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Abstract

This article presents a new linear calibration-free wave-
length modulation spectroscopy (LCF-WMS) technique for
gas sensing. By combining the natural logarithms of the
transmitted intensity and background signals, this technique
eliminates the effects of the intensity, intensity modulation,
and the modulation phase to obtain integrable harmonic sig-
nals along the line-of-sight and thus realize calibration-free
measurements. To illustrate the validity of the LCF-WMS
technique, it was applied to measurement of the water vapor
concentration in air at ambient temperature. Because of its
specific features of line-of-sight integrability and baseline
independence, this method will be advantageous in absorp-
tion tomography and high-pressure applications.
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1 | INTRODUCTION

Tunable diode laser absorption spectroscopy (TDLAS) is an
efficient quantitative gas monitoring technique that has been
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used widely in various industrial and research fields for
many years." ™ The technique includes two main branches:
direct absorption spectroscopy (DAS) and wavelength mod-
ulation spectroscopy (WMS). The DAS approach has a clear
physical concept and involves a simple operation. In combi-
nation with computed tomography (CT), DAS has been used
to develop the direct absorption-tunable diode laser absorp-
tion tomography (DA-TDLAT) method that can perform
two-dimensional measurements.”® However, low-frequency
noise and baseline-fitting errors combine to restrict the mea-
surement accuracy of DAS. The baseline dependence
restricts the application of DAS under high pressure condi-
tions.” To suppress the low-frequency noise, WMS realizes
second harmonic peak measurement through high-frequency
modulation, which also improves the signal-to-noise ratio
(SNR). However, the conventional WMS technique is only
applicable to weak absorbance (typically lower than 0.05)
and must calibrate the second harmonic peak with respect to
standard gases at known concentrations.®” This is quite dif-
ficult in most practical applications because of the unstable
gases involved and the in situ background signal.

To break through these limitations of WMS, researchers
have developed various calibration-free wavelength modu-
lation spectroscopy (cf-WMS) methods.'®"” The most
popular cf-WMS approach is based on normalization of the
kf signal using the 1f signal (kf/1f~-WMS) to remove the for-
mer signal’s dependence on the DC intensity.'>'? The gas
temperature and concentration can be determined directly
by comparing the experimental harmonic signals with
corresponding theoretical signals. This approach has shown
good results in strong absorption and high-pressure envi-
ronments.'>'>!® However, uncertainties in the laser charac-
teristic parameters, including the intensity modulation
(IM) amplitude, the frequency modulation (FM) amplitude,
and the modulation phase (MP, including the IM phase and
FM phase), induce discrepancies between the simulated
and measured results, thus leading to measurement uncer-
tainties that is difficult to evaluate. The distortion of the
harmonic signal by the coupling of non-uniformity and
laser characteristic also causes systematic errors that are
difficult to evaluate in the measurement results. Simula-
tions combining WMS with CT have proved the superiority
of WMS-TDLAT technology.'®?® However, the kf/1f-
WMS harmonic signals are nonlinear and line-of-sight
(LOS) measurements do not represent the integrals of any
physical quantity, which limits the combined application of
WMS with the classical CT method.?! In recent research, a
new branch of the WMS method was proposed—natural
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logarithm wavelength modulation spectroscopy (In-WMS).
Li and Sun used the natural logarithm of the transmitted
intensity to study the linear relationship between the second
harmonic peak/amplitude and the path-integrated concen-
tration of the absorber, with no limitations on the absor-
bance.???3 However, this method requires calibration,
relies on use of the non-absorption region to obtain the
demodulated phase, and does not consider the nonlinear
effect of the absorption line shape under high-concentration
conditions.**

In this article, a new WMS technique called linear
calibration-free wavelength modulation spectroscopy (LCF-
WMS) is proposed. Through an extended analysis of In-
WMS that involved separation of the laser intensity charac-
teristics, the effects of both IM and MP are eliminated. It
permits uncertainty quantification and a harmonic signal that
can be integrated along the LOS is acquired, and calibration-
free measurement is thus realized. We will verify the
feasibility and accuracy of the technique through the water
vapor concentration measurement experiment in air at ambi-
ent temperature.

2 | METHODOLOGY

When the wavelength modulation model that includes
higher-order harmonic terms is considered, the frequency
modulation and intensity modulation can be written as'®:

v(t)=o(t) +a(t)cos 2nft+y) (1)

Io(t)=Io(t) |1+ _im(t)cos(m x 2aft+y,,)|  (2)
m=1
where 7(¢)(cm™!) is the center wavelength (or frequency) of
the laser without modulation, a(f)(cm™!) is the FM ampli-
tude, y is the FM phase, and f is the modulation frequency;
these four parameters constitute the laser time-frequency
response relationship. Io(¢) is the incident laser intensity
without modulation, i, (f) is the mth Fourier coefficient of
the IM, and y,, is the mth-order IM phase.
When a laser beam travels through an absorbing
medium, the transmitted intensity (I;(¢)) is described using
the Beer—Lambert law™:

1,(t) =GIo(t) x exp(—A x Pp[v(1).T.P.X]) (3)
A=PXS(T)L (4)

where G is the electro-optical gain of the detector, A is the
integrated absorbance, ¢ is the line shape function, P is the
total gas pressure, X is the mole fraction of the absorber, S
(7) is the line strength corresponding to the temperature 7,
and L is the absorption optical path length.

