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Research on high-precision gas concentration inversion based on

adaptive infrared multi-band joint spectral analysis

WANG Guan-cheng'***, ZHAO Bai-xuan'**, ZHENG Kai-feng'**, CHEN Yu-peng'**, ZHAO Ying-ze'**,
QIN Yu-xin"**, WANG Wei-biao'**, LIU Guo-hao'***, SHENG Kai-yang'***,
LV Jin-guang'**, LIANG Jing-qiu'**
(1. Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of
Sciences, Changchun Jilin 130033, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China;
3. State Key Laboratory of Applied Optics, Changchun, Jilin 130033, China;
4. Key Laboratory of Advanced Manufacturing for Optical Systems, Chinese Academy of
Sciences, Changchun, Jilin 130033, China)

Abstract: Objective: Fourier transform spectroscopy (FTS) is an effective method for gas composition ana-
lysis and accurate measurement of concentration. However, in the process of analysis, the saturated absorp-
tion and weak absorption of the measured gas make the transmittance of some bands deviate from the stable
range, which leads to the decrease of spectral signal-to-noise ratio and the nonlinear response of the instru-
ment, and reduces the accuracy of concentration inversion. Method: In this paper, an adaptive multi-band
joint concentration inversion algorithm is proposed, which combines the transmittance stable range and the
spectral width threshold to adaptively select the effective band of the measured gas. The nonlinear least
squares fitting method is used to invert the concentration of each effective band and the residual analysis is
carried out to obtain the concentration inversion results and their weights of each effective band. The accur-
ate quantitative analysis of the measured gas is realized by weighted average. Result: : The algorithm verific-
ation experiment is designed and carried out; the results show that the stability coefficient of the adaptive
multi-band joint concentration inversion algorithm is 0.9976. Compared with the traditional single-band and
multi-band concentration inversion algorithms, the root mean square error of the inversion results is reduced
by 64.44% and 41.52%, the mean relative error is reduced by 65.97% and 46.72%, and the mean absolute er-
ror is reduced by 66.32% and 47.74% respectively, Conclusion: the inversion accuracy and stability are sig-

nificantly improved.
Key words: effective band selection; residual analysis; weight average; adaptive multi-band joint concentra-

tion inversion
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Fig. 1 Flow chart of adaptive multi-band joint concentra-

tion inversion algorithm
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Fig.4 (1) to (10) are the measured and theoretical transmittance spectra of 10 concentrations of N,O gas, where a to b, ¢ to d

and e to f are the measured effective band ranges

R1 10 MIRE N0 SERMEMNEHKRR SERAYRERRERED T

Tab.1 The measured effective band and theoretical effective band of 10 concentrations of N,O gas and their error

analysis

Wz SENA R BE(em™) FHEA RO B (em™) 2

2.8% 2144~2176, 2519~2600 2141~2173, 2520~2 600 <4cm’
3.0% 2144~2176, 2518~2 600 2141~2173, 2520~2 600 <4cm’
3.2% 2143~2176,2518~2600 2141~2173,2520~2 600 <4cm’
3.4% 2144~2176, 2518~2 600 2142~2174, 2520~2600 <4cm’
3.6% 2143~2176,2519~2600 2142~2175,2519~2600 <4cm’
3.8% 2144~2176, 2519~2600 2142~2174,2519~2600 <4cm’
4.0% 2144~2176, 2519~2600 2144~2176,2519~2600 <4cm’
4.2% 2144~2176, 2519~2600 2144~2176,2519~2600 <4cm’
4.4% 2144~2176,2430~2491, 2519~2 600 2144~2176,2430~2492,2519~2 600 <4cm’
4.6% 2144~2176,2430~2491, 2519~2 600 2144~2176,2430~2492,2519~2 600 <4cm’

42 BENZKEHKERERELNER

MRS R 1 AR Bk B A IR, 44% 5
4.6% W& E NLO SR S A 500 B A~k 3, H:
B 8 F vk B (2.8%~4.2%, Wk JE [ B% 4 0.2% ) N,O
SR R BN ECh 20 PR 2.8% LUK
4.4% YR FE 1) NLO SURAE AR AU, 235078
HA RO Bt AT AR etk e /N SR LA LA B ik 2%
I3HT

