reconstruction technique of ultrasound images is 

presented. This approach involves the generation of   

RF echoes from the acquired ultrasound images, the 

modeling of the transducer, the modeling of the 

medium, the attenuation and reflection of the 

ultrasound beam. Consequently, the generated 

echoes are fed as input to evaluate a particular 

reconstruction technique. The reconstruction of the 

ultrasound images is achieved using the Wigner 

Ville distribution to analyze the echoes and localize 

the interfaces along the path of the beam.  
   

2     Method 

 

The approach assumes a phased two-dimensional 

array of ultrasound sensors with a Field Of View 

 



  
(FOV) that has a pyramidal shape (Figure 1).  The 

center )0,,(
cc

yx of the array of sensors is assumed 

to coincide with the center of the pyramidal scan in 

the xy plane.  Any point inside the pyramidal FOV 

is described by the azimuth angle ψ  (the steering 

angle in the azimuth direction), an elevation angle θ 

(steering angle in the elevation angle) and the 

distance in the radial direction (ρ ). They are related 

to the corresponding Cartesian coordinates (x,y,z) 

by: 
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(1) 

ψ= tanzx  

 

(2) 

θ= tanzy  (3) 

 

 

Azimuth and Elevation angles are measured with 

respect to the normal at the center of the 2-D array. 

The array spacing and the dimensions of sensors 

impose restrictions on the maximum angles in the 

azimuth and elevation directions. Exceeding the 

maximum steering angles will cause spatial aliasing 

and, consequently, image artifacts.  
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Figure 1: Pyramidal field of view 
 

 

2.2 Acoustic wave modeling  
 

The model of the acoustic wave in tissue or a 

medium through which a wave is propagating is 

described by the Helmholtz equation for the 

spatially dependent variable P [9]: 
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(4) 

Where c is the velocity of sound in the medium in 

m/s, P is the pressure in Pa and t is the time in 

second. This function is the result of a linearization 

using the Born approximation of the first order.  

 

2.3 Model of the transducer  

 

Various models of piezoelectric transducers have 

been developed and can be found in the literature 

[10-12]. These models allow the selection of the 

optimized parameters characterizing the transducer 

as well as the evaluation of their effects. In this 

work, the KLM model operating in the thickness 

mode has been implemented (Figure 2). It consists 

of an equivalent circuit made of three ports: one 

electric port and two acoustic ports separated by an 

ideal electromechanical transformer. The latter two 

ports represent the front and back faces of the 

transducer.   The transducer’s transfer function is 

described by 
KLMZ

1  where KLMZ is the equivalent 

electric impedance of the transducer [12]. 

 

2.4 Transmitted signal  

 

The transmitted signal is assumed to be a sinusoidal 

signal having a frequency ( 00 2 fw π= ) and is equal 

to the transducer’s operating frequency (or the 

transducer’s center frequency). The length of the 

transmitted pulse, known as the Spatial Pulse Length 

(SPL), is dependent on the axial resolution. Each 

ultrasound signal is transmitted along a particular 

direction defined by steering angles (ψ  and θ ).  

Thus, the number of rays to cover the Field of View 

(FOV) of the acquired image (and consequently the 

resolution) must be defined. 

 

 
 

Figure 2: KLM Model of the transducer 
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2.5 Reflection and attenuation 
 

When a transducer transmits an ultrasonic wave 

along a path through the patient, multiple interfaces 

are encountered along the path of the ultrasound 

beam.  A percentage of the beam intensity will be 

reflected at the interface and collected by the 

transducer, and another percentage will be 

transmitted until it encounters another interface. 

These percentages depend on the acoustic 

impedance mismatch (Z1 and Z2) between the two 

mediums separating a particular interface.  

 

     On the other hand, the attenuation of the beam 

intensity through the various mediums along its path 

is taken into account. It includes the effects of both 

scattering and absorption of the beam.   

 

2.6 Model of the Medium 

 

Since the ultrasonic wave is propagating through 

different mediums, the various mediums along each 

ray must be simulated. In this regard, an impedance 

value must be associated with each voxel.  The 

acoustic impedance is the same in successive 

pixel/volume elements within a homogeneous 

medium. Otherwise, a new value of the acoustic 

impedance is assigned. The result is a vector of 

acoustic impedances. Each impedance value is 

disturbed by a small value randomly and 

independently to simulate the tissue 

inhomogeneities.    

