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Abstract - Due to regulatory reasons, the output levels 
of ultrasound sources for use in medical applications 
must be known. Currently, this is done by making 
focal pressure measurements for a very large number 
of drive voltage amplitudes and then linearly derating 
the measured pressure levels. In order to reduce 
calibration times, some have proposed to linearly 
extrapolate pressures rather than perform direct 
measurements. However, nonlinear propagation 
effects corrupt the linear extrapolation and derating 
procedure. Thus, a reliable indicator of nonlinearity is 
needed to identify when linear extrapolationlderating 
would be valid. In this study, eight different 
nonlinearity indicators were evaluated experimentally 
in terms of their correspondence to the linear 
extrapolation error. Spherically focused ultrasound 
transducers were selected and excited to test the 
indicators sensitivity to frequency (3 - 8 MHz), f/# (1 
and 2), transducer diameter (1.905 and 5.08 cm), 
pulse duration (1 and 3 cycles), and pulse phase (0” 
and 180”). None of the eight nonlinearity indicators 
yielded consistent results. The lack of consistency 
resulted from the competing effects of nonlinear 
absorption and asymmetric distortion, which have yet 
to be combined into a unified theory. (Supported by 
NDSEG Graduate Fellowship and NM HL58218) 

I. INTRODUCTION 

Over the past few decades, the propagation of 
acoustic signals through the human body has found 
application in medical imaging as well as the 
treatment of various ailments. Currently, for 
diagnostic ultrasound systems [I], ultrasound sources 
are characterized by measuring the acoustic pressure 
in water for almost every voltage range applied to the 
source and then linearly derating the measured 
pressure values to estimate the derated acoustic 
pressure levels. As a result, the characterization 
process is time consuming, increasing the cost and 
development time for each transducer. 

In order to reduce the number of pressure 
measurements required, some have proposed to 
linearly extrapolate pressures rather than perform 
direct measurements. Unfortunately, the linear 
extrapolation would differ from the measured 
pressure values in the water bath due to the nonlinear 
propagation of the sound in the water. Furthermore, 
the nonlinear effects also corrupt the traditional 
derating process [2,3,4]. Hence, before the linear 
extrapolation and derating can be accurately 
performed, an indicator of nonlinearity needs to be 
developed to classify any focal waveform as being 
either “linear” or “nonlinear.” Linear waveforms 
could be used to extrapolate the pressure levels for all 
smaller applied voltage settings and could also be 
derated to estimate the true in situ pressures. 

In our work, eight different indicators of 
nonlinearity were evaluated. The goal was to 
determine if one of these indicators could consistently 
classify between “linear” and “nonlinear” focal 
pressure waveforms. In this paper, each of the 
indicators will be reviewed. Then, the experimental 
procedure followed to obtain the threshold values of 
the nonlinear indicators will be discussed, and the 
experimental results will be presented. Lastly, some 
conclusions will be drawn based on the results. More 
details on the specifics of this investigation can be 
found in [5 ] .  

11. REVIEW OF EVALUATED INDICES 

Asymmetric ratio 
The asymmetric ratio [3] directly reflects the 

amount of asymmetry in the waveform and is given 
by 

P a s p  = P J P ,  (1) 
where pc is the peak compressional pressure and p r  is 
the peak rarefactional pressure. 



OstrovskiiISutin ’s propagation parameter 
The amount of asymmetric distortion in a 

waveform can also be described by OstrovskiiButin’s 
propagation parameter a, [6] given by 

or by 

where p, c, and p are the density, sound speed, and 
coefficient of nonlinearity (i.e. 1 + B / 2 A )  for water. 
a i s  the half-angle of the transducer aperture, and F is 
the focal length. R, is an arbitrary distance from the 
focus defined by OstrovskiilSutin that splits the 
medium into the nonlinear region away from the 
focus where diffraction effects are ignored and the 
focal region where diffraction effects are included but 
nonlinear propagation is neglected. R, is assumed to 
be 161 

where /z is the wavelength corresponding to the 
principle frequency of the sound pulse. In our 
investigation, a, was calculated and evaluated as a 
nonlinear indicator using both Equations (2) and (3). 

R, = A/(l -  COS(^)) (4) 

Bacon’s propagation parameter 
A nonlinear indicator that is also currently 

considered a standard measure of nonlinearity [3,4] is 
Bacon’s propagation parameter a, given by [7] 

where q is the principle frequency of the sound 
pulse, pavg is average of pc  and pr,  and G is the ratio of 
the amplitude at the focus to the amplitude of the 
intersection of the beam axis with the transducer 
surface. In our analysis, G was simply calculated by 
assuming an ideal spherically focused source 
yielding, 

I/ \2 

(6) 
G = / [  F J + I  

nA (0.8 224( f #)) 

Field sigma 
Similar to a,, the field sigma, q, [3] is 

another nonlinear indicator. q neglects the 
dependence on transducer gain, G, and is given by 

0, = P W ~ P ~ ~ F / ( P ~ ) .  (7) 

Second harmonic ratio 
A nonlinear indicator [3] that reflects the 

transfer of energy into the higher harmonics is the 
second harmonic ratio given by 

where P(u)  is the Fourier transform of the pressure 
pulse, and corresponds to the peak in the spectrum 
at approximately 204. 

