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Our recently proposed three-step method showed the promising potential to improve the accuracy of relative wave-
length response (RWR) characterization in the wavelength-modulation spectroscopy (WMS) over the commonly used sum-
mation method. A detailed comparison of the three-step method and the summation method, for the wavelength-scanned
WMS gas-sensing, was performed with different laser parameters (modulation indexes and scan indexes) and gas proper-
ties (pressures and concentrations). Simulation results show that the accuracy of the predicted gas parameters is strongly
limited by the RWR characterization with large modulation index and high gas pressure conditions. Both fitting residuals
of RWR and errors of predicted gas parameters from the recently proposed three-step method are nearly 2 orders of magni-
tude smaller than those from the summation method. In addition, the three-step method is further improved by introducing
a coupling term for the 29 harmonic amplitude. Experiments with CO, absorption transition at 6976.2026 cm™! were
conducted and validated the simulation analysis. The modified-three-step method presents an improved accuracy in RWR
description with at least 5% smaller fitting residual for all conditions compared with the three-step method, although the
deviation of the deduced CO, concentrations between these two methods does not exceed 0.2%.

Keywords: tunable diode laser absorption spectroscopy, relative wavelength response characterization,

scanned-wavelength-modulation spectroscopy (WMS)

PACS: 42.55.Px, 42.62.-b, 42.62.Fi

1. Introduction

High detection-sensitivity and selectivity, a low
detection-limit, fast response, and the non-invasive char-
acteristic make tunable diode-laser absorption spectroscopy
(TDLAS) a widely used technology for gas monitoring,!'~3!

471 and combustion

spectroscopy-parameter measurements,
diagnostics.®- ! Direct absorption spectroscopy (DAS) and
wavelength modulation spectroscopy (WMS) are the main
techniques used in TDLAS measurements at laboratories and
in practical measurement applications. Although frequency
modulation spectroscopy (FMS) can provide more accurate
detection,[!?! this technique is not widely used due to its high
demands with respect to equipment quality and system com-
plexity.

The detection sensitivity of DAS is typically 1073, mainly
because of the low-frequency noise coming from the detec-
tion equipment (1/f noise). DAS represents, however, still the
most common approach due to its simplicity and robustness.
For researchers, the biggest advantage of DAS is the ability to
obtain absorbance directly, which provides much information
about gas properties and spectroscopy parameters.!!3-161 The
premise and basis of DAS are characterizing relative wave-
length response (RWR) accurately since the absorbance is
wavelength dependent. For WMS, the detection sensitivity
can be effectively improved by modulation and demodulation

DOI: 10.1088/1674-1056/abdb1c

processes, which shifts the detection frequency into the kHz
range and makes a detection sensitivity of 10~ achievable.!'”]
One straight-forward way to measure gas properties using the
WMS technique is to obtain the amplitude of certain harmon-
ics, such as the second harmonic.['8 This can be done by
demodulating the sampled signal and establishing a relation-
ship between the amplitudes and gas properties. However, this
method is heavily affected by laser power and electronic noise,
i.e., background noise. Li ef al.!'! proposed a calibration-free
WMS (CF-WMS) method, which uses the first harmonic nor-
malized second harmonic (2f/1f). This approach provides a
good solution to suppress the background noise effect that oc-
curs in the original WMS measurement. Although it is hard
to determine the absorbance directly for WMS, the extracted
harmonic is evidence for both absorbance and wavelength de-
pendency. Therefore, accurate RWR characterization is also
necessary to achieve high-precision measurements in WMS.
A precise description of the RWR is extremely important
because absorbance and harmonics are both wavelength de-
pendent. However, it is not that easy to obtain, especially in
WMS. With the combination of scan and modulation, the main
difficulty for the RWR characterization in WMS is locating
and labelling the tremendous amount of etalon peaks. Many
researchers have contributed to finding simpler and more ef-
ficient ways to determine the RWR in WMS to improve the
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measurement accuracy. The conventional method to charac-
terize RWR in WMS is a summation of scan relative wave-
length response in frequency f; and modulation relative wave-
length response in frequency f;, without any consideration
about the physical properties of lasers,['°2!l which results
in a relatively large deviation from the real RWR. In fact,
the wavelength modulation index is related to the bias cur-
rent even though the amplitude of the modulation current is
fixed. Kluczynski found that the wavelength modulation in-
dex varies significantly from the beginning to the end of the

(221 Many researchers proposed to use the first

sweep current.
derivative of the RWR with a scan frequency f; to describe
the changing wavelength-modulation index.[?>?*! In addition,
Ma et al. have found a method to determine the RWR.[25:26]
They have not only considered the linear time-dependent am-
plitude of the first modulation term but also the constant am-
plitude of the second modulation term, and this reduced the
final scanned-WMS-2f /1 fitting residuals significantly. Fur-
thermore, Ma et al. proposed a method to pre-determine the
RWR, which is based on a second-order polynomial descrip-
tion of the RWR for the ramp-scan current. However, all these
methods are based on the ramp current scan assumption and
are available for the ramp scan current only, which limits its
application range. With higher time-resolution, a sinusoidal-
scanned WMS is more suitable for WMS detection, especially
for combustion and some fast variation situations.!'7-2° Dy
proposed a method, the ‘three-step method’, which can be
used in sinusoidal-scanned or ramp-scanned WMS, with lower
fitting residuals.*”) The modulation processes can be consid-
ered as modulation with changing bias current over a scan pe-
riod, which can be described by the coupling terms as stated in
Ref. [30]. This method can lower the fitting standard deviation
nearly one order compared to the typically used summation
method, and then achieve more accurate scan-WMS gas sens-
ing, which can be applied in a variety of harsh environment.
RWR characterization can affect the results of WMS
In this work, we extend the RWR-
characterization model proposed by Du et al. and perform a

measurement directly.

