3D Simulation of Ultrasound Intensity Generated by Transducer Arrays
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Abstract: - This paper describes a simulation of ultrasound field represented in three-dimensional visualization. The impulse response of electroacoustic models is used for 3D simulation.  The ultrasound probe is simulated in 3D that enables to get a more complex view than in two-dimensional case. The optimization of the acoustic fields from the transducer is obtained by simulating and measuring the fields.
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1   Introduction

Mathematical and computer models constitute some simplification that make possible to simulate radiation of ultrasonic transducers, but they can also limit the correct values. Used mathematical equations are mostly defined for linear conditions. It was found several methods for theoretical characterization of ultrasound fields. Currently the most efficient and accurate approach is that devised by Tupholme and Stepanishen [3].

Both the emitted and received field for the continuous and pulsed wave cases can be calculated. The transducer is divided into squares that becomes individual source and the far-field response from the individual squares added to yield the resulting field. This method makes it possible to simulate any transducer geometry, phasing, and excitation, [3]. 

The electroacoustical transducers are used in a wide variety of applications which includes both non destructive testing and medical diagnosis. The analysis of such transducers is an important step in the development of these applications.  For this purpose, a number of models were developed during the last decades. 

2    Description of models
The transducers in ultrasonic pulse echo techniques are based on the use of piezoelectric materials. Mason was able to show that for one-dimensional analysis most of the difficulties in deriving the solutions could be overcome by borrowing from network theory. He presented an exact equivalent circuit that separated the piezoelectric material into an electrical port and two acoustic ports through the use of an ideal electromechanical transformer as shown in Figure 1. The model has been widely used for free and mass loaded resonators, transient response, material constant determination, and a host of other applications.

     In an effort to remove circuit elements between the top of the transformer and the node of the acoustic transmission line Krimholtz, Leedom and Matthae published an alternative equivalent circuit. The model is commonly referred to as the KLM model and has been used extensively in the medical imaging community in an effort to design high frequency transducers, multilayers and arrays. In the following sections there is presented simulation of impulse response of the KLM and Mason's equivalent circuit for the case where the piezoelectric, dielectric and elastic constants are represented by complex quantities.

     Although the material constants described in the IEEE Standards on Piezoelectricity are defined in terms of real coefficients a variety of authors have suggested or used complex coefficients to describe the one or more loss components in many common piezoelectric materials.
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Fig.1  Mason’s and KLM 

equivalent circuits.

Let us consider the electro-acoustic Mason model for a piezoelectric plate where dielectric losses, and mechanical losses, are taken into account, fig.1. This means that the wave vector, k, the acoustical impedance of the piezoelectric medium, Z0, and the static capacitance, C0, are now complex. Introducing the global loss term, [6] 
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these parameters become:
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Quantities in fig.1 for Mason’s equivalent circuit are
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where h33 is piezoelectric constant, A is surface of transducer and d is thickness of transducer. Quantities for KLM circuit are defined



[image: image10.wmf]w

.

'

0

33

Z

h

M

=

,
(8)



[image: image11.wmf]÷

ø

ö

ç

è

æ

=

2

'.

sin

.

.

2

'

0

1

d

k

M

Z

i

X

,
(9)



[image: image12.wmf]4

'.

.

.

.

'

0

d

k

tg

A

Z

i

Z

A

=


(10)



[image: image13.wmf]÷

ø

ö

ç

è

æ

=

2

'.

sin

.

1

.

'

0

d

k

i

A

Z

Z

B


(11)



[image: image14.wmf]÷

ø

ö

ç

è

æ

=

2

'

sin

.

2

1

d

k

M

N


(12)

The Mason’s and KLM model are shown in figure 1 for the thickness mode.

The transfer function is evaluated from this equivalent circuits and its inverse Fourier transform is an impulse response of the transducer. 

The impulse response then will vary as a function of relative position between the transducer aperture and the field, hence the definition of spatial impulse response.

2.1
Evaluation of far field by spatial impulse response

The approach relies on linear systems theory to find the ultrasound field for both the pulsed and continuous wave case. This is done through the spatial impulse response. The response gives the emitted ultrasound field at a specific point in space as function of time, when the transducer is excitated by a Dirac delta function, fig.2.
The equation of spatial impulse response h(r1,t) is derived from Rayleigh integral, [3].
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where  is Dirac function, R
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Fig.2  Position of transducer 

and field point.

The field for any kind of surface vibration vn(t) can then be found by 
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where m is density of propagation medium, vn is the velocity normal to the transducer surface and * denotes convolution in time.

2.2     Ultrasound intensity definition

Spatial impulses of positive or negative pressure values are important for damage evaluation in ultrasound diagnostics. The intensity is defined as a square of emitted pressure propagating through medium. Four  fundamental types of intensity are known and defined by international standards. Spatial-peak, temporal-peak ISPTP, spatial-peak, pulse-average ISPPA, spatial-peak, temporal-average ISPTA, spatial-average, temporal-average  ISATA. The intensity of spatial peak intensity is mentioned in this article. The temporal peak ITP or temporal average ITA value is processed from the pressure waveform in every point of the simulated field. 
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where Zm is characteristic impedance of propagation medium, T is a period of generated impulses.

3   Simulation of transducer arrays

The software for evaluation of impulse response of KLM and Mason’s electroacoustic models was developed. After comparison of these equivalent circuits were found out almost same results when used complex quantities. The material coefficients are defined as real constants substituted into complex quantities, [4]. The constants of each model are shown in Table 1.

