APPENDIX G:
MATLAB CODE USED TO EVALUATE NONLINEAR
INDICATORS

This appendix provides the MATLAB code that was used to calculate and evaluate the
different nonlinear indicators. The code corresponds to the discussion of the experimental results

in Chapter 7.

Main Program
cl ear
cl ose all

% his is the programthat wll evaluate each transducer data set
%n ternms of the nonlinear index.

%eterm ne the voltage data files and the pressure data files %
% hat will be used. %

i nfo="00068, f/#=1, f ~ 6 MHz';

% ransducer ckt data

file="/dunn/bi gel ow Transducer i npedance/ 00066.mat' ;% ile RLC info
| oad(file); %oad RLC val ues and resonance frequency

% ocation of data files.
pat h="/dunn/ bi gel ow nonl i near _dat a/ 00066/ 11- 10- 01b/ " ;

% he voltage wll be the voltage waveformthat has been applied to
% he real transducer

v_file="v00066p3_";

% he pressure will be the pressure waveform neasured at the focus
%of the transducer

p_file="00066p3_";
%WNat er tenperature

Tc=20.288; % n C
c=Cfromrl(Tc);
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%r ansducer paraneters
a=0. 9525e-2; 9%ransducer radius in m

%error paraneters

dc=5.0125; Wariation in p_c extrapolation (total wdth +-dc/2)
dr=1.3139; W/ariation in p_r extrapolation (total wdth +-dr/2)
da=3. 2124; %W/ariation in p_avg extrapolation (total w dth +-da/?2)

%-lag for including pa in plots
pa_in=1; % to include

%************************************************************

¥Settings for RA-30/Attenuators
RA30={'30_"' "24_' '"18 ' "12_' '06_" '00_'};

ritec={'02" '06' '10" '14' '18' '22' '30' '38 '46' '54' '58' ..
‘62" '66' '70" '78" '86'};

%Cal i bration factor
cal _factor=0.0425; %/ MPa for the Hydrophone.

%Code paranters

Npol =8; %bDegree of polynomal to fit extrapol ation error data.
extrap_err=10; %extrapolation error in %

ref low=1l;, % he |ow voltae reference for the relative N

di =0;
P=[1];
for ii=1:1ength(RA30)
for ji=1l:length(ritec)
dat _p=[path p_file char(RA30(ii)) char(ritec(ji)) '.txt"'];
dat_v=[path v_file char(RA30(ii)) char(ritec(ji)) '.txt"'];

fid p=fopen(dat _p,'r');

if fid p~=-1
di =di +1;

%Read in the data
%et cl ose pressure data
A=fscanf(fid p,"%"',[2,inf]);
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p=1e6*(A(2,:)-nmean(A(2,:)))/cal factor;
t=A(1,:);

%et ermi ne sone i nportant pressure val ues
pc(di)=max(p);

pr(di)=abs(mn(p));
pa(di)=(pc(di)+pr(di))/2;

P=[P p'];

%et er mi ne frequency of maximum pressure val ue.
f _peak(di)=find_fpeak(p,t);

%=t voltage data
fid v=fopen(dat_v,'r');
B=fscanf(fid v,"%',[2,inf]);

v=100*(B(2,:)-nmean(B(2,:)));
tv=B(1,:);

%et erm ne sone inportant voltage val ues
v_pp(di)=(max(v)-mn(v));

%-ind the signal values assumng an RLC circuit
%et erm ne val ue for each frequency
Vs=fft(v);

M=l engt h(Vs) ;

%-i nd correspondi ng freq. val ues
d fi1=[0: (M 2-1)]*2*pi/ M

d f2s[(M2):(M1)]*2*pi /M - 2*pi;
d f=[d_f1 d_f2];

dt=tv(2)-tv(l);
freq=d_f*(1/dt)/(2*pi);

%Now for each frequency, find the voltage accross R
for fi=1l:length(freq)
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end
end

N=di ;

end

w=freq(fi)*2*pi

i f abs(w)<le-12
Vout (fi) =0;

el se
Zcl=R1 + j*wsL1 + 1/(j*wWwCl);
Vout (fi)=(RLl/ Zcl)*Vs(fi);

end
end
%he vol tage val ue at the maxi mum frequency
o Scal ed for better fitting)
vol t (di ) =max(abs(Vout))/1000;

% Cal cul ate F, al pha, and G
[ ML, n1] =max(abs(p));
[ M2, n2] =max(abs(V));

time_prop=t(nl)-tv(n2); %Determ ne propagation tine
F=c*time_prop; %etermn F (focal |ength)