more accurate RWR-characterization model with higher cou-
pling terms to describe more coupling effects, which is re-
ferred to as the modified-three-step (M-Thr) method. We
take the scanned-WMS-2f/1f signals using the RWR char-
acterized by the M-three-steps method as reference. Then,
in Section 3, we analyze how the inaccuracy of the summa-
tion (Sum) and three-step (Thr) methods affects the scanned-
WMS-2f/1f fitted results for different modulation indexes,
scan indexes, gas concentrations, and pressures. In Section 4,
the experiment results show good consistency with the regu-
lar patterns in the simulation section. The modified-three-step
method presents an improved accuracy in RWR description
with at least 5% smaller fitting residual for all conditions com-

pared with the three-step method, although the deviation of the
deduced CO, concentrations between these two methods does
not exceed 0.2%.

2. Experimental setup and description of the
theory

2.1. Experiment setup

Figure 1 shows the experimental setup used to measure
gas-parameters via the scanned-WMS-2f/1f method. The
function generator (Keysight 33500B) produced a sinusoidal
waveform that contained a scan frequency f; composition and
modulation frequency f, terms. A laser controller (Thor-
labs ITC4001) received the superimposed signal from a func-
tion generator and sent it to a typical distributed-feedback
(DFB) tunable diode laser (NEL) centered at 1432 nm,
which was used to probe the CO, absorption transition at
6976.2026 cm™!.

split into two parts. One part passed through a gas cell, while

The laser from the fiber output side was

the other part was sent to a Fabry—Perot etalon (Thorlabs
SA20012B) to determine the laser- wavelength response. The
etalon had a free spectral range (FSR) of 0.05 cm™!. Before
the experiment, the gas cell was pumped by a pump, syringed
three times, and finally filled with pure CO gas to target pres-
sure. Two parameters of the laser, the transmitted intensity
and etalon signal, were probed using a photodetector (Thor-
labs PDAS5S0B2) respectively. Furthermore, the current sig-
nals, which corresponded to the two light paths, should also
be recorded synchronously to serve as synchronization refer-
ence for data processing.

i oscilloscope
. O
. )] function '+ ecse
= | generator etalon||| |detector e
RWR characterization
=
r laser
controller
o — '
gas detection detector

Fig. 1. Experimental system.

2.2. Relative wavelength-response characterization

There are many methods to characterize the RWR as we
discussed in Section 1. The three-step method*?! shows ex-
cellent performance because it uses the fact that the amplitude
of the first wavelength modulation term is proportional to the
bias current. However, as we have seen in many studies, the
most commonly used method for RWR characterization is the
summation shown below, which is essentially the same as that
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of Refs. [19-21,28,29,31] but formally adjusted here:

v(t) = veo+vs-issin (@ + @s 1 +1s1)

+Vs2- i_g sin (2(031‘ + ¢s,1 + 1]5’2)

+Vm,1 - le sin (wmt + (Pm,l + nm,l)

+Vm2 - igy SIN (20t + 0.1 + Mm2) (1)
v(t) = Ve 0+ Vs,1- lTS sin (a)st + ¢S71 + ns,l)

4V 25in (24t + @51 + N 2)

+ |:V?n71 . is +V£7n_’1i|

X I sin (wml + Om1 + N1 is + Thlﬁ,l)

n [v“mg i+ vfm} 2, 8in (20t + Ot + M) . (2)

Here oy = 27xf;, and oy, = 27 f,. The synchronous current
signal is

i(t) = is(t) + im(t) = i +is(t) +im (1), 3)

where i (¢) and ip, (¢) are the components of the injected cur-
rent scan and modulation. Here and in the following text, the
subscripts (s and m) represent the laser scan and modulation
terms, respectively. ¢ and ¢ are the initial phases of the current
and beam intensity, respectively. iy and 7 are the preset center
bias current and user-defined amplitude, respectively. f is the
user-specified frequency. Compared to Eq. (1), the modified-
three-step method (M-three-step), Eq. (2), introduces higher
coupling-terms that improve the accuracy significantly. Al-
though many variables in Egs. (1) and (2) are represented by
the same letters, they have a slight difference in values. In fact,
Du et al. provided a description for the RWR characterization
that considered the coupling term of the first modulation am-
plitude, which is called the three-step method (three-step) and
has a worse accuracy than Eq. (2) but it is more concise.?"!
Figure 2 shows the fitted results and residuals of measured
etalon peaks using summation, three-step, and the M-three-
step methods. This was done with the experimental setup
described in Subsection 2.1. The scan frequency and modu-
lation frequency were f; = 20 Hz and f, = 4 kHz, respec-
tively. When applying the summation method to fit the etalon
peaks, the residual contains the obvious beat structure. From
the zoomed part of Fig. 2, it can be seen that the result of the
summation method is almost the same as that of the three-step
or M-three-step methods at the center bias current. However,
when the scan bias current deviates from the center bias cur-
rent, the accuracy of the summation method decreases. There-
fore, the summation method shows the largest deviation at the

peaks and valleys of the scan current (see Fig. 2). This indi-
cates that the summation method is not complete. The three-
step method considers the linear relation between the coeffi-
cient of the first modulation term, which minimizes the resid-
uals (see Fig. 2). In addition, the M-three-step method is more
accurate than the three-step method, especially at the peaks
and valleys of the scan current. The residuals of using the
three-step method and M-three-step method are over one or-
der of magnitude smaller than that in the summation method.
Additionally, we have applied these three methods to charac-
terize the RWR under different conditions with different DFB
lasers, and the observed regular patterns were similar.

