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Abstract

width characteristic of the second harmonic and gives the analytical expression of the height and width of the second

This paper proposes a calibration-free wavelength modulation spectroscopy (WMS) method based on the height-

harmonic for the spectral adsorption factor considering the Voigt line-shape function under arbitrary modulation index.
Compared with the traditional harmonic waveform fitting method, this method only requires filtering processing once and
has lower requirements for computing resources. Instead of using spectral parameters such as collisional broadening
coefficients and temperature-dependent indexes from the HITRAN 2020 database, it is theoretically more suitable for
measurements under complex gas components. A WMS measurement system is set up in the laboratory to measure the
mole fraction of CH, at room temperature. The experimental results reveal that when the mole fraction of CH, is greater

than 2. 08X 10 * under the 20 cm optical path, the relative deviation of the proposed method is less than 2% .
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Fff 5% : MATLAB L%

function main()

% Yihong Wang: wyh@seu. edu. cn

v0=6046.955; % [em—1]

M=16;

P=0.997; %[ atm]

L=20;%[cm]

T0=20.3+273; %[K]

VD=7.1623e—7*v0*sqrt( TO/M) ;

fs=2e6; %[ Hz]

fscan=100; % [Hz]

fm _v1=20e3; %[ Hz]

fc_ vl=5e3; %[ Hz]

datapoints={s/fscan;

load('10. mat) ; % Example data

load('It. mat’) ; % Example data

Alph=—log(It. /10) ;

R2f=Filter_R2f (Alph, fs,
datapoints) ;

rangel=1500:4434;

[n1]=find(R2f==max(R2{(rangel)));

range2=4434:6565;

[n2]=find(R2f==max(R2{(range2))) ;

range3=6565:10000;

[n3]=find(R2f==max(R2f(range3)) ) ;

load WaveScan. mat’ Laser scanning wavelength

fm vl, fc_vl,

from experimental measurements
0.150126351475082; % [cm—1]
Modulation depth from experimental measurements

am—

Sam=1: datapoints/2; vv_saml=linspace
(WaveScan (rangel (1) ) , WaveScan (rangel (end) ) ,
1e6);

R2f_rangel _interp=interpl (WaveScan (rangel) ,
R2f(rangel),vv_saml, spline’) ;

nl_interp=find (max (R2f_rangel interp) ==
R2f_rangel _interp) ;v1_interp=vv_sam1(nl _interp) ;

vv_sam2=linspace (WaveScan (range2 (1) ) ,
WaveScan(range2(end) ), 1e6);

R2{_range2_interp=interpl (WaveScan (range2) ,
R2f(range2),vv_sam2,'spline’) ;

vv_sam3=linspace (WaveScan (range3 (1) ) ,
WaveScan(range3(end)), 1e6);

R2f_range3_interp=interpl (WaveScan (range3) ,
R2f(range3),vv_sam3, spline’) ;

n3_interp=find (max (R2f_range3_ interp) ==
R2{_range3 _interp) ;

v3_interp=vv_sam3 (n3_interp) ; Peak_R2{=max
(R2f_range2 interp) ; Wide R2f{=abs (v3_interp—
v1_interp);

[ VC _Tteration, VV,m,cl,cg]=Find_Vc_Iteration
(VD,am,Wide R2f);

A=A _Peak(Peak R2f,cl,cg,m,VV);

X _Experiment=X1 (A, TO, P, L) ;% Volume
fraction

end

function A=A _Peak(Peak_R2f,cl,cg,m,VV)

A=abs (VV*Peak_R2[/2/(cl/pi* (4/m-2—2%
(24+m-2)*(14+m~2)-0.5/m~2/(1+m"2) ) +cg*(log
(2)/pi) ~0.5% ( —log (2)/2*hypergeom (3/2, 3, —log
(2)*m~2))))*2;

end

function [VC _Iteration, VV, m, cl, cg] =
Find Ve Iteration(VD,am, Wide R2{)

VC _set=linspace(0. 1,0.2,1ed);

error_iteration=/ ];

for i=1:length(VC _set)

VC=VC _set(i);d=(VC—VD)./(VC+VD);

cl=0.6818817+0.6129331. *d—0. 1838439. *d~
2—0.1156844.*d"3;

cg=0.3246017—0.6182531. *d+0. 1768139. *d~
2+0.1210944. *d~3;

VV=0.5346.*VC+sqrt (0.2166.*VC."2+VD."2) ;
m=2*am/VV ;lambda=cg/cl;