 

2.7 Generation of backscattered echoes 

   

      The received RF signal s(t) is computed by 

convolving the transducer excitation function with 

the spatial impulse response (transfer function) of 

the electro-mechanical transducer during the 

transmission and reception of the pulse.  The result 

is convolved with the acoustic impedance vector 

along the corresponding ray. The received RF signal 

is given by [13]:  
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(5)                                                                               

 

 3  Reconstruction 
 

The simulated ultrasound echoes are fed as input to 

a reconstruction algorithm of ultrasound images to 

evaluate its performance.  The approach is based on 

the localization of the interfaces using the Wigner 

Ville Distribution (WVD) and a phase shift beam 

former technique [8].  

   The collected echoes are fed into a variable gain 

amplifier to perform the time gain compensation 

process. The corresponding output is demodulated 

by multiplying the signal by e
-jw0t 

(w0 is the 

demodulation frequency) to produce the real and 

imaginary components (quadrature and in phase 

components).  Each output is filtered by a low pass 

filter.  Then, the results are fed into a unit in which 

the signal is phase shifted. The amount of phase shift 

is determined by the steering angles and the position 

of the received crystal in the array.  Then, the signal 

is reconstructed by multiplying the real output with a 

cos(wot) and the imaginary output by a sin(w0t). The 

results of both operations are combined and filtered 

using a FIR low pass filter.  At this stage, the 

localization of the interfaces is performed (Figure 3). 

The analysis is based on a joint time-frequency 

technique, namely, the Wigner Ville Distribution 

(WVD). It is defined by [14]: 

 

∑
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(6) 

 

Where w(l) is a window sequence.   

 

 
 

Figure 3: Processing of the returned echo using 

WVD. 

 

         Having localized the interfaces along a ray and 

defined the resolution of each voxel along the x, y 

and z directions, the corresponding voxels in a 

Cartesian coordinate system are identified and 
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assigned the appropriate intensity values.  The 

intensity value is proportional to the peak value of 

the signal in the window of the WVD (Figure 3). 

The procedure is repeated for each line of sight to 

form the 3-D image. 

 

4      Results 
 

The approach is evaluated using a real 2-D image of 

the heart of a patient. The raw data are collected 

using the ALOKA 2200S ultrasound scanner. The 

probe of the ALOKA 2200S is a phased linear array 

that consists of 64 transducers. Each transducer is 

operating at a frequency of 3.32 MHz. The data is 

acquired by firing one crystal at a time and receiving 

the echoes detected by all 64 transducers. A total of 

4096 “A scans” is acquired covering the whole 

FOV.  The data are collected by the Biomedical 

Ultrasonic Laboratory at the University of Michigan. 

Figure 4 shows the original 2-D image of the heart.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Figure 4:  Original 2-D image of the heart of a 

patient  

 

Figure 5 shows a typical original RF ultrasound echo 

received by the real array of sensors (i.e. the 

ALOKA 2200S ultrasound scanner). The 

corresponding simulated RF echo is illustrated in 

Figure 6.  They are acquired along the direction 

defined by the steering angles θ = ψ = 0°. The two 

signals are comparable. Similar results have been 

observed by comparing corresponding echoes along 

other steering angles.   

 

Having generated the simulated RF backscattered 

echoes, a phased shift beamforming technique is 

performed on the acquired data set before the 

localization of the interfaces along each ray is 

achieved using the WVD.  Each pixel is assigned an 

intensity value that is proportional to the peak value 

within the window of the WVD.  Figure 7 shows the 

result of the implementation of the approach 

outlined earlier. It is clear that the reconstructed 

image is similar to the original image. The error is 

computed as the ratio of the number of non-zero 

voxels in the difference image and the total number 

of voxels.  The error was found to be equal to 

0.24414 %. 

 
Figure 5: Original RF echo acquired by the actual 

transducers along θ = ψ = 0°.  

Figure 6: Simulated RF echo along  θ = ψ = 0°. 
 

            
Figure 7: Reconstructed image of the heart.   
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5     Conclusion 

 

In this paper, a method to evaluate a 3D ultrasound 

image reconstruction technique is implemented. The 

approach generates the simulated backscattered 

echoes along different steering angles by taking into 

account the model of the transducer, the model of 

the propagating wave, the reflection as well as the 

attenuation of the ultrasonic wave as it propagates 

through the medium. This approach can be easily 

accommodated for a 2-D image by selecting the 

elevation angle to be equal to zero.  The results 

reveal the proposed approach is successful.  
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