« measured points
0.6 F——M-Thr method
——Thr method
F——Sum method

——M-Thr method o = 5.42Xx10—4
0.03F — Thr method o = 7.25x10—4

Residual (cm~!) Relative wavelength (cm~1)

—0.031

—— Sum method o =9.70X10"3

—0.02 0 0.02 0.04
Time (s)

—0.04

Fig. 2. Comparison of the fitting results of the summation method,
three-step method, M-three-step method and their residuals.

Although Eq. (2) describes the RWR most accurately, it
needs to characterize six parameters, which is laborious. For-
tunately, the difference between the three-step method and
M-three-step method is not large, and the former has only
two parameters to characterize, which is more convenient.
Even though the summation method describes the RWR worst
among these methods, it is more widely used because of its

convenience and simplicity in practical measurements. 2830

2.3. Scanned-WMS-2f/1f fitting algorithm

The scanned-WMS-2f/1f fitting algorithm, which was
proposed and validated by Sun ez al.!?®! in 2013, requires an
accurate RWR characterization. We used it as an indicator to
evaluate the accuracy of the different RWR characterization
methods. Here is a brief introduction of this algorithm.

Scanned-WMS-2f/1f signals can be calculated as fol-
lowing:

2f/1f =

2
(Xzf) _ (Xzf) N
le raw le bg

2
().~ (&0 ®
le raw le bg
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where the subscripts raw and bg mean raw WMS signals and background signals.

Gl . H i
le(V) = 70 |:H1 +ip <Ho+22> cos Y + 52 (H, +H3)COSW2:| ,

Gly

H . j .
Yip(v)= — {io (Ho - 22> siny + %2 (H, — H3)sin Wz} ~

&)

where Iy is the average laser intensity, G is the electro-optical gain of the detection system, iy and i, are the amplitudes of the

linear and the first nonlinear modulation terms (normalized by average laser intensity), Hy is the k™ harmonics of transmittance.

R\ 7 refers to the root-sum-square magnitude of the X and ¥ components of the lock-in outputin 1f, Ry s =

f+Ylf Theng

and Y> are two orthogonal components of the second order harmonics of the transmitted laser intensity, and they are obtained

by multiplying the detector signal with reference signal cos (2yt) or sin (2yt) and calculate by

GI,
Xzf(v) 20 |:H2+ >
Gi,
Yo (v) 2

Generally, the Hy, is a function of temperature, pressure, mod-
ulation depth, and relative wavelength. However, under a cer-
tain experiment, Hy, is a function of relative wavelength only,
which emphasizes the necessity of obtaining accurate RWR

descriptions. Sun ef al. provided more detailed description
T T T ]
meaaured WMS 2f/1f slgnal
0.12F &  measurement 3 7
I5x=0.01359 cm~!
0.09 Ay, =0.04235 cm~! 7]
“~ nco, = 94.54%
kel
= 0.06f
~
0.03
0 s
1 L 1 L 1 L 1 L 1
T 001} —— 0=2.61x10"3 -
3 ]
= ok i
Q
~ —0.01f . . ) . ) . ) L
—0.4 —0.2 0 0.2 0.4
v (cm™1)
T T T
mcasurod WMS 2f/1f 31gnal _ . B
0.12F three steps T4 =0.01434 cm™
Ay, =0.04467 cm—!
o measurement J
nco,= 99.75%
0.09- \ 7,=0.01435 cm-! |
= Avy,=0.04471 cm=1 |
= 0.06 \ nco, = 99.83% 1
Q )
0.03
0 Lt
_ 1 1 1 1 1
g 00lF __5=466X10"4 ——o0=4.66X10"% ]
T
= 0 F N~~~ T ]
2 N~ ~ANANTT |
= —0.01p 1 1 1 1 L]
—0.4 —0.2 0 0.2 0.4

v (cm™1)

Fig. 3. A typical experiment results of WMS-2f/1f fitting algorithm
under 40.16 kPa, 297.5 K, and pure CO,. The corresponding RWR
characterization is shown in Fig. 2.

Hy
(Hy + H3)cosy; + iy H0+7 cosy |,

. . Hy\ .
=—— {Z(Hl H3)siny +ip (H —2) s1nl//2}

\
about WMS-2f/1f fitting algorithm. 28]

Figure 3 compares the measured scanned-WMS-2f/1f
signal with the best-fitted results of different RWR methods.
The STD of the summation method is 2.61x 1073, which is
almost five times larger than that of the other two methods. In
addition, the relative error for the concentration obtained using
the three-step method or M-three-step method is about 0.2%.
This number is much smaller than the 5.5% obtained for the
summation method. Figure 3 indicates that the inaccuracy of
the RWR characterization can induce errors for the scanned-
WMS-2f/1f measurement. These errors are quite large and
can be efficiently minimized by providing more accurate RWR
characterization models.

