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Gas Concentration Measurement Method Based on Fixed Wavelength
Modulation Spectroscopy
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Abstract  Although fixed wavelength modulation spectroscopy has the advantage of high temporal resolution, a
large measurement error of gas concentration appears with the wavenumber drift of the laser emission center. A gas
concentration measurement method based on fixed wavelength modulation spectroscopy was proposed in this paper
to eliminate the influence of wavenumber drift on concentration measurement. A reference optical path with a closed
gas cell was introduced, and the wavenumber offset of the laser emission center was calculated according to the
harmonic height. A cyclic iterative algorithm was adopted, and the gas concentration to be measured was calculated
through inversion. A measurement system based on fixed wavelength modulation spectroscopy was built. The
working temperature of the laser was adjusted to simulate wavenumber drift. The absorption line of CH, molecules
near 6046.955 cm™ ' was selected to carry out concentration measurement experiments. The results show that the
maximum relative error of concentration measurement is reduced from 90.510% to 5.204%. Errors smaller than
70.000% can be controlled within 2. 000% after correction. This means that the proposed method can accurately
calculate the wavenumber offset, improve the measurement accuracy of gas concentration, and thereby provide
technical support for fast field inversion by fixed modulation spectroscopy.
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Fig. 1 Schematic of gas concentration measurement equipment
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Fig. 2 Experimental flow chart
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Table 1 Parameter setting of two optical paths

T Cell length Gas molar  Cell temperature
e

P [ /em fraction C /% T /K
Reference path 44.5 1. 66 291.1

Measuring path 20.0 0.98 291.6

RSO HIZ 5 56 1) 18 5 B R TS K i 7%
o I PRUEDR AL T A MERR I L X e i i
KNS EGHAT T . RIS e B S F 2
FEAAI Wi B2 2 80 O g il RE VR B O R
SRS PRI EE oL O IR P DO 2k
BHZE MK EMN T UAS B E AE. A
BEHOCHHI R A2 A AR AL L IR BR T30t D
Bl A% X — R SR BOCRE S RS A5/ 5 B

2330001-4



% 41 % £ 23 H1/2021 £ 12 B/HFFIR

HIREE @ A AERIZAEAL . FEPCR IR B
PO RO 58 2 4[R]3 1 0 SRR R R @
PR WU B SR O G RN O G BE AR Ak o
ARICHE S 25 G B 0 PR ) TR BEE o 038 S 016 5 114 512
BRI T

FARIRIL o BERS R AL QP 3 Frzs. wl i,
PTIHREE 0~1.5 s NESIUR. 1.5 s B HE
TR DRI R TR AN RE T A O B o SN
Wo W TIREE A SN R A (5 S A —E/
BEALYE. D94 il KT RE L K 2 iU A A5 5 AT BB O
EMRLEIS HZ SRR . B 4 NBOGHRIR
FAAEERS R OL T S5O0 02 O . 1] UL . s
W (A B AR 7E 0~1. 5 s POGIRIRE R 3h 7
FEEI . 1.5 s IRt TP A SIRHIRE o 1
A RN S G W (R e ]
[ A, W Wil 9 o7 B AR R AR AR A . O TR BREOL
D A A TR e JBE ) 52 SR R 508 ik Ak