3.1 Flexible electroacoustic model of single transducers

In the KLM and Mason’s equivalent circuit an electrical port is connected to the center node of the two acoustic ports representing the front and back face of the transducer.  The simulated circuit was divided into cascade matrices and the transfer function was evaluated as acoustic pressure (output) to exciting voltage (input)ratio, fig. 3. 
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Fig.3   Transfer function of KLM

equivalent circuit.

Table 1  Material constants of piezoelectric transducer

	Material
	EC-98

	0  [kg/m3]
	7850 

	s33  [N/m2]
	6,59.10-12 

	d33  [m/V]
	730.10-12

	r   [-]
	2450

	thickness d  [m]
	1.10-3

	area A   [m2]
	1,7.10-6

	Electrical loss tangent   [-]
	0,037

	Mechanical loss tangent [-]
	0,018


The impulse response is obtained by inverse Fourier transform of the transfer function. 

[image: image22.emf]0 1 2 3

x 10

-6

-15

-10

-5

0

5

10

P [kPa]

t [ms]


Fig.4  Impulse response of KLM 

electroacoustic model.

Then, the impulse response is used with excitation impulse for definition of spatial impulse response in the model of ultrasound field. The frequency of impulse is derived from the impulse response and two equal periods define the excitation impulse.

3.2 Three-dimensional visualization of the ultrasound intensity in a space

There are different types of us probes used in pulse-echo imaging methods. The physical scanning process can be effected in two basic ways. Either by actual movement of a transducer having a fixed beam axis, or by electronically controlled movement of the beam axis relative to a transducer array. The former category is obsolete and an ultrasound beam steering was usually realized by a scanning arm or a rotating wheel, also a beam focusing was mechanically performed by placing an acoustic lens on the surface of the transducer or using a transducer with a concave face. These types were replaced with the latter category, which includes so-called linear and phased multi-element transducer arrays. Principles of ultrasound beam steering and focusing are directed by sequentially stimulating each element. This feature creates the sector scan by rapidly steering the beam from left to right to give the two dimensional cross sectional image.  This was the center of our interest.

    Because of the tendency to achieve an accordance between model and real ultrasonic probe, it was  simulated radiation of transducer array used in the medical diagnostic.  The geometry and dimensions of transducer were partly obtained from manufacturer but is very difficult to exactly simulate ultrasound field without knowledge of excitation, method of phasing, and matching layers. 

   The ultrasound probe was simulated with geometry specifications near to transducer L38/10-5 of SonoSite.

Table 2   Geometry specification of ultrasound probe    

     L38/10-5 for system SonoSite 180 Plus

	Frequency
	Broadband 10-5 MHz

	Physical aperture
	38mm

	Number of elements
	128

	Height of element
	6 mm

	Distance between elements
	0.01 mm

	Width of element
	0.28 mm

	Focus distance
	60 mm


The width and distance between elements were determined from physical aperture and number of elements.  

3.2.1   3D representation of ultrasound field

Several methods can be used for projection in a space. In our case, it is optimal to visualize ultrasound field with isosurfaces eventually isolines. A gradient of an alternation is presented by a different distance of individual isoplanes. There is obtained complex view and perception of a space distribution in a modeled field by 3D representation, [2].
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Fig.5  3D representation of simulated ultrasound probe L38/10-5, global view.

3.2.2   2D representation of ultrasound field

The represented data can be visualized in a required plane for more particular estimation. So that the distribution of ultrasound intensity can be projected in a transversal or longitudinal slice with isolines. 

3.2.3   1D representation of ultrasound field

In some case, it can be requirement to know a course of a intensity or pressure in some part of ultrasound field, for example in a beam axis. 

   Isosurfaces are differenced by color and the intensity value  is in W/cm2 . The software allows to change many parameters of visualization such as an elevation, an azimut,  direction of light, type of projection, a count of isosurfaces eventually count of planes of isolines etc.

   Figure 5 shows global view of simulated ultrasound field. There is evident change of shape behind focus at 60 mm from head of probe. This is clearly caused by non-optimal method of focusation. The  beam steering is realized from left to right by all transducers focused to  the distance 60 mm. This causes apparent extension of ultrasound field. Moreover, the focal zone is deformed and symmetrically divided into two regions with highest intensity next to center, fig.6. So the focal zone is not uniform. The better results should be determined by sequential beam steering of focused small groups of transducers.
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Fig.6  3D cross-sectional representation

with evident focal zone.

Next purpose of developed software is the visualization of measured data in the ultrasound measuring system with hydrophone in a water tank. A few ultrasonic diagnostic systems were measured for an experimental examination. 

   Following figures show 3D representation of ultrasound field generated by a linear probe ADR 4000 3.5MHz with concave transducer. The measured field was 1 cm far from a head of the probe and a number of measuring points were 11 at every axis. The distance between two points was 3 mm at X, Y axis and 5 mm at Z axis. Figures 7, 8 represent this simple round transducer without the motion and mechanically focused to point, for the reason that the graph is axially symmetric, fig.7, and there is the clear point of a focusation at the distance 3 cm from a head of a probe, fig.2b. Dimension of spatial axes is in milimeters. 
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Fig.7    3.5MHz ADR probe in

TM mode, global view.
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Fig.8   3.5MHz linear probe in 

TM mode, cross-section.

4   Conclusion

In this paper was shown the simulation software for 3D presentation of the ultrasound field generated in homogenous non-absorbing medium.  The field of linear array L38/10-5 was simulated. The result of simulation will lead to adaptation of beam steering and focusation.

   The software was used for visualization of measured data of ADR probe. There were well recognized significant attributes.

  The simulation will be extended for possibilities to simulate several vibratory profiles, different modes of transducers – beam and bar mode, etc.

   The software was developed in Matlab6.5 and the functions of toolbox Field II were used for evaluation of generated field.
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