3. Simulation analysis

The accurate RWR characterization is extremely impor-
tant for the WMS measurement. In this section, we use
the summation method, three-step method, and M-three-step
method with the scanned-WMS-2f/1f fitting algorithm to
analyze how the inaccuracy of the RWR characterization af-
fects the scanned-WMS-2f/1f fitted results. We take the
scanned-WMS-2f/1f signals, which were generated using
the M-three-step method, as the fitting target signal. Further-
more, the variation of the scanned-WMS-2f/1f fitting resid-
uals and corresponding gas parameter deviations as a function
of two laser-parameters (modulation index, scan index) and
two gas-properties (concentration, pressure) was analyzed in
this section. We selected an absorption transition of CO; and
Table 1 shows the spectroscopy parameters for the CO, ab-
sorption transition at 6976.2026 cm~!, which is adopted from
Ref. [30] and HITRAN database.*?! In this section, all char-
acteristic parameters of the laser itself were obtained by cali-
brating in order to be close to the real-life situation.
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Table 1. Absorption spectroscopy parameters used in simulation.

Vo (cm™1) S (cm 2-atm™1)

—1 —1
Yair (CM™ " -atm™ ")

Yself (Cm71 ‘atmil) E" (Cmil) Nair

6976.2026 6.987 x 104 0.0872

0.1132 7.8043 0.76

3.1. Laser parameters

3.1.1. Analysis of the modulation index

The modulation index is one of the key parameters that
affect the detection accuracy and sensitivity in the scanned-
WMS-2f/1f measurement. Changing this parameter can
change not only the peak value of the scanned-WMS-2f/1f
signals but also the positions of two side peaks. In practi-
cal measurements, the modulation index is affected by the gas
properties (concentration, temperature, pressure, etc.) and the
performance of the experimental setup (laser properties, free
spectral range of the etalon, etc.). Additionally, the modula-
tion index may change with time during a dynamic measure-
ment. Therefore, researchers always attempt to obtain the op-
timal modulation index, in order to improve the measurement
accuracy and sensitivity. However, many studies have not con-
sidered the effects caused by the inaccuracy of the RWR de-
scription on the WMS measurement results, when the optimal
modulation index is chosen.

Therefore, an analysis of how scanned-WMS-2f/1f fit-
ting residuals and corresponding relative errors vary with mod-
ulation indexes, when the summation method or three-step
method is used to characterize the RWR, was performed. The
simulation conditions were pure CO; with a pressure of 50 kPa
at room temperature (297.5 K). The scan index, defined as scan
depth divided by the half-width-half-maximum (HWHM), is
6, and the modulation index ranges from 0.1 to 5. The simu-
lation results are shown in Fig. 4. The SNR is defined as the
maximum value of the scanned-WMS-2f/1f signal divided
by the corresponding fitting residual.

Figure 4(a) shows the simulation results under different
modulation indexes. The black dotted line shows the maxi-
mum values of scanned-WMS-2f/1f under different modu-
lation indexes. It increases first and then decreases with the
modulation indexes. The maximum peak value is reached
when the modulation index is about 1.1, which is consistent
with Ref. [33]. Figures 4(b) and 4(c) show the relative error
contours of WMS-2f/1f fitted results, which are defined as
the absolute errors normalized by the maximum value of the
scanned-WMS-2f/1f signal at the corresponding modulation
index. In Fig. 4(b), the RWR is characterized by the summa-
tion method. It shows that the relative fitting errors are dis-
tributed in the line-center lobe and on both sides, where the
2f/1f values change rapidly, and they increase with increas-
ing modulation index. In addition, we can see that the relative
residual is still significant enough if the modulation index is
2.2 (see the bottom section of Fig. 4(b)). This indicates that
the inaccuracy of the summation method can significantly af-
fect the scanned-WMS-2f/1f fitted results within the range

of modulation indexes commonly used. Although this effect
is comparatively small and the SNR, defined as the maximum
peak value of scanned-WMS-2f/1f divided by corresponding
fitting STD, is higher when the modulation index is small, the
modulation index cannot be too small to ensure sufficient sig-
nal strength and enough etalon peaks. However, in Fig. 4(c),
the relative errors are almost 2 orders smaller than those in
Fig. 4(b), which indicates that the three-step method is more
accurate than the summation method. And the distribution is
almost the same as that in Fig. 4(b). Relative fitting errors are
increasing as the modulation indexes increase but the maxi-
mum value in Fig. 4(c) is only 0.13%.

(a) 0.25
0.20 0.2
E 0.15
& 010} 0.1
0.05 -
i 0
oq
Uaty,, 04 v (em™1)
Inde
(b)
15 T T T 17T mry T T T
oy
10 x 1
-~ E
5 X 7 2
5D
o & £ 3
) g 4
-5 g =
S
~10 \25/ g
5 _9r
~15 < oL
~
(c)
0.15
0.10 g 1r II l/ : \\‘\ 7 294
= & ] vy —~
005 ¥z 2 4 1:\% 1229 ¢
= 5 ’ II ! \ \ Z
0 °© £ 3t . l 18 10.85 e
s % ’ AN z
0053 = AT c;\ | WD q0.31 @
) - E A4S \
roe /4 ! \}\
—010 5 B :
:
—-0.15 -
g  —03 —01 0.1 0.3

v (cm™1)

Fig. 4. (a) The simulation results of 2 /1 f signals in different modula-
tion indexes using the RWR characterized by M-three-step method and
the maximum values of WMS-2f/1f under different modulation in-
dexes; (b), (c) the relative fitting error contours in different modulation
indexes using the RWR characterized by the summation method and
three-step method, respectively. In the top part, black dashed lines rep-
resent equal relative error bars and the corresponding values are +5%
in (b) and +0.05% in (c). The bottom part shows the relative error
structures at modulation index of 2.2.
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Although it is hard to prove the trend shown in Fig. 4,
it is still possible to obtain a qualitative explanation from
Fig. 5. With the modulation index increasing, the scanned-
WMS-2f/1f signals extend and the RWR residuals between
the M-three-step method and the summation method increase.
The effective area of the scanned-WMS-2f/1f signal is also
mainly in the position of the larger RWR deviation (see Fig. 5).
Although the SNR is decreasing, the parameter fitting residu-
als, using the three-step method, change very little.