By taking the natural logarithm of the transmitted light
intensity, Equation (3) can be written as:

In(I,(t)) =In(GIo(t)) +In |1+ iim(t)cos(m X 2wft+y,,)

—A x@p(t)+a(t)cos 2rft+y),T,P,X]

(5)
The transmitted intensity becomes the linear superposi-

tion of the electro-optical term

I =In(Gly(t)), the IM

gain  intensity

characteristic term I, =In

14+ >~ iw(t)cos(m x 27[ft+l/lm)}, and the absorption sig-
m=1

nal term Iz =A x ¢ (which includes the absorption signal
(detection target) and the time-frequency response relation-
ship @(¢),
two terms can be written as follows:

a(t), and y)). The Taylor expansion of the latter

I, = Zp"cos (n x 2aft+y),) (6)
n=0

I,=A
h
Z Cécos[(h—2g) (0+l//)]}

o0 dh¢
{ < hz:: 2'ht dv” v=v §=0
(7)

where p,, and y), are functions of i,,(f) and y,,, and contain
information about the IM characteristics although their spe-

cific values are not important here. 4 d—h is the h-th derivative
of the line shape function, and g is the reduced power expan-
sion coefficient of the cosine formula 6 = 27xft.

During data processing, In(I,(¢)) is passed through the
lock-in amplifier to extract the harmonic signal. Let
h —?2 g =k, where k is the order of the harmonic signal. The
X component  (In(I;(t)) x cos(k x 2xft)) and the
Y component (In(I;(¢)) x sin(k x 2zft)) of the k-th harmonic
signal can be written as:

o a )/2)k+2gdk+2g¢

1 1
Xi = Pkcos(‘lf k) _EA X gz g k+g) dl/k+23 :;)COS(kl[/)
R PR | (a(0)/2) *d" %g
Y= zpks"l(ll/ k) +2A X Z ( g'(k+g)' dyk+2s ‘V:;)s"l(kW)

(8)

The lock-in amplifier eliminates the effects of Iy and G,
which means that I; in Equation (5) becomes zero in the har-
monic signal. The two components of any order of harmonic
signal are only related to the laser characteristics (i, (¢) or

Pu> Wi OT W, P(D),
(detection target). When there is no absorption, that is, when

a(t), and y) and the absorption signal

A = 0, the transmitted light intensity is the background sig-
nal (which is easy to obtain in preparation for test-
ing'%!%1316) "and its k-th harmonic signal (which is called
the background harmonic signal) component can be writ-

ten as:
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1
X0 = pucos ) o

1
Yy =—opsin(v})

Equation (9) shows that the background harmonic signal
is related to the IM characteristics (in(¢)/ p, and y,,/ y},)
only. After the background harmonic signal is deducted, the
k-th harmonic signal (called the absorption harmonic signal)

can be written as:
) ‘ (10)
v=v

Subtraction of the background harmonic signal elimi-
nates the effects of the IM amplitude (i,,(¢) or p,) and the
IM phase (y,, or y'), and thus I, in Equation (5) also
becomes zero in the absorption harmonic signal. Because the
subtraction and lock-in amplification operation can be inter-
changed, the background signal (In(I(f))) can be subtracted
from the natural logarithmic transmitted light intensity
(In(I,(2))) first, and then the harmonic signal is extracted.
Finally, the sum of the squares of the two harmonic compo-
nents eliminates the influence of the FM phase (y). There-
fore, any order of absorption harmonic signal is solely
related to the time-frequency response relationship (7, a) and
the absorption signal (detection target).

The time-frequency response relationship (#(t), a(¢)) can
be obtained using Fabry—Perot (F-P) interferometer monitor-
ing during the experiments; this is common practice in the
TDLAS technique.'®'%***> The absorption harmonic sig-
nals can then be simulated accurately. The absorption signal
includes the integrated absorbance (A) and the line shape

(‘j;:—zfz‘f). Equations (3) and (4) show that the
absorption optical path is related linearly to the integrated
absorbance only. Therefore, in a uniform flow field, the
absorption harmonic signal is related linearly to the optical
path. In a non-uniform flow field, the absorption harmonic
signal is the absolute value of the integral along the LOS

and Equation (10) can then be written as:

st =/ (X0 + (Ye—1Y)?

1 oo (a(t)/2)k+2gdk+2g¢
=—A X Z ( g!(k—l—g)! 4=

277 | &

derivative

L
st =3[ Poxwsiray
0
o ((a(0)/2)* 4 [PU),X(1),T(D)]
" ;0( gl ak y_)‘”'

(11)
The LCF-WMS measurement process is illustrated in
Figure 1, and includes the following five specific steps:

1. Acquire the background signal in advance during the
preparation for the test, and take the natural logarithm of
this signal to obtain In(Iy(2));

WILEY-L—2

2. Take the logarithm of the transmitted light intensity
obtained in the experiment (denoted by In(I;(t))), sub-
tract the In(Iy(¢)) term obtained in step 1) from this log-
arithm, and obtain the measured k-th absorption
harmonic signal using a digital lock-in ampli-
fier (LCF — WMS —&f..);

3. Measure 7(¢) and a(t) using an F-P interferometer, and
simulate the time-frequency response v(t)=v(t)+
a(t)cos(2xnft +y) (where w can have any value);

4. Estimate the initial values of the gas properties, and then
calculate the absorption rate modulation signal from the
time-frequency response relationship using the Beer—
Lambert law. Then, acquire the simulated k-th absorp-
tion harmonic signal using the