FEYESR AR 3 A A A3 D AR
UGB, WL (2) 2,
e (;5 > original @

—— filtered a

~ 01528 4 &
g
8

S0.1524

0.1520

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time /s

P 3 IR B ] A2 1k

Fig. 3 Variation of modulation depth over time

M hxf‘lw\}\\.“/ (WM\ W(\\

v b

.3 0.4 0.5
Time /s

1.2

o

Amplitude /V
=R

o a‘ﬂbo'co

i \H‘
‘} ‘M‘ “ “ \“H‘i
\ H “ I ‘ \ ‘ “

oo AR “P LU LG

0.8

Amplitude /V

0 05 10 15 20 25 30 35
Time /s

B4 B E DR
Fig. 4 Transmitted light intensity of reference optical path

S5 G R R S O LA B B S
HC RN 5 B s vl L » U e B2 5 R I A
X RR . HPERE RN 0 cm ' L AD
WOLAS O CHR S TR, 4 b0 T B I G I

R o () R AR B 0 I v B A I R ik
SRR R AR 2E B R 0 BE AL 4 T
SN S U R P RN . AR AT B RS B I
AR TAE SRS ik 8129 0. 102 em ™' B 33
VB R MR BR A O P e B S VAR 25 K N
1oo/ SEEH SRS EE A, I I Y
VAR 0, D0 D B AS T 0 ik B — RS D 11, 4%
F*Eiﬂc'(fi) (DRI EBE RS Av,

0.12 F

o

=3

D
T

Harmonic height
o o
= I
& =3

0 002 004 006 008 0.10
Wavenumber offset /cm™!

5 S OGRS PR e (X O R
Fig. 5 Corresponding relations between harmonic height
and wavenumber offset of reference optical path

S I B R A 1R 22 B R T R
A PR R S S B (R B P Y
CH, AR ETEAE I F S A S 25 2R SR 22 10 18] 6
s . TR L A0 2R 20O g G O EORGEE
X e B T 5t 28 48 52 W) SO AR I BUE B RR 2
AU B E fe AL (R p B 220D (4 49 o i) e 2
0. 093 %, 582 3k 90. 510 %4, ILE 0GR 6
L PREEL AL AR AZ Y 0. 095 em L ANIET 7
Bz s i B IE R R B R SR O 1. 03104 . 5k 2
BEARF 5. 204 %, XFT 1 s J5 80T sh /iy B
DI A IE 5 AR B AR AS R TP A8 7R/ N TS
B AN [) K0 A% BN 4B LB RIS A O 22 R AT X
e, e 8 s . MBS R TE 0~0. 06 cm ' JEHIA
I AEIERCR B B IE R ZE A 1. 000045 B
e it 18 O, 8 1E D% 22 3 W 1 R (B X TAE 0~
0.083 cm ' JEH N BIHOCEBURRS  EAUR % A
0~70. 00025 MR ZEMBIELE 2. 00000 AN L ik sk
B2 SRR AT VR REAT BOH BR OGO BRSNS
AR BE ST Y S T RS PR

5 4 ik

Shy T B3 U AL o N £ 2R R AR R S ), AR S
P T PP T Fixed-WMS H5 A 195 (e i )

2330001-5



@ < 104
L5 52100
S5 096
= £ .95 N
2 L2 025510 15 20 25 30~35
g O _ Time /s
t; 0.9 \I ‘n!.“”' I /" R i Y SOOI
£ T Y
=] [T Vi -
506 W i
3 AT i
= Y N
¢\ v 1
0.3 3 : —— revised
§
:
0

0P 05 10 15 20 25 30 35
Time /s

6 WS IR AL,

(®) 100
26
) e
80} i z N
i 22
o ) s
g ol & 1
g nnog 0P 05 /L0 15 20 25 30 3b
= l!.l:i A Time /s
g 40!y iy /= original
Fe : TN ——revised
N (A
2011 t| i ‘| A ..
! \i.‘.i o A D T Arbhutiatided
o ALY A
L 1 L

%41 % £ 23H1/2021 &£ 12 B/RFFR

0P 05 1.0 15 2.0 2.5 3.0 3.5
Time /s

. (2) EIERTJE FARHE s (DB IERTE YR 22

Fig. 6 Concentration inversion and residuals. (a) Gas concentration before and after correction;

(b) residuals before and after correction

Wavenumber offset /cm™!
(=}
(=]
(=2}

0P 05 1.0 1.5 2.0 2.5 3.0 3.5
Time /s

P 7 ot o O AR A2

Fig. 7 Wavenumber offset of laser emission center

100 F— discrete error without correction E 10
a | fitting error without correction 8
S P . .
80 | discrete error with correction & 18 éo
g fitting error with correction s P
= ¢
g -~~~ =-~-~----- -4 g
= 60 16 &
5 =
et S}
-] 3}
e 40 + 14 5
=
: SN
¥ 2L et
= ; -2 §
= el =
€3]
0f N .10

0 0.02 0.04 0.06 0.08 0.10
Wavenumber offset /cm™!