0~04_'I(al) RWR Residual ]
0.02

il
—0.02}
—0.04f
0.20}
0.15}
0.10}
0.05:

2f/1f RWR residual (cm~1)

—0.2 0 0.2 0.4
v (cm™1!)

Fig. 5. (a) The corresponding RWR residuals between the M-three-step
method and summation method. (b) The scanned-WMS-2f/1f signals
at three different modulation indexes. The dashed lines are used to in-
dicate the peaks on both sides of scanned-WMS-2f/1f signals.

Figure 6 shows the concentration and collisional broad-
enings fitted results and residuals for different modulation in-
dexes, which were obtained using the scanned-WMS-2f/1f
fitting algorithm shown in the figure. The parameter fit resid-
uals of the three-step method are either very small or invis-
ible. For the fitted parameter of the summation method, the
relative errors increase significantly. For small modulation
indexes (< 0.5), the residuals increase slowly, with modula-
tion indexes shown as solid lines. The maximum values are
10.5% and 12.5% for concentration and collisional broaden-
ing at the modulation index of 5. Additionally, the growth rate
of the residuals, obtained using the summation method, also
increases with increasing modulation indexes.
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Fig. 6. Concentration and collisional broadenings obtained by fitting
scan-WMS-2f/1f and their residuals under different modulation in-
dexes.

However, the results in Fig. 4 were simulated for a spe-
cific experimental condition, without considering some other
effects of the real measurement. In fact, the modulation in-
dex cannot be chosen arbitrarily, instead, researchers need to
consider gas properties, signal strength, and experiment appa-
ratus performance as stated earlier. For example, the FSR of
the etalon is a crucial factor in choosing the modulation in-
dex, and it cannot be too small because there would not be
enough interference peaks per modulation period. Further-
more, for low-pressure conditions, where line broadening is
quite narrow, the modulation index should be as small as pos-
sible under the premise of ensuring sufficient etalon peaks per
modulation period and signal strength minimize the residual
for fitting scanned-WMS-2f/1f or gas properties caused by
inaccuracy of the summation or three-step methods. For the
latter, however, described using Eq. (5) in Ref. [30], the resid-
ual is still much smaller than that using the summation method
to characterize RWR, especially in a large modulation index
condition.

3.1.2. Analysis of the scan index

In practical measurements, the scan index is also a cru-
cial parameter. The absorption transition cannot be scanned
completely if the scan depth is too small. On the contrary, the
frequency spectrum will overlap seriously if the scan depth is
too large.**! Like the modulation index, researchers should
consider experimental setups, data processing, and detect ob-
jects comprehensively to obtain the optimal value of the scan
index. In this subsection, the analysis of how scanned-WMS-
2f/1f fitting residuals and corresponding relative errors of fit-
ted results vary with scan indexes using either the summation
or three-step method to characterize RWR signals is demon-
strated. The pressure and temperature are set as 50 kPa with
pure CO, and 297.5 K, which are the same as described in
Subsection 3.1.1. The scan indexes range from 4 to 10, con-
sidering the separation of the frequency spectrum. Since the
amplitude of the first modulation term is not a specific value
but related to the scan current, the modulation index is set to
2.2 at the center bias current.

Figure 7(a) shows the scanned-WMS-2f/1f signals for
different scan indexes. As can be seen, the peak values and
scanned-WMS-2f/1f shapes are nearly constant as the scan
indexes change, only the wings become wider. Because the
variation of the scan index is caused by the changes of scan
current amplitude, the other parameters, such as modulation
current, remain constant in this subsection.

Figures 7(b) and 7(c) are the relative error contours
of scanned-WMS-2f/1f fitted results, using the summation
method and three-step method to characterize RWR, respec-
tively. The variation of scan indexes hardly affects the position
of the main relative errors, and the values increase slightly.
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In Fig. 7(b), the maximum relative error is —5.3%, when the
scan index is 10. However, it is about 2 orders of magnitude
smaller in Fig. 7(c), and the maximum value in Fig. 7(c) is
only 0.068%. The SNR increases with scan indexes when us-
ing the summation method shown in Fig. 7(b). However, SNR
increases first and then decreases with the scan index when
using the three-step method shown in Fig. 7(c).
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Fig. 7. (a) The simulation results of 2f/1f signals in different scan
indexes using the RWR characterized by M-three-step method and the
maximum values of scanned-WMS-2f/1f, (b) and (c) The fitting rela-
tive error contours in different scan indexes using the RWR character-
ized by summation method and three-step method, respectively, black
solid lines represent equal relative-error bars, and the corresponding
values are 5% in (b) and +0.05% in (c), the black dashed lines repre-
sent the peaks and valleys of scanned-WMS-2 /1 f signals for different
scan indexes.

