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ABSTRACT

As commonly applied intensities of ultrasound grélmere is a concern that linear
assumptions in ultrasound propagation modelingnatesufficient and nonlinear effects
have to be taken into account. Presented papers deidh a numerical model
implementation allowing to simulate nonlinear wwand propagation in physical media.
Finally, simulation results of linear and nonlineaodels are compared for a set of input
acoustic pressure amplitudes.

1. INTRODUCTION

Numerical modeling of ultrasonic transducers presdield plays an important role in
setting safety precautions for both diagnostic #merapeutic ultrasound applications.
Currently both linear and nonlinear numerical medate used. The paper focuses on
description of a nonlinear model and discuses ¢imelitions under which using this model
instead of the linear one is necessary.

2. THEORETICAL BACKGROUND

Propagation of ultrasound in a real media is infeesl by the fact that the local
propagating speed value is dependant on the ladakwf the acoustic pressure, which
causes nonlinear distortion to the traveling waMee dependency can be described by
equation (1), [3]:

B (2A/B)+1
c=c{1+—£} u=pl/z, (1)

Wherecp is the ambient propagating speed of ultrasowBid, is the parameter of non-
linearity of the mediaZy is the acoustic impedance of the media amslthe acoustic speed
dependant on the acoustic presgure

Including equation (1) into our computations le&mseveral important implications: The
propagating speed of ultrasound in a homogenoussigddy media is not constant.
Especially at higher amplitudes when dependency ropggating speed on acoustic
pressure is too strong, the principle of superpmsitannot be used. As will be shown



further, increasing input amplitude by a certaiotda for example does not cause an
increase in amplitude by exactly the same facttinénother places of the medium.

Due to computing speed reasons, linear numericaletsoof ultrasound propagation are
often used, where equation (1) is omitted and mafiag speed is treated as a constant
equal tocy. This approach provides reasonably accurate reatlkswer amplitudes but

limitations in accuracy appear in using linear msdwith higher acoustic pressure
amplitudes.

. NONLINEAR SIMULATION ALGORITHM

An algorithm based on finite difference time dom&@bTD) method was developed in
Matlab environment. As seen in fig. 1, besides ususnerical solution to 3D wave
equation, it computes actual local propagating ¢pfe all simulated nodes of the
environment in each time sub step. This allows satimuy nonlinear propagation of the
ultrasound at higher amplitudes.
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Fig. 1: A block diagram of the algorithm

Usually the main interest is in the focal areahs transducer or in its axis and the wave
propagation in the other parts of the medium dagseed to be simulated. To reduce the
computing overhead in such situation, whole simaitatask can be reduced only to the
actual area of interest as described in fig. 2.
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Fig. 2: Simulation task layout. Damping layer helps to the volume of simulated
medium only to the actual area of interest.



The area of interest is encapsulated by a thin dagrpiyer which purpose is to eliminate
any unwanted reflections on the boundaries of tediom. The parameters of the damping
layer are all the same as the parameters of thelaied medium except for the attenuation
a which magnitude gradually increases with distaffoen the transducer as seen in the
graph in fig. 2.

4. SIMULATION RESULTS

A comparison of linear and nonlinear model is maddég. 3 and 4. Acoustic pressure
along the axis of a circular transducer of 5 mrdiameter was computed for a set of input
pressure amplitude values. Simulation parametees af, = 2 MHz; B/A= 5.5;

o = 4.5 Np/mico = 1600 m/sZ, = 1.5 MPa.s.fl.
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Fig. 3: Comparison of simulation results between linear mmoa-linear propagation model in
computing acoustic pressure amplitude along thesthacer axis.

Results show that difference in values obtainedif®ar and nonlinear propagation model
grows with applied input acoustic pressure ampétud



Figure 3 shows the comparison of acoustic presammglitude along the transducer axis
computed by linear and nonlinear model.
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Fig. 4: The amplitude in the last maximum of the transdas& computed by linear and
nonlinear propagation model.

Figure 4 shows how the amplitude observed in tee @aximum on the transducer axis
changes with the input amplitude at the transdsaeface. The linear model expects the
superposition principle to be valid for all ampties and therefore the computed amplitude
in the maximum is a linear function of the input@itude. Using nonlinear model we get
a nearly linear dependency for amplitudes belowHaNh our particular example. Above
this level, a nonlinear dependency can be seen.

. DISCUSSION

Using a linear model for high amplitudes leads ndarestimating the pressure field. The
exact value of amplitude threshold, where switchingnonlinear model is necessary,
depends especially @iA, Z, andcy values and also on the type of the actual sinanati

task and desired accuracy. Simulation results supgmclusions based on a different
nonlinear numeric model presented in [2] and agvitle theory and experimental results
published in [1].

Input acoustic pressure amplitudes of present Cifdadund diagnostic instruments are
commonly below 0.1 MPa to meet World FederationUltrasound in Medicine and
Biology safety limit of 720 mW.cf intensity for continuous exposition. For these
amplitudes non-linear modeling is not necessaryvéi@r in pulse mode instruments like
pulsed Doppler or color Doppler, peak amplitudesy maach much higher values.
For example, peak input amplitudes of up to 5 MBRa be produced by color Doppler
instruments [4]. In such cases non-linear models peovide improved accuracy in
pressure field prediction.



6. CONCLUSION

An algorithm for simulating nonlinear ultrasoundpagation was designed. Simulation
results were compared to the output of a simplifiedar model. The comparison shows
that nonlinear model is necessary for achievingiate results at high input amplitudes.
However at lower amplitudes, using linear propamatnodel may not cause any major
problems and benefits of improved computing speaul loe taken. The threshold for
switching between the linear and nonlinear propagamodels depends on the actual
simulation task and parameters of the propagatiedium.

ACKNOWLEDGEMENTS

This paper was prepared with support of Czech Minist Education grant No. 488/2007
and the research plan MSM 0021630513.

REFERENCES

[1] Duck F, Baker A, Starritt H. Ultrasound in Mediciriastitute of Physics Publishing,
London, 1998

[2] Hallaj M, Cleveland R. FDTD simulation of finite-afitpde pressure and
temperature fields for biomedical ultrasound. Jauraf Acoustical Society of
America. Acoustical Society of America, 1999

[3] Hill C, Bamber C. Physical Principles of Medicaltakonic. 3° ed., John Wiley and
Sons, Chichester, 2004

[4] Whittingham T. WFUMB safety symposium on echo-costtiegents: Exposure from
diagnostic ultrasound equipment relating to camtatisk. Ultrasound in Medicine
& Biology, Volume 33, Issue 2, Pages 214-223. 2007