%eterm ne the transducer G factor used to find signma_m
Gdi)=sqgrt ((F/ (pi*(c/f_peak(di))*...
(0.8224*(F/ (2*a)))"2))"2 + 1);

%et er m ne al pha
al pha(di )=asin(a/F);

%et erm ne Ro val ue
Ro=(c/f _peak(di))/(1-cos(al pha(di)));

o0 et ermi ne F/ Ro val ue
F Ro(di) =F/ Ro;

fclose(fid p);
fclose(fid v);

o%ave nunber of scans
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%et erm ne val ue of extrapolation factor when error is no | onger %
%accept abl e %
()8

%-ind spline curve representation of pc,pr, and pa data that can
%e used to extrapol ate pressure values at internedi ate voltages.
% Pol ynom al Extrapolation will increase error at |ow voltages
%ince curve wll not pass through data points).
SP_pc=spline(volt, pc);

SP_pr=spline(volt, pr);

SP_pa=spline(volt, pa);

%-ind the |argest factor for which the error for all smaller
% actors is less than the acceptable error |evel.
Vce=fzero('find_extrap _factor',volt(ceil (length(volt)/2)),[], ...
SP_pc, pc, vol t, Npol , extrap_err);
Vre=fzero('find_extrap _factor',volt(ceil (length(volt)/2)),[], ...
SP_pr, pr,volt, Npol , extrap_err);
Vae=f zero('find_extrap_factor', 2*max([Vce Vre]),[], ...
SP_pa, pa, vol t, Npol , extrap_err);

%eterm ne the error vol tages about this point

Vcel=f zero(' find extrap factor', Vce,[], SP_pc, pc, vol t, Npol, ...
extrap_err-dc/ 2);

Vce2=fzero(' find_extrap_factor', Vce,[], SP_pc, pc, vol t, Npol , ...
extrap_err+dc/ 2);

Vrel=fzero(' find _extrap_factor',Vre,[], SP_pr, pr,volt, Npol, ...
extrap_err-dr/2);

Vre2=fzero(' find_extrap_factor',Vre,[], SP_pr, pr,vol t, Npol, ...
extrap_err+dr/2);

Vael=fzero(' find_extrap_factor', Vae,[], SP_pa, pa, vol t, Npol , ...
extrap_err-dal/ 2);

Vae2=f zero(' find _extrap_factor', Vae,[], SP_pa, pa, vol t, Npol , ..
extrap_err+dal 2);

%et erm ne Polynomals to fit the N
SPasym=spl i ne(vol t, p_asym;

SPsi gs=spline(volt,signma_s);
SPsi gsa=spline(volt, sigm_sa);
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SPsi gnespl i ne(vol t, si gnma_m
SPsi gz=spline(volt,sigma_z);
SPh2=spl i ne(vol t, h2);

SPsi 15=spline(vol t, SI _falb);
SPsi 2=spl i ne(volt, SI _fa2);

SPsir=spline(volt, Sl _ne);

SPce=spline(volt, Pce);

SPre=spline(volt, Pre);

SPae=spl i ne(volt, Pae);

%eterm ne NI at val ues of acceptable error voltage

VAL pasyn¥ppval (SPasym [ Vce Vre Vae]');

VAL _sigs(1,:)=ppval (SPsigs,[Vce Vre Vae]')";

VAL_sigs(2,:)=ppval (SPsigsa,[Vce Vre Vae]')"';

VAL_si gnmeppval (SPsigm [ Vce Vre Vael');

VAL_si gz=ppval (SPsi gz, [ Vce Vre Vael');

VAL _h2=ppval (SPh2,[Vce Vre Vae]');

VAL si (1, :)=ppval (SPsi 15,[Vce Vre Vae]')';

VAL _si (2,:)=ppval (SPsi 2,[Vce Vre Vae]')"';

VAL _sir=ppval (SPsir,[Vce Vre Vael');

[ VAL _pfocal (1)] =ppval (SPce, Vce);

[ VAL _pfocal (2)] =ppval (SPre, Vre);

[ VAL _pfocal (3)] =ppval ( SPae, Vae) ;

%etermin NI val ues corresponding to suspected error bars (Error

% n extrapol ation factor).