P8 AT i B i T A& TE IS AR 22 X0 L
Fig. 8 Error comparison before and after correction at

different offsets

Tk . 0B — A B SO SR 52
IO i ) D K Ml A% o2 5 88 P90 B 25 AR5 12
SEP R AR B R A R . $E T CH, %
JEM B R G IR A R AL RSO 5 I OB Y
JCHRAR - o LB ] T4 R 375 S B AT i i I8 80
P BYZAEA » IRFE RIS R A% 1 AR LG AR 5
I JE L 3 BT B I H S Y MR B R 2% L B iR 1
$E 7 AT LU A Bl A% 2 SRR B S i o
FRISEI o

SR PN B2 40 D' 5 A7 5 EAT A 3L Aol A 1 7
FIAYIEPA 32 RAR WG9 T PR 75 T 40 52

Wi, SRS S5 WA T LA L, B4R A AR B
PRI 5 S BT RO LR I S 8 AU L Y
R . AT k25 T Fixed-WMS 4
AREPAES LT T M IR B RO LS O L 2
RO IR TE TR . Fixed-WMS 4
AR R IR 18] 73 B A A0 1 J5 S U IR 3 R L
bR T BRI 1A T A S SO

5 £ X
[1] Sun K, Chao X, Sur R, et al.

modulation diode laser absorption spectroscopy for

Wavelength

high-pressure gas sensing [J]. Applied Physics B,
2013, 110(4): 497-508.

[2] Zhang ZR, Pang T, Sun P S, et al. Measurement of
carbon isotope of methane and analysis of its genesis
type using laser absorption spectroscopy[J]. Chinese
Journal of Lasers, 2019, 46(12): 1211001.
skARZR, JEVE, PMISID, 4. JETHOGRBOLE R R
1) PR o e [ 437 280 £ R LR PRI 26 28 43 A (0. o i
3%, 2019, 46(12): 1211001.

[3] Bolshov M A, Kuritsyn Y A, Romanovskii Y V.
Tunable diode laser spectroscopy as a technique for
combustion diagnostics[J]. Spectrochimica Acta Part
B: Atomic Spectroscopy, 2015, 106: 45-66.

(4] Jiang J, Ma G M, Song H T, et al. Highly sensitive
detection of methane based on tunable diode laser
absorption spectrum [C]//2016 IEEE International

Technology
Conference Proceedings, May 23-26, 2016, Taipei,
Taiwan, China. New York: IEEE Press, 2016: 1-5.

(5] QuDS, Hong Y], Wang G Y, et al. Study on mass

flux measurement methods of gas based on scanning

Instrumentation and Measurement

wavelength modulation spectroscopy [J]. Chinese
Journal of Lasers, 2016, 43(9): 0904006.

JEZR M, BEREMR, )T, AF. SR TR EEOR DS
TEM SR BB AR L.t E O,

2330001-6



(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

HRIEX
2016, 43(9): 0904006.
Johnstone W, Bain J R P,

Recovery of absolute gas absorption line shapes using

Stewart G, et al.
tunable diode laser spectroscopy with wavelength
modulation: part I: theoretical analysis[]J]. Journal
of Lightwave Technology, 2011, 29(6): 811-821.
Zeng X B, Wang H X, Wang Z M, et al. Methane
detection system performance improvement based on
sawtooth modulation half-wave scanning technology
[J]. Infrared and Laser Engineering, 2017, 46(8):
0817003.

WMAESY, L, FRR, % dR i
BRSSP eks N R e ny e RE sk gt L] . LLAM 50T
&, 2017, 46(8): 0817003.

Zhang Y Q, Wang F, Cui H B. Temperature
fixed-

wavelength absorption spectroscopy technique []].

measurement of carbon dioxide using
Laser & Optoelectronics Progress, 2019, 56 (19):
193001.

TRHESL, T, R BT RS EAOE O L IE
R CO, BN & [J]. A5 bE F2HEE,
2019, 56(19): 193001.