Figure 8 shows the fitted concentrations and collisional
broadenings and corresponding residuals for different scan in-
dexes. The concentration and collisional broadening fitted re-
sults for the summation method are smaller than the set values
yet increase with the scan indexes. It seems as if the fitted pa-
rameters are more accurate for large scan indexes. However,
we cannot draw this conclusion because the range of scan in-
dexes used here is limited. The maximum relative errors, using
the summation method (solid line in Fig. 8), are 5.27% and

3.81% for concentration and collisional broadening, respec-
tively. The results when using the three-step method are still
about 2 orders of magnitude smaller compared to using the
summation method. In addition, the modulation index used
here is 2.2, which can cause inherent fitting errors as analyzed
in the last subsection and this indicates the importance of char-
acterizing RWR accurately. Compared to Fig. 6, the variation
of relative errors in Fig. 7 changes less than that in Fig. 6.
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Fig. 8. Concentration and collisional broadenings obtained by fitting

scan-WMS-2f/1f and their residuals under different scan indexes.

The phenomena above can also be explained qualitatively.

The increase of the scan index is achieved by increasing the
amplitude of the scan current, such that the differences be-
tween the three methods increase with the scan index. In addi-
tion, the inaccuracies of Eq. (1) increase but the proportion of
the absorbance area within a scan period is decreasing. As a
result, the deviation of the parameters, between fitting and set
values, decreases slightly within the scan index region under
the combined effects of these two factors.

3.2. Gas properties
3.2.1. Analysis of the pressure
The gas pressure is also important in TDLAS measure-

The difference between the three methods of RWR
characterization increases if the scan index and modulation in-

ments.

dex are kept constant while the pressure increases. In this sec-
tion, analysis of how scanned-WMS-2f/1f fitting residuals
and corresponding relative errors of fitting results vary with
gas pressures using summation and three-step method to char-
acterize RWR is demonstrated. The concentration and tem-
perature are 0.05 and 297.5 K. The scan index and modulation
index are 6 and 2.2, respectively. The pressures range from
5 kPa to 100 kPa.

Figures 9(a) and 9(b) show the relative error contours of
the scanned-WMS-2f/1f fitted results using the summation
and three-step methods to characterize RWR, respectively. At-
tention should be paid to the abscissa, which is defined as the
relative wavenumber divided by the corresponding line broad-
ening.

As shown in Fig. 9, the relative fitting errors increase with
increasing pressure. Furthermore, the main error areas are on
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both sides of the inflection points of the scan-WMS-2f/1f
signals, which deviate from the simulation value by more than
5%. In addition, the distribution of the relative fitting error
is approximately symmetrical about the center of scan-WMS-
2f/1f signals but the numerical signs are opposite. Because
the peak values of 2f/1f decrease with increasing pressure,
while fitting residuals increase with increasing pressure, so
that SNR decreases. Figures 9(c) and 9(d) show the fitted re-
sults. The solid lines, which represent the fitted results using
the summation method, indicate that the relative errors of con-
centrations and collisional broadening increase rapidly with
the pressure increasing. The maximum values can reach 5.5%
and 4.5%, respectively.

The relative error in most of the areas in Fig. 9(b), us-

ing the three-step method to characterize RWR, is between
—0.01% and 0.01%. This value is about 2 orders of magnitude
smaller than that of Fig. 9(a). Only on the right of the scanned-
WMS-2f/1f signals, the relative error increases significantly,
when the pressures are relatively large. However, the max-
imum never exceeds 0.1%. Although the SNR in Fig. 9(b)
decreases significantly with increasing pressure, it can be seen
from the red and black dashed lines in Fig. 9(c) that the rela-
tive parameter fitting error hardly changes, and the maximum
relative errors are no more than 0.1%. Therefore, the relative
wavelength signal, characterized by the three-step method, is
accurate enough in fitting scanned-WMS-2f /1 f signals when

the pressure varies.
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Fig. 9. (a) and (b) The relative error contours of the fitted results for different gas pressures, using the relative wavelength signals characterized
by the summation method and the three-step method, respectively. The black solid line represents equal relative error bars, and the correspond-
ing values are +5% in (a) and £0.05% in (b). The black dashed lines represent the peaks and valleys of scanned-WMS-2f/1f signals for
different gas pressures. (c) and (d) The fitted concentrations and collisional broadenings, and corresponding residuals.

Figure 10 gives an intuitive explanation for the above
analysis. The increase in pressure results in the increase of
the line widths. Therefore, both scan current and modulation
current should increase to keep the scan index and modula-
tion index constant. This can make the difference between the
summation method and the M-three-step method more signif-
icant, which is shown in Fig. 10(a). As a result, the param-
eter fitting error increases with pressure increasing. While at
low pressure, such as 20 kPa, the scanned-WMS-2f/1f sig-
nal is quite narrow, and the RWR residual is relatively small.
With the pressure increasing, the RWR residuals increase, and
the scanned-WMS-2f/1f signals extend apparently. These
two factors are the main reasons for the phenomena shown
in Fig. 10. In addition, the relative error of the fitted parame-
ter is relatively small, when the gas pressure is relatively low.
As shown by the dashed lines in Fig. 10(d), it is below 1%,
when the pressure is lower than 35 kPa using the summation
method.
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Fig. 10. (a) The corresponding RWR residuals between the M-three-
step method and the summation method. (b) The scanned-WMS-2f/1f
signals for three different pressures. The dashed lines are used to indi-
cate the peaks on both sides of the scanned-WMS-2f/1f signals.