ERR pasyn¥[ abs(ppval (SPasym Vce?2) - ppval ( SPasym Vcel))
abs( ppval (SPasym Vre2) - ppval (SPasym Vrel))
abs(ppval (SPasym Vae?2) - ppval (SPasym Vael))];

ERR si gs=[ abs(ppval ( SPsi gs, Vce2) - ppval ( SPsi gs, Vcel))
abs( ppval (SPsi gs, Vre2) - ppval (SPsi gs, Vrel))

135



abs(ppval (SPsi gs, Vae2) - ppval ( SPsi gs, Vael));
abs(ppval (SPsi gsa, Vce2) - ppval ( SPsi gsa, Vcel))
abs(ppval (SPsi gsa, Vre2) - ppval (SPsi gsa, Vrel)) ...
abs(ppval (SPsi gsa, Vae2) - ppval ( SPsi gsa, Vael))];

ERR _si gme[ abs( ppval ( SPsi gm Vce?2) - ppval ( SPsi gm Vcel))
abs( ppval (SPsi gm Vre2) - ppval (SPsi gm Vrel))
abs(ppval (SPsi gm Vae?2) - ppval (SPsi gm Vael))];

ERR si gz=[ abs( ppval (SPsi gz, Vce2) - ppval ( SPsi gz, Vcel))
abs( ppval (SPsi gz, Vre2) - ppval (SPsi gz, Vrel))
abs( ppval (SPsi gz, Vae2) - ppval ( SPsi gz, Vael))];

ERR _h2=[ abs( ppval (SPh2, Vce2) - ppval (SPh2, Vcel))
abs( ppval (SPh2, Vre2) - ppval (SPh2, Vrel)) .
abs(ppval (SPh2, Vae2) - ppval ( SPh2, Vael))];

ERR si =[ abs(ppval (SPsi 15, Vce?2) - ppval ( SPsi 15, Vcel))
abs(ppval ( SPsi 15, Vre2) - ppval ( SPsi 15, Vrel))
abs(ppval (SPsi 15, Vae2) - ppval ( SPsi 15, Vael));
abs(ppval (SPsi 2, Vce2) - ppval (SPsi 2, Vcel))
abs(ppval (SPsi 2, Vre2) - ppval (SPsi 2, Vrel))
abs(ppval (SPsi 2, Vae2) - ppval (SPsi 2, Vael))];

ERR sir=[ abs(ppval (SPsir, Vce2)-ppval (SPsir, Vcel))
abs(ppval (SPsir, Vre2)-ppval (SPsir, Vrel)) .
abs(ppval (SPsir, Vae2) - ppval (SPsir, Vael))];

ERR pf ocal =[ abs( ppval ( SPce, Vce?2) - ppval ( SPce, Vcel))
abs(ppval (SPre, Vre2) - ppval (SPre, Vrel))
abs(ppval ( SPae, Vae2) - ppval ( SPae, Vael))];

pl ot (v_pp, pc/ 1e6,"' 0-")
hol d

grid

pl ot (v_pp, pa/ 1e6, "' rx-.")
pl ot (v_pp, pr/ 1le6, ' gd--")

pl ot (v_pp, pc_lin/1le6)
plot(v_pp,pa_lin/le6,'r-.")
plot(v_pp,pr_lin/le6,'g--")

136



xlabel ("V_p_p (V')
yl abel (' Pressure at Focus (MPa)')

| egend("’ Peak Conpressional Pressure (MPa)', ...
' Aver age Peak Pressure (MPa)', ..

Peak Rarefractional Pressure (MPa)');

title(info);

9888888888088

Y%IHESI S PLOT%

9888888888088

figure(2)

clf

subpl ot (321)

sem | ogx(v_pp, p_asym'o-','LineWdth', 2,' Marker Si ze', 3)

grid

hol d

sem | ogx(v_pp, VAL_pasyn( 1) *ones(1, | ength(v_pp)), ...
‘r-','LineWdth', 2);

sem | ogx(v_pp, VAL_pasyn(2) *ones(1, | ength(v_pp)), ...

‘r-.","'LineWdth', 2);
i f pa_in==1;
sem | ogx(v_pp, VAL_pasym(3) *ones(1, | ength(v_pp)), ...
‘r--','"LineWdth', 2);
end

xlabel ("v_p_p (V')
yl abel (' Pul se Asymmetry (p_c/p_r)")

if pa_in==
| egend(' = Indicator','= p_c Threshold','= p_r Threshold', ...
"= p_a v_g Threshold');
el se
| egend(' = Indicator','= p_c Threshold','= p_r Threshold");
end
title('(a)');

subpl ot (322)

sem | ogx(v_pp,sigma_sa, ' o-','LineWdth', 2,'MarkerSi ze', 3)

grid

hol d

sem | ogx(v_pp, VAL_sigs(2,1)*ones(1,length(v_pp)), ...
‘r-','LineWdth', 2);

sem | ogx(v_pp, VAL_sigs(2, 2)*ones(1,length(v_pp)), ...