Baer D' S, Nagali V, Furlong E R, et al. Scanned-
and fixed-wavelength absorption diagnostics for
combustion measurements using multiplexed diode
lasers[J]. AIAA Journal, 1996, 34(3): 489-493.
Pokrowsky P, Whittaker E A, Bjorklund G C.
Determination of offset between a fixed wavelength
absorption line wusing frequency
L1
Communications, 1983, 45(3): 196-200.
Liu HF, Li B, He Q X, et al. Development of a

digital orthogonal lock-in amplifier and its application

laser and an

modulation spectroscopy Optics

in methane detection [J]. Acta Photonica Sinica,
2016, 45(4): 0423004.

XUEDT, M, R Rk, 4. By IS B OR A8 Y
AR B AR R ek e g i T L. 67244, 2016,
45(4): 0423004.

Tang Q X, Zhang Y J, Chen D, et al. Research on
wavelength shift correction algorithm for tunable
Spectroscopy and
Spectral Analysis, 2018, 38(11): 3328-3333.
LR, KEH, AR, . WIEEOCRIUEE A
TAEES LM T ], 6k 5061k 4 #r, 2018,
38(11): 3328-3333.

Zhu Y K, Zhou B, Wang Y H, et al. Research on

calibration-free fixed-point wavelength modulation

laser absorption spectrum [ ] ].

spectroscopy based on wavenumber drift-correction
algorithm [ J]. Acta Optica Sinica, 2019, 39 (8):
0830001.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

2330001-7

5 413 523 H3/2021 £ 12 A/RF2E
BUMBh, e, 40, . ST HBIERE R
BB b A [ s ORI [T] . Sb2r2A i, 2019,
39(8): 0830001.
Wei Y B. Research on key technologies of optical
fiber gas sensor and its application in safety
engineering[D]. Jinan: Shandong University, 2016.
BlERE. LSRG RS B L2 & TR P iy 56
BERORBESE[D] . TFR: IR, 2016.
Gao G Z, Chen B X, Hu B, et al. Sensitive detection
of CO based on tunable multi-mode
LJ
Optoelectronics - Laser, 2014, 25(4): 718-723.
FOLE, BRI, WAk, 55 BT 2 REORIOLIE
19 CO MR BE Ry A BUE I & [T]. SE - B0k, 2014,
25(4): 718-723.
Zhao Y J, Wang C, Liu T Y, et al. Application in

methane extraction of fiber methane monitoring

diode laser

absorption  spectroscopy Journal  of

system based on spectral absorption [ J ].
Spectroscopy and Spectral Analysis, 2010, 30(10):
2857-2860.

BHEA, £, XIRE, F. FETIEERBELH
B R G e U R rh g R (0] 6 2% 5O
281, 2010, 30(10): 2857-2860.

Lin J L. Research on spectral line profile and line
width of high-resolution ( saturation ) molecular
Wuhan: Wuhan

and Mathematics, Chinese

spectra and its application [ D].
Institute of Physics
Academy of Sciences, 2001.

MG . 53 HRURD 3 F LS T 2 2k Y 4R 58 B
BRI D] . &3 b ER R O 35 50
WF5ERR, 2001.

Reid J,
tunable diode lasers: comparison of experiment and
theory[J]. Applied Physics B, 1981, 26 (3): 203-
210.

XuZ Y. Research on temperature measurement and

Labrie D. Second-harmonic detection with

2D distribution for tansient combustion process by
infrared absorption spectroscopy [D]. Hefei: Hefei
Institutes of Physical Science, Chinese Academy of
Sciences, 2012.

VFRT:. BRSNS R AN IR E I 5
HE LS (D], A hERER A I FR
MR, 2012.

Cong M L, Sun D D, Wang Y D. Application of
logarithmic ~ transformed-wavelength ~ modulation
spectroscopy in gas detection[]J]. Infrared and Laser
Engineering, 2017, 46(2): 0223001.

ST, INFHE, T—T . SRR e — I 0 s
FEA AN g BT L] 2080 5 OE TR, 2017,
46(2): 0223001.