In fact, the scan depth or modulation depth cannot con-
tinuously decrease with decreasing pressure if certain effects
in practical measurement are considered. For example, the
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scan depth or modulation depth should be several times the
etalon FSR to describe a scan period or modulation period pre-
cisely. When the pressure is high, the error caused by the inac-
curacy of the relative wavelength characterization may be the
main contributor to the measurement error. Comparatively, the
three-step method can provide a more accurate description of
the RWR for high gas pressures while the summation method
is reluctantly acceptable if the gas pressure is relatively low. It
should be noted that the mole fraction used here is 0.05, which
could cause a large error if the mole fraction is larger.

3.2.2. Concentration analysis

Accurate measurement of the gas concentration is a main
goal of TDLAS detection. However, if the characterization
of the RWR is not accurate enough, the benefits of WMS,
which are gained by using a more complicated data process,
are weakened. Nevertheless, many previous studies did not
take this effect into account. In this subsection, we analyze
how scanned-WMS-2f/1f fitting residuals and corresponding
relative errors of fitted results vary with gas concentration, us-
ing either the summation or three-step method to characterize
RWR. The pressure and temperature are 50 kPa and 297.5 K,
respectively. The scan index and modulation index are 6 and
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2.2, respectively. The CO, mole fraction ranges from 0.01 to
1.

Figures 11(a) and 11(b) are the relative error contours of
scanned-WMS-2f/1f fitted results using summation method
and three-step method to characterize RWR, respectively. The
abscissa is defined as the relative wavenumber divided by the
corresponding collisional broadening. Although the peak of
the scanned-WMS-2f/1f increases with gas concentration,
the relative errors stay almost constant and the contour lines
are nearly straight lines. This means that the deviation of
scanned-WMS-2f/1f, caused by the inaccuracy of the RWR
characterization, always exists and does not depend on the gas
concentration variation. The main error area in Fig. 11(a) is
located on both sides of the three peak positions, and the max-
imum relative error is —4.86%, where the concentration is 1.
For the same areas in Fig. 11(b), the errors are approximately
2 orders of magnitude smaller than that in Fig. 11(a), and only
a small part of the area exceeds 0.01%. Also, the maximum
value in Fig. 11(b) is 0.043%, indicating that the three-step
method is accurate enough to characterize RWR in WMS mea-
surements, and the accuracy is hardly affected by the gas con-
centration variation.
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Fig. 11. (a) and (b) The fitting relative error contours in different gas concentrations using the relative wavelength signals characterized by
summation method and three-step method, respectively; the black solid line represents equal relative error bars, and the corresponding values
are +2.5% in (a) and +0.025% in (b). The black dashed lines represent the peaks and valleys of scanned-WMS-2f/1f signals in different gas
concentrations. (c) and (d) The concentration and collisional broadenings obtained by fitting scanned-WMS-2f/1f and their relative errors.

Figure 11(c) shows the gas concentrations and collisional
broadenings obtained by fitting scanned-WMS-2f/1 f signals
in different gas concentrations. Figure 11(d) shows the corre-
sponding relative errors. The results, when using the summa-
tion method, vary significantly, and the relative errors increase
from 1.55% to 4.28% for the concentration and from 1.28% to
3.10% for collisional broadening as concentrations increase.
On the other hand, the relative errors, which are caused by the
inaccuracy of the three-step method, are almost negligible.

These trends are due to the increase in concentration and

the following effects. The primary effect is that the absorption
increases in the areas where the RWR description by the sum-
mation method deviates substantially from the real RWR with
increasing gas concentration. On the other hand, the increase
in CO, concentration causes a larger HWHM, which also in-
creases the proportion of absorption in the areas with larger
deviation from the RWR characterization.

According to the analysis above, the effect due to the in-
accuracy of the RWR characterization at low concentration
also causes more than 1% error using the summation method.
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This may be the major error in the practical measurement if
the concentration is relatively large. Furthermore, if the etalon
FSR is much larger than that in this section, the fitting error
will become more significant. In general, parameter fitting er-
rors, using RWR characterized by the three-step method, are
always much smaller and less affected by the gas concentra-
tions.

4. Analysis of the experiment

As discussed in the simulation analysis section, the
scanned-WMS-2f/1f and gas parameters fitting relative er-
rors are relatively less sensitive to scan index or gas concentra-
tion variation while compared to modulation indexes or pres-
sures. The difference between summation method and three-
step method or M-three-step method is within 2% if the mod-

ulation index is less than 0.5 or within 1% if the gas pressure
is less than 35 kPa, but has large difference under large mod-
ulation index or high gas pressure conditions. Therefore, we
focus on the experimental results for different modulation in-
dexes and gas pressures. The experiment setup and process
were introduced in Subsection 2.1.

4.1. Different modulation indexes

Figure 12 demonstrates the measured scanned-WMS-
2f/1f signals and fitting residuals when using the three differ-
ent RWR characterization methods for m = 1.39 and m = 3.82
on the right, while the corresponding RWR characterizations
are shown on the left. The deduced concentrations are also
shown in the figure. Considering that the relative errors of the
fitting collisional broadening are almost the same as that of

fitting concentrations, we do not show them here.
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Fig. 12. (a) and (c) The scanned-WMS-2f/1f fitted results for m = 1.39 and 3.82, respectively. (b) and (c) The corresponding RWR charac-
terizations. The scan index is about 7.5 for both (a) and (c). The measurements were conducted with temperature and pressure of 298.1 K and

25.18 kPa, and an optical length of 52.5 cm.