‘r-.","'LineWdth', 2);
i f pa_in==1;
sem | ogx(v_pp, VAL_sigs(2, 3)*ones(1,length(v_pp)), ...
‘r--','"LineWdth', 2);
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end

xlabel ("v_p p (V')

yl abel ('\sigma_s (FromP_a_s y n')
title('(b)");

subpl ot (323)

sem | ogx(v_pp,sigma_s,'o-',"'LineWdth', 2,' Marker Si ze', 3)

grid

hol d

sem | ogx(v_pp, VAL_sigs(1,1)*ones(1,length(v_pp)), ...
‘r-','LineWdth', 2);

sem | ogx(v_pp, VAL_sigs(1, 2)*ones(1,length(v_pp)), ...

‘r-.","'LineWdth', 2);
i f pa_in==1;
sem | ogx(v_pp, VAL_sigs(1, 3)*ones(1,length(v_pp)), ...
‘r--','"LineWdth', 2);
end

xlabel ("v_p_p (V')
yl abel ("\sigma_s (Fromp_r)")
title('(c)");

subpl ot (324)

sem | ogx(v_pp,sigma_m'o-','LineWdth', 2,' Marker Si ze', 3)

grid

hol d

sem | ogx(v_pp, VAL_sign(1)*ones(1,1ength(v_pp)), ...
‘r-','LineWdth', 2);

sem | ogx(v_pp, VAL_signm(2)*ones(1, 1 ength(v_pp)), ...

‘r-.","'LineWdth', 2);
i f pa_in==1;
sem | ogx(v_pp, VAL_si gnm(3) *ones( 1,1 ength(v_pp)), ...
‘r--','"LineWdth', 2);

end

xlabel ("v_p_p (V')
yl abel (" \'signma_nl)
title('(d)");

subpl ot ( 325)

sem | ogx(v_pp,sigma_z,'o-','LineWdth', 2,' Marker Si ze', 3)

grid

hol d

sem | ogx(v_pp, VAL_sigz(1)*ones(1,length(v_pp)), ...
‘r-','LineWdth', 2);

sem | ogx(v_pp, VAL_sigz(2)*ones(1,length(v_pp)), ...
‘r-.","'LineWdth', 2);

i f pa_in==1;

sem | ogx(v_pp, VAL_si gz(3)*ones(1,length(v_pp)), ...
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‘r--','"LineWdth', 2);
end
xlabel ("v_p_p (V')
yl abel ("\signa_z')
title('(e)');

subpl ot ( 326)
sem | ogx(v_pp, h2,"o-","'LineWdth', 2,' Marker Si ze', 3)
grid
hol d
sem | ogx(v_pp, VAL_h2(1)*ones(1,length(v_pp)),'r-','LineWdth', 2);
sem | ogx(v_pp, VAL_h2(2)*ones(1,length(v_pp)),'r-.","'LineWdth', 2);
i f pa_in==1;
sem | ogx(v_pp, VAL_h2(3)*ones( 1,1 ength(v_pp)), ...
‘r--',"'LineWdth', 2);
end
xlabel ("v_p_p (V')
ylabel ("H.I_1")
title(" (f)");

figure(3)

clf

subpl ot (321)

sem | ogx(v_pp, SI _fal5,'o-','LineWdth', 2,' Marker Si ze', 3)

grid

hol d

xlabel ("v_p_p (V')

ylabel ("SI (From 1.5\ onega_1)')

sem | ogx(v_pp, VAL_si (1, 1)*ones(1,length(v_pp)), ...
‘r-','LineWdth', 2);

sem | ogx(v_pp, VAL_si (1, 2)*ones( 1,1 ength(v_pp)), ...