HI1 = I P b 2  l/IP(Ul )I (8) 

Absolute spectral index 

the generation of harmonics and is defined as 
The absolute spectral index [4] also reflects 

For our analysis, we considered two possible choices 
for ua: 20.4 and 1.5a .  

Relative spectral index 
The relative spectral index is a relative 

indicator that monitors all changes in the amplitude 
spectrum of the acoustical signal and is given by 

where Pref is a reference spectrum acquired from a 
previous low voltage excitation of the transducer and 
G, is the voltage gain relating the current excitation to 
the reference excitation. 

Relative focal pressure 
The relative focal pressure captures the 

effects of nonlinear distortion by comparing the 
pressure amplitudes of the current measured 
waveform to the low voltage reference waveform in 
the time domain. Three different values for the 
relative focal pressure, corresponding to pc,  pr ,  and 
pavg, are evaluated. 

wherep is the f-number for the transducer. 



111. EXPERIMENT AND RESULTS 

(Symbol) 
1 (0) 

Each of the indices were evaluated 
experimentally for a series of spherically focused 
transducers under different drive-voltage conditions. 
The amount of nonlinear distortion in each waveform 
was quantified by back extrapolating the pressure 
values, pc ,  pr ,  and pavg, from the current drive voltage 
applied across the transducer to all lower applied 
voltages, and then finding the maximum error 
between the extrapolated pressures and the actual 
measured pressures at the lower voltages. The break 
(binary classifier) between linear and nonlinear 
propagation was defined to correspond to a maximum 
extrapolation error of 10%. Hence, nonlinear 
indicator values corresponding to the 10% level of 
distortion were identified as the threshold nonlinear 
indicator value for a particular transducer and drive- 
voltage condition. Confidence measures of the 
threshold value could also be found by measuring the 
linearity of the source and re-finding the threshold 

Frequency (f#> (Phase) 
3 MHz 1.9 cm(1) 3 (0") 

value with the error changed from 10% to 10% k the 
percent deviation of the source. 

The experimental results for the nonlinear 
indicators normalized with respect to their mean 
values for all of the transducers and drive conditions 
are shown in Figure 1. The mean value for each 
indicator is provided above the corresponding group 
of bars, and the experimental condition for each bar is 
provided in Table 1. Notice that the experiments 
were selected to test the indicators' sensitivity to 
frequency, f-number, transducer diameter, and drive 
condition. The ideal nonlinear indicator should yield 
the same indicator value for all of these different 
transducers and excitation conditions. 

~ 

2 (x) 3 MHz 5.1 cm(1) 3 (0") 
- 3 (0) 5.5 MHz 1.9cm(l) l(0") 

4 (a) 5.5 MHz 1.9cm(l) 3 (0") 
- 5 (0) 5.5 MHz 1.9 cm(1) 3 (180") 

6 (0 )  5.5 MHz 1.9 cm (2) 3 (0") 
7 (a) 8 MHz 1.9 cm(1) 3 (0") 

Table 1 : Legend for Figure 1 identifying bars in each 
indicator group. I Bar Order I Dominate I Diameter I #Cycles 1 

Figure 1: Normalized threshold values for the nonlinear indicators for pc  (top), p r  (middle), and pnvg (bottom). 



IV. CONCLUSIONS 

The experimental results in Figure 1 show 
that none of the currently proposed indicators yield 
consistent results for all possible focused sources. A 
possible explanation for the lack of consistency can 
be found by comparing the behavior of the focal 
pressures for some of the data sets shown in Figure 2. 

Notice that in both plots, pc  and pnvg initially 
increase away from the linear forward extrapolation 
line due to asymmetric distortion, but as the nonlinear 
absorption increases the waveform approaches 
saturation, the pc  and povg values approach the 
extrapolation line once again. However, the 
separation between the onset of asymmetric distortion 
and the dominance of nonlinear absorption is 
different for the different data sets. None of the 
indicators developed thus far have attempted to 
capture the effects of both nonlinear absorption and 
asymmetric distortion. Hence, the change in the 
relative importance of asymmetric distortion and 
nonlinear absorption is what generates the 
inconsistency in the nonlinear indicators between the 
data sets described in Table 1. Therefore, a consistent 
indicator may be found by further developing the 
theory to include both nonlinear effects. 
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Figure 2: Direct comparison of pressures at the focus. (a) -5.5 MHzf# of 1 transducer (b) -5.5 MHz f# of 2 
transducer 
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