Wide R2f iteration=wide normalized (lambda,
m)*VV/2;

error_i—abs ( (Wide R2f iteration— Wide R2f)/
Wide R2f);

error_iteration=/_ error_iteration;error _i];

end

loc=find (min (error iteration) ==error_
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iteration) ;

VC Tteration=VC set(loc) ; VC=VC Iteration;
d=(VC—VD)./(VC+VD);

cl=0.6818817+0.6129331. *d—0. 1838439. *d~
2—0.1156844.*d"3;

cg=0.3246017—0.6182531. *d+0. 1768139. *d~
2+0.1210944. *d~3;

VV=0.5346.*VC+sqrt (0.2166.*VC."2+VD."2) ;
m=2*am/VV;

end

function wide=wide _normalized(x,y)

pl=1.9661941793798; p2 =
0.390933339589763;p3=3. 09399675813425;

p4=0.388999537920124; po=
0.806546476463152;p6=—0.289132222143983;
p7=—1.77551320269232; pS8=

0.0176710962825078;p9=1. 04151061418904 ;

wide= (pl+p3*x+p5*y+p7*x - 2+p9*y -2+
pll¥x*y) /(14 p2*x—+pd*y+p6*x-2-+p8*y-2-+
plO*x*y);

end

function Rnf= Filter R2{ (10, fs, fm, fc,
datapoints)

[0=repmat(10,3,1) ;n_bg = length(10);

t=(1:n_bg ) "/fs; N=7999; x=1: N; wc=2%fc/
fs;

filter=sin (wc*pi* (x— (N+1)/2) ). /(pi* (x—
(N+1)/2));filter((N+1)/2)=wc;

wbl=0.42—0.5*%cos  (2*pi*x/N)  +0.08*cos
(4#pi*x/N); filter=(filter. *wbl)';

Rx = conv2 (I0. *cos (2*pi*2*fm*t) , filter,
'same’) ;

Ry = conv2 (I0. *sin (2*pi*2*fm*t) , filter,
'same’) ;

Rnf=sqrt (Rx (datapoints—+ 1: 2*datapoints). ~2-+
Ry(datapoints+1:2*datapoints). “2) ;

end

function X _Experiment=X1 (A, Temperature,
P,L)

v1=6046.942520; S1=2. 48E+19*7. 87T7TE—22;
E1=62.87580; % from Hitran2020

v2=6046.951620; S2=2. 48E+19%*9. 277E—22;
E2=62.87680;

v3=6046.963576; S3=2. 48E+19*1. 455E—21;
E3=62. 87820;

T0=296; ¢c=2.99792485E+10; k=1. 38062E—
23;h=6.6262E—34;

[Q_sum,QO0_sum]=Q_SUM(Temperature) ;

ST1=S1. *QO_sum. /Q _sum. *  (TO./
Temperature). *exp ( —h. *c. *El./k. * (1/
Temperature—1/T0) ). * (1—exp ( —h. *c. *v1./k./
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Temperature) ). /((1—exp(—h. *c. *v1. /k. /T0)));

ST2=S2. *QO _sum. /Q _sum. s (TO./
Temperature). *exp ( —h. *c. *E2./k. * (1/
Temperature—1/T0) ). * (1—exp ( —h. *c. *v2. /k./
Temperature) ). /((1—exp(—h. *c. *v2. /k. /T0)));

ST3=S3. *QO0 _sum. /Q _sum. * (TO./
Temperature). *exp ( —h. *c. *E3./k. * (1/
Temperature—1/T0) ). * (1—exp ( —h. *c. *v3. /k./
Temperature) ). /((1—exp(—h. *c. *v3. /k. /T0)));

S_T _Experiment=ST1+ST2+ST3;

X _Experiment=A/P/L./S_T _Experiment;

end

function [Q sum, QO sum] =Q SUM (T)% -
12CH 4

if T>=708.8.T<<=500

a=——0.26479E2;b=0. 11557E1;¢=0. 26831E—
2;d=0.15117E—5;

elseif T>=5008.&.T< =1500

a=—1;b=0;¢=0;d=0;

elseif T>>=15008.&.T< =3005

a=——1;b=0;c=0;d=0;

end

Q _sum=a-+b.*T+c.*T.2+d. *T. ~3;

a=——0.26479E2;b=0. 11557E1;¢c=0. 26831E—
2;d=0. 15117E—5;

QO _sum=a-+b. ¥*296+c. *296. ~2+d. ¥*296"3;

end
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