‘r-.","'LineWdth', 2);
if pa_in==
sem | ogx(v_pp, VAL_si (1, 3)*ones( 1,1 ength(v_pp)), ...
‘r--',"'LineWdth', 2);
| egend(' = Indicator','= p_c Threshold','= p_r Threshold', ...
"= p_a v_g Threshold');
el se
|l egend(' = Indicator','= p_c Threshold' ,'= p_r Threshold');
end
title('(a)');

subpl ot (322)

sem | ogx(v_pp, SI _fa2,'o-',"'LineWdth', 2,' Marker Si ze', 3)
grid

hol d

xlabel ("v_p_p (V')
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yl abel (" SI (From 2\ onega_1)')

sem | ogx(v_pp, VAL_si (2,1)*ones(1,length(v_pp)), ...
‘r-','LineWdth', 2);

sem | ogx(v_pp, VAL_si (2, 2)*ones( 1,1 ength(v_pp)), ...

‘r-.","'LineWdth', 2);
i f pa_in==1;
sem | ogx(v_pp, VAL_si (2, 3)*ones( 1,1 ength(v_pp)), ...
‘r--','"LineWdth', 2);
end
title('(b)");

subpl ot (323)

sem | ogx(v_pp, Sl _nme,"o-',"'LineWdth', 2,' Marker Si ze', 3)

grid

hol d

xlabel ("v_p_p (V')

yl abel (' Rel ative SI")

sem | ogx(v_pp, VAL_sir(1)*ones(1,length(v_pp)),'r-',"'LineWdth', 2);
sem | ogx(v_pp, VAL_sir(2)*ones(1, | ength(v_pp)), ...

‘r-.","'LineWdth', 2);
i f pa_in==1;
sem | ogx(v_pp, VAL_sir(3)*ones(1, | ength(v_pp)), ...
‘r--',"'LineWdth', 2);
end
title('(c)");

subpl ot (324)

sem | ogx(v_pp, Pce, " o-',"'LineWdth', 2," Marker Si ze', 3)
hol d

grid

sem | ogx(v_pp, VAL_pfocal (1) *ones(1, 1 ength(v_pp)), ...

‘r-','LineWdth', 2)
xlabel ("v_p_p (V')
yl abel (" P_c_e')
title(' (d)");

subpl ot ( 325)

sem | ogx(v_pp, Pre,"o-',"'LineWdth', 2," Marker Si ze', 3)

hol d

grid

sem | ogx(v_pp, VAL_pfocal (2)*ones(1,1 ength(v_pp)), ...
‘r-.","'LineWdth', 2)

xlabel ("v_p_p (V')

yl abel (" P_r_e')

title('(e)');

subpl ot ( 326)
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sem | ogx(v_pp, Pae, " o-',"'LineWdth', 2,' Marker Si ze', 3)
hol d

grid
if pa_in==1
sem | ogx(v_pp, VAL_pfocal (3)*ones(1,1ength(v_pp)), ...
‘r--','LineWdth', 2)

%l ot the threshold values of N's

figure(4)

clf

bar (VAL_pasym ' c')

hol d

grid

errorbar (VAL_pasym ERR pasym"'.")

yl abel (' Pul se Asymmetry (p_c/p_r)’

text([.8 1.8 2.8],[-.2 -.2 -.2],{"
"p_a_v_g Threshol d'})

)
p_c Threshold" 'p_r Threshold' ...

figure(5)

clf

subpl ot (311)

bar (VAL_sigm'c')

hol d

grid
errorbar(VAL_sigm ERR sigm"'.")
yl abel (" \'signma_nl)

subpl ot (312)

bar (VAL_sigz(1,:),'c")

hol d

grid
errorbar(VAL_sigz, ERR sigz,'.")
yl abel ("\signa_z')

subpl ot (313)

subpl ot (121)

bar (VAL_sigs(1,:),'c")

hol d

grid

errorbar(VAL_sigs(1,:),ERR sigs(1,:),'.")
yl abel ("\signa_s')

title('p_r Based')
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text([.7 1.7 2.7],[-.2*max(VAL_sigs(1,:)) -.2*max(VAL_sigs(1,:))...

-.2*max(VAL_sigs(1,:))],{ p_c Threshold 'p_r Threshold' ...
"p_a_v_g Threshol d'})

subpl ot (122)

bar (VAL_sigs(2,:),'c")

hol d

grid

errorbar(VAL_sigs(2,:),ERR sigs(2,:),".")
yl abel ("\'signa_s')

title('p_c/p_r Based')

text([.7 1.7 2.7],[-.2*max(VAL_sigs(2,:)) -.2*max(VAL_sigs(2,:))...