P 5 SR 2.8% W B R NLO S HAT 350k B
(R ETEADL B 25 R S AR 25 3T

6 AR, TEA R B 2144~2176 cm™ 5
2519~2600 cm™ HYFE ST BBk BE S T 45 R 43 i

H 2.83% 5 2.72%, 5% 25 F- 75 Mo i h 0.062 5
0.126, #E 17 7] LATHE AL E R %0500 0.67 5
0.33, F HACA B [ 38 N 22 U Bk Ak B i it 58
B AT ASRAS VR B R 45 -l 2.794%

6 BT R 4.4% WeBEIY NL,O SURTEH AR
BB 1 i S HAR 22 00

i & 6 AT, 754 R0 Bt 2144~2176 cm™
2430~2491 cm™ DA & 2519~2600 cm™ it 1% 45 24
e Bk B B 8 45 2% 53 0 N 4.43%. 4.37% LA K
4.48%, FUEE R E05 54 041, 0.39 LUK 0.20, #f
HACA S [ 35 N 220 B e B R 3 By rpaT LA
AFURE SHEE RN 4.416%.



% x # EIRAE, S5 kT E G M LA 2 BB A G T o M ) vEohs B AR S T AT 9
mw R ¥JJriRiR7E RMSE, “F-E4E%} %% MRE LA
50 — Fiting specrum T A5 %2 MRE X 4% 1 FE S 050 oA 47
£ 05 o MTTE 10 FhEE N,O 8944 R0k B AT
£ 03 TG BB B, AR AR S Oy 22,

~ Olr , , , ) LW 22 B G R B S R S AL e 2 Bk
5 0.023F E S ; N RPN
T el HE RO A RE S O 10,
2 2144 2152 2160 2168 2176
Wavenumber/cm™ M
@ ° 0.9 —Measured spectrum ]
0.9 § 0.7 —Fitting spectrum
g 07 £ 05
8 g
£ 05 = 03
[‘_;:3 03} —Measured spectrum E 0 002'2 . . .
01l —Fitting spectrum S 0003 %
: : 2 —0.020¢L ‘

0.023 ' ' 3
0 \/\/\W/\/\/\/\/\N
2528 2544 2560 2576 2592

Wavenumber/cm™
5 (1)2.8% e N,O SARAEA R B 2144~2176 cm™
FRICTEAUL 5 45 SR SR 22 73417 (2)2.8% YR IE N,O <
TRAEA B BE 2519~2600 em ! BG4 45 5 K
Fig. 5 (1) The spectral fitting results and residual distribu-
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tion of N,O gas with concentration of 2.8% in the
effective band of 2144 to 2176 cm™. (2) The spec-
tral fitting results and residual distribution of N,O
gas with concentration of 2.8% in the effective band
0f2519t0 2600 cm™
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Fig. 6 (1) The spectral fitting results and residual distribu-
tion of N,O gas with concentration of 4.4% in the
effective band of 2144 to 2176 cm™. (2) The spec-
tral fitting results and residual distribution of N,O
gas with concentration of 4.4% in the effective band
of 2430 to 2491 cm™. (3) The spectral fitting res-
ults and residual distribution of N,O gas with con-
centration of 4.4% in the effective band of 2519 to
2600 cm™
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Tab.2 Traditional single-band, multi-band, and adapt-

ive multi-band joint concentration inversion

results
38 N 20 BEER A
Ol RSN B E AR 2 BRI ESRI TS
- RIEARC, RESER C -
H, ¢
= ) —
2.8% g‘ésg‘;‘ 2.775% Z‘fg'gg 2.794%
2= 4. (] 2=V,
= [ =
3.0% g‘é'?g;‘ 3.030% Z‘fg'g 2.968%
2=J. (] 2=VU.
= ) =
3.2% ?7;;2;‘ 3.250% Z‘fg'?g 3.180%
2=J. (] 2=V,
= ) =
3.4% ?7;;2;‘ 3.305% Z‘fg'?g 3.339%
2=J. (] 2=V,
= [ =
3.6% 2‘72'2%‘ 3.570% Z‘fg'?? 3.616%
2=J. (] 2=V,
= [ =
3.8% g]—gg;; 3.860% Z‘fg'g 3.843%
2=J. (] 2=VU.
= [ =
4.0% g‘f;'gg;‘ 3.955% Z‘fg'gé 4.016%
2=J. (] 2=V,
C=4.17% H,=0.87
0, 0, 0,
4.2% Cot31% 4.240% H—013 +188%
C=4.43% H=0.41
4.4% C=4.37% 4.427% H:=039  4.416%
C=4.48% Hy=0.20
C?=4.61% H?=O.73
4.6% C,=4.55% 4.560% H=0.18  4.591%
C=4.52% Hy=0.09