As we can see, the scanned-WMS-2f/1f fitting residu-
als, obtained using the summation method, show obvious fea-
tures around the center lobes, which can be minimized by
applying the three-step method or M-three-step method, es-
In Fig. 12(a), the
modulation index is about 1.39, and the deduced concentra-
tions are 97.15%, 99.57%, and 99.53% with the summation
method, three-step method, and M-three-step method, respec-

pecially in the large modulation index.

tively. The relative errors are smaller compared to the ones
shown in Fig. 6 for the same modulation index, which may

be due to the lower pressure and larger scan index used here.
When the modulation index is 3.82, shown in Fig. 12(c), the
relative errors of concentration obtained by using three-step
or M-three-step method still do not exceed 0.5%. However,
they can rise to 4.36% for the summation method, which indi-
cates that the three-step method and the M-three-step method
can still work efficiently to obtain accurate parameter through
fitting scanned-WMS-2f/1f signals under large modulation
indexes while the inaccuracy of the summation method has
caused large deterioration of gas parameter fitted results. This
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is consistent with the simulation analysis above. When the
modulation index is 1.39, the fitting standard deviations of all
the three methods are quite large. This may be due to the larger
value of the scanned-WMS-2f/1f.

4.2. Different gas pressures

Figure 13 shows the measured scanned-WMS-2f/1f sig-
nals and fitting residuals for the three different RWR character-
ization methods for gas pressures of 19.63 kPa and 59.55 kPa.
The corresponding RWR characterizations are shown in the
figure.

For 19.63 kPa gas pressure, shown in Fig. 13(a), the con-
centration deviations are only 0.34% and 0.42% when using
the three-step and M-three-step methods. However, it becomes

2.88% when using the summation method. For 59.55 kPa gas
pressure, shown in Fig. 13(c), the performance of the summa-
tion method is worse, and the deviation reaches 6.29%, while
the deviations for the three-step and M-three-step methods are
still quite small (0.40% and 0.56%) and within the uncertainty
of the gas concentration and the spectroscopy parameters. 3]
The deviations of the deduced concentration by the summa-
tion method are significant, both at low and high gas pres-
sure. However, three-step and M-three-step methods can still
deliver accurate results under high modulation conditions. It
should be noted that the concentration deviation obtained by
the summation method is larger than that in Sunsection 3.2.1
under identical pressures, which may be caused by the higher
concentration of CO, used in these experiments.
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Fig. 13. (a) and (c) The scanned-WMS-2f/1f fitting results under pressures of 19.63 kPa and 59.55 kPa, respectively. (b) and (d) The
corresponding RWR characterization results. The scan index and modulation index are about 7.5 and 2.1 at the center current. The room

temperature is 299.3 K and the absorption path length is 52.5 cm.

5. Conclusion

In this paper, a more accurate RWR characterization
method is proposed based on the high order coupling terms
between laser scan and modulation. The performance of three
RWR characterization methods in scanned-WMS gas sensing
is compared under different modulation indexes, scan indexes,
gas concentrations, and gas pressures. The three-step method,
which considers the first coupling term, can significantly im-
prove the scanned-WMS 2 f/1f fitting accuracy. The M-three-
step method has a higher RWR characterization accuracy than
the three-step method, but the difference between these two

methods, in terms of parameter fitting errors, do not exceed
0.2%. Therefore, the three-step method is still recommended
for scanned-WMS gas sensing from the application point of
view. The summation method, which has been used most
commonly, is reluctantly acceptable under small modulation
indexes or low gas-pressures, where the deduced parameter er-
rors are relatively small but still larger than those of the three-
step or M-three-step methods.

The simulation results indicate that the relative fitting er-
rors are less sensitive to the scan index and gas concentration

but greatly affected by the modulation index and gas pressure
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when using the summation method to characterize RWR. The
concentration fitting error, which is caused by the inaccuracy
of the summation method, is relatively small for a small mod-
ulation index (below 2% if m < 0.5) or low gas pressure con-
dition (below 1% if p < 35 kPa). However, it can rise to 10%
or 4% under the large modulation index (m = 5.0) or high gas
pressure (p = 100 kPa). Even if the modulation index is 2.2,
the relative error can still reach 3%. The relative fitting errors
of the three-step method or M-three-step method are 2 to 3 or-
ders of magnitude smaller than that of the summation method,
which suggests the high accuracy of the three-step or M-three-
step method for RWR characterization.

To further validate the above-mentioned conclusions from
the simulation analysis, the CO; absorption transition at
6976.2026 cm™! was measured by scanned WMS with differ-
ent modulation indexes and gas pressures. The STD of the
fitting RWR using the summation method is about one or-
der higher than that of three-step or M-three-step method in
all experiments. Similarly, because of the inaccuracy of the
summation method RWR signal, the STD of fitting scanned-
WMS-2f/1f signal is also larger, especially under m = 3.82
or p = 59.55 kPa condition. And the corresponding deduced
relative errors of the gas concentrations are near 2.88% under
m = 1.39 or p = 19.63 kPa. They even increase to 4.36% or
6.29% under m = 3.82 or p = 59.55 kPa. On the other hand,
the deduced relative errors of the concentration of using three-
step or M-three-step methods are both within 0.6%. The ex-
perimental results are in good agreement with the trends found
in the simulation analysis.
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