-.2*max(VAL_sigs(2,:))],{ p_c Threshold 'p_r Threshold' ...
"p_a v_g Threshold'})

figure(6)

clf

bar (VAL_h2,'c")

hol d

grid

errorbar (VAL_h2, ERR h2,'.")

yl abel (' Second Harnonic Ratio')

text([.8 1.8 2.8],[-.1*max(VAL_h2) -.1*max(VAL_h2) ...
-. 1*max(VAL_h2)],{'p_c Threshold' 'p_r Threshold' ...
"p_a_v_g Threshol d'})

figure(7)

clf

subpl ot (211)

bar (VAL_si(1,:),'c")

hol d

grid

errorbar (VAL si(1,:),ERR si(1,:),".")
yl abel (' SI based on f_a')

title('f_a = 1.5f_0'")

subpl ot (212)

bar (VAL_si(2,:),'c")

hol d

grid

errorbar(VAL_si (2,:),ERR si(2,:),".")

yl abel (' SI based on f_a')

title('f_a = 2f_0'")

text([.8 1.8 2.8],[-.2*max(VAL_si(2,:)) -.2*max(VAL_si(2,:)) ..
-.2*max(VAL_si(2,:))],{ p_c Threshold" 'p_r Threshold' ...
'p_a_v_g Threshol d'})
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figure(8)

clf

bar (VAL_sir,'c')

hol d

grid

errorbar(VAL_sir,ERR sir,"'.")

yl abel (' Rel ative SI")

text([.8 1.8 2.8],[-.1*max(VAL_sir) -.1*max(VAL_sir)
-.1*max(VAL_sir)],{' p_c Threshold" 'p_r Threshold ...
"p_a_v_g Threshol d'})

figure(9)

clf

bar (VAL_pfocal,'c')

hol d

grid

errorbar (VAL_pfocal , ERR pfocal,'.")

yl abel (' Rel ati ve Focal Pressure')

text([.8 1.8 2.8],[-.1*max(VAL_sir) -.1*max(VAL_sir)
-.1*max(VAL_sir)],{' p_c Threshold" 'p_r Threshold' ...
'"p_a_v_g Threshol d'})

figure(10)

clf

pl ot (vol t,v_pp)
grid

x|l abel ("volt")
yl abel (" v_p_p')

if sv=="y'
n=i nput (' Enter filenanme to save NI data and errors: ','s');
txtfile=["Nl _data/',n,'.txt"'];
fid=fopen(txtfile,'a');

fprintf(fid,' 9%.4f\to%. 4f\t%. 4f\n', VAL _pasyn);
fprintf(fid,' 9%.4f\t%. 4f\t%. 4f\n', ERR pasyn);

fprintf(fid, %2.4f\t9%2.4f\t%R2. 4f\t9%R2. 4f\t9%R. 4f\t9%. 4f\n', ...
VAL_sigs');

fprintf(fid, %2.4f\t%2.4f\t%. 4f\t9%R2. 4f\t9%R. 4f\t9%2. 4f\n', ...
ERR sigs');

143



fprintf(fid,"'9%.4f\to%2. 4f\t%R2. 4f\n', VAL_sign);
fprintf(fid,'%.4f\t9%. 4f\t%R. 4f\n', ERR _sign);

fprintf(fid,' 9%.4f\to%2. 4f\t9%. 4f\n', VAL_sigz');
fprintf(fid,"'9%.4f\t9%. 4f\t%R. 4f\n', ERR sigz');

fprintf(fid, 9. 4f\t9R.4f\t%. 4f\n', VAL h2):
fprintf(fid, 9. 4f\t9%R.4f\t%. 4f\n', ERR h2):

fprintf(fid,"'%.4f\t%2. 4f\toR2. 4f\tOR2. 4f\t9R2. 4f\t%R2. 4f\n', ...

VAL si');
fprintf(fid, ' oR 4F\toR. 4f\toR. 4f\toR. 4f\toR. 4f\to%R. 4f\n', ...
ERR si');

fprintf(fid,' 9%.4f\to%2. 4f\t9%R.4f\n', VAL_Sir);
fprintf(fid,' 9%.4f\to%R2. 4f\t9%R.4f\n',ERR sir);

fprintf(fid,' 9. 4f\to%2. 4f\t9%R. 4f\n', VAL_pfocal);
fprintf(fid,' 9%.4f\to%2. 4f\t9%. 4f\n', ERR pfocal);

fclose(fid);
end
Subfunctions to Find Values of Some Indices
function [sigma_s, sigma_sa]=find_sigma_s(pc, pr, F_Ro, al pha, co)
%his is a MATLAB function that solves for signa_s in order to
%eval uate the nonlinearity of a signal at a given voltage setting.