* Traditional single-band concentrai on inversion
0.24 | @ Adaptive multi-band joint concentration in version
’ 4 Traditional multi-band joint concentration in version
*
0.12 * «
ol_x 4 4 s &
} 4 ° A
x X

* > X

*
¥
*

Error/%
£ 2 3

]
*
*

* b oKk
* > ek

-0.12
-0.24

2.6 2.83.0323436384042444648
Gasconcentration/%

K7 Lo Be 5 20 B M N 2 BB VR B2
S AE AL T HSL L iR 22 20 A1
Fig. 7 The error distribution of the traditional single-band,

multi-band, and adaptive multi-band joint concen-
tration inversion results compared with the real val-

ues

% 3 A HL, IR N 22 I B TR I T A
ERFAE RZB R IAE] T 0.9976, BLIAASCHE Y
AR HARRREN, METEEREBR S 2
W BEMR B I AL, A S N 22 U B TR I T
BELH) RMSE 43 5B#K T 64.44%., 41.52%, MAE
Iy BIEAR T 66.32%. 47.74%, MRE 43 %Il A% 1
65.97%. 46.72%, Ut ASCHE 1 580k B B Ar
1) S TEORG 5

R T A Y E A Y 22 BRI vk B R T
BRI IE P, X 2.0%~2.6% L K 4.8%~5.8% He

JE ) N,O SARIEAT 38 1 220 BB A Tk B I 35,
PG5 R 55 2 v 2.8%~4.6% W N,O S AR
F 38 1 22 I BEIE A vk B R T 24 SRR A 5 X6 E A0 AT
w8 iR

R3 RGEREKRSSREREREURBENS KR

BRERERREEITNER
Tab.3 The evaluation results of traditional single-
band, multi-band, and adaptive multi-band

joint concentration inversion algorithm

(=87 S R RMSE MAE MRE

1858 B B v B I 22 0.9820 0.0796 0.0686 0.0191
R ZWBIREGREERE 10 0.9928 0.0484 0.0442 0.0122
FLE N 2 P BUR AR BE S 10 09976 0.0283 00231 0.0065

-o-Experimental results of 2.8% to 4.6%
concentration(interval 0.2%) of N,O

o Experimental results of 2.0% to 2.6%

Multiband joint concentraion inversion

22263034384246505458
Real results/%

P8 I I 2 e Bk G vk B S i 25 R oA ith 2k
Fig. 8 Distribution curve of adaptive multi-band joint con-

centration inversion results

i 3 A e BB 2.0%~2.6% Fl 4.8%~5.8%
W NLO 11 [ 38 N 22 % Br Ik B vk R 25 R S
10 Ak E (2.8%~4.6% ) N,O A S T8 45 R (1 AH G
SREEHATIN, 03k 4 K.

Fz 4 TEHRE N,O HIHEERHK
Tab.4 The correlation coefficients of different concen-
trations of N,O

W (EBS S
2.0% 0.999177
2.2% 0.999 622
2.4% 0.999286
2.6% 0.999139
4.8% 0.999201
5.0% 0.999 148
5.2% 0.999172
5.4% 0.999379
5.6% 0.999485
5.8% 0.999521
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Tab.5 The evaluation results of adaptive multi-band

joint concentration inversion algorithm of CO

and SO,
AR e BRI B R RMSE  MAE MRE
SO, 1%~10%\1%  0.9652  0.0393 0.0237 0.0172
CO  0.1%~1%\00.1% 09943 0.0205 0.0147 0.0065

Hi 2% 5 LAl fEXT CO HEAT B 3 N 22 ik Bk
A B RO R, SRR E R R 0.9943, 1
F S0, ) 0.9652; RMSE., MAE L & MRE 45 %)
4 0.0205. 0.0147 L& 0.0065, /T SO, SAKHY
0.0393,0.0237 L} 0.0172,
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