%6 gnma_s is the value of sigma defined by Ostrovskii and Sutin,
%ut derived using ny eval uation.

% nput s
% pc = peak conpressional pressure at the focus.
% pr = peak rarefractional pressure at the focus.

% F Ro = F/Ro anplification factor

% al pha = hal f-angl e of transducer

% co = smal |l -signal sound speed (Determ ne fromtenperature).
%vedi um properties (Saved in this file)

% beta = nonlinear paraneter beta=(1+B/2A)

% rho_o = static density

%Qut put
% sigma_s = the cal cul ated non-linear paraneter based on the
% peak rarefractional pressure.

% sigma_sa = the cal cul ated non-1linear paraneter based on the
% asymmetric ratio.
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%****************************************************************

bet a=3. 5;
rho_o0=1000;

%ind termto nultiply the pressure
s=pi *bet a*| og(F_Ro)/ (2*(al pha*si n(al pha))*rho_o*co"2);

%-ind sigma_s based on pr and G
sigma_s=s*pr/(1-s*pr);

%-ind sigma_s based on pul se asymetry
a=pc/ pr;

sigma_sa=(a-1)/(a+l);

function [sigma_m =find _sigma_mpa,f, G z, co)

%his is a MATLAB function that solves for signa_min order to
%eval uate the nonlinearity of a signal at a given voltage setting.

% nput s
% pa = peak average pressure at the focus.

% f = center frequency of transducer.
% G = transducer gain.
% z = focal length of the transducer.

% co = smal |l -signal sound speed (Determ ned fromtenperature).
%vedi um properties (Saved in this file)

% beta = nonlinear paraneter beta=(1+B/2A)

% rho_o = static density

%Qut put

% sigma_m = the cal cul ated non-Ilinear paraneter

%****************************************************************

bet a=3. 5;
rho_o0=1000;

si gma_mrz*pa*2*pi *f*beta*(l og(Gtsqrt (G2 - 1))/sqgrt(G'2 -...
1))/ (rho_o*co"3);

function [sigma_z]=find_sigma_z(pa,f, z, co)

%his is a MATLAB function that solves for signa_z in order to
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%val uate the nonlinearity of a signal at a given voltage setting.

% nput s

% pa = peak average pressure at the focus.

% f center frequency of transducer.

% z focal length of the transducer.

% co = smal |l -signal sound speed (Determ ned fromtenperature).
%vedi um properties (Saved in this file)

% beta = nonlinear paraneter beta=(1+B/2A)

% rho_o = static density

%Qut put

% sigma_z = the cal cul ated non-Ilinear paraneter

%****************************************************************

bet a=3. 5;
rho_o0=1000;

sigma_z=z*pa*2*pi *f*beta/ (rho_o*co”3);

function [h2]=find_h2(p,dt);

%his is a MATLAB function that solves for the second harnonic
%atio in order to evaluate the nonlinearity of a signal at a
%gi ven vol tage setting.

% nput s

% p = current pressure waveformin tine.
% dt = tinme increnment of waveform

%Qut put

% h2 = the second harnonic ratio.

%****************************************************************

%&Renmove DC
p=p- mean(p) ;

%-ind the neasured spectrum
P_true=abs(fftshift(fft(p, 2048)));

M=l engt h(P_true);
Pt=P true((M2+1): M;

%-ind the frequency val ues
freq=[0: ((M2)-1)]*(1/dt)/ (M 1);

%-i nd maxi mum frequency in pul se
[ P_max1, n] =max(Pt);
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f _max1l=freq(n);

%-i nd second harnoni ¢ val ue

n2=2*n-1,

ol d_max=Pt (n2);
N=1;

pk=0;

whi | e pk==0

P=Pt ((n2-N): (n2+N));
f=freq((n2-N): (n2+N))"
[ P_max2, n2p] =max(P) ;
i f P_max2==ol d_max
pk=1;
end
ol d_max=P_max2;
N=N+1,
end

h2=P_max2/ P_max1;

function [si_15,si_2]=fa_si(p);

%his is a MATLAB function that solves for the SI based on f_a in
%order to evaluate the nonlinearity of a signal at a given voltage
Y%setting.

% nput s

% p = current pressure waveformin tine.

%Qut put

% si _15 = the spectral index with f_a of 1.5*fundanental
% Si_2 = the spectral index with f_a of 2*fundanental .

%****************************************************************

%&Renmove DC
p=p- mean(p) ;

%-i nd the neasured spectrum
P_true=abs(fftshift(fft(p, 2048)));
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M=l engt h(P_t rue);
Pt=P_true((M2+1): M;

%-i nd maxi mum frequency in pul se
[ P_max, n] =max( Pt);

Yetermne the different f_a values to be used.
N fal5=fl oor(1.5*n - 1);
N _fa2=2*n;

% ntegrate for each fa
P_fal5=Pt (N _fal5:length(Pt));
P_fa2=Pt(N_fa2:length(Pt));

nunml5=sunm( P_f al5);
nunm=sun({ P_f a2);

den=sun( Pt);
%-i nd each si

si _15=nuni5/ den;
si _2=nun®/ den;

function [si]=ny_si(p, p_l ow, Gv);

% his is a MATLAB function that solves for ny version of the SI in
%order to evaluate the nonlinearity of a signal at a given voltage
Ysetting.

% nput s

% p = current pressure waveformin tine.

% p_low = |l ow vol tage pressure waveformin tine.
% Gv = current value of the voltage gain

%Qut put

% si = ny version of the spectral index.

%****************************************************************

%-ind P lowthe | ow vol tage spectrum
P_l ow=abs(fft(p_l ow));

%-ind the neasured spectrum
P_true=abs(fft(p));

%-ind the estimted spectrum
P_est=P_| ow Gv;
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% nd the si
numesun( (P_true-P_est)."2);

den=sunm(P_true."2);
si =nuni den;

Function Used to Find Threshold Voltages

function [diff_err]=find_extrap_factor(volt_extrap, SP, p, ...
vol t, Npol ,lin_err)

%his is a MATLAB function that is used to find the naxi mum
%l | owed val ue of extrapol ati on voltage given the acceptabl e val ue
% or extrapolation error.

% nput s

% volt _extrap = current val ue of extrapolation voltage

% SP = Spline curve coefficients to determ ne pressure val ues
% at current voltage.

% p = Meausred pressure val ues

% volt = Values of extrapol ation factor at neasurenent points

% Npol = Degree of polynomal used to fit error curves.
% lin_err = acceptable value for extrapol ation error.
%Qut put

% diff _err = difference between the peak error and all owed
% error.

%****************************************************************

p_ref=ppval (SP, vol t _extrap);

for ri=1:1ength(volt)
%-i nd Current Extrapol ation Factor
Gv=volt(ri)/volt_extrap;

%-ind Current Error Val ues
Pe(ri)=100*abs(p(ri)-Gv*p_ref)/p(ri);
end

%et erm ne Coefficients of Error Polynom al
Pol e=pol yfit(volt, Pe, Npol);

%Set vol tage val ues overwhich error will be conputed

dv=volt(2)-volt(1l); %set step in voltage.
vl t=0:dv:vol t _extrap;
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%eterm ne the peak error in this range
peak_error=max(pol yval (Pole,vlt));

%eterm ne the difference in the error
diff _err = peak_error-lin_err;

Miscellaneous other Subfunctions

function [c]=Cfronml(Tc)

%SOUNDSPEED

% This is a function that cal cul ates the speed of sound based on
% tenperature.

% | NPUT:

% Tc - Tenperature of the water in degrees C

% plt - Determnes if data is to be plotted 'y'.
%  OUTPUT:

% c - Speed of sound found fromwater tenperature.

%Now cal cul ate c2 based on Tc

T=Tc/ 100;

c=1402. 7 + 488*T - 482*(T"2) + 135*(T"3);
%&Equation 5.6.8 fromKinsler with Pg = 0.

function [fpeak]=find fpeak(p,tine)

%9his is a MATLAB function that finds the |ocation of the
% r equency peak.

% nput s

% p = pressure waveform

% time = corresponding tine val ues
%Qut put

% fpeak = location of peak in Hz

%****************************************************************

Y%etermne tinme step.
dt=tinme(2)-time(l);

%et erm ne val ue for each frequency
Ps=abs(fft(p));
M=l engt h( Ps) ;

%-i nd correspondi ng freq. val ues

d_f1=[0: (M 2-1)]*2*pi /M
d f2=[(M2): (M1)]*2*pi /M- 2*pi:
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freq=d _f1*(1/dt)/(2*pi);
[mn]=max(Ps(1: M 2));

f peak=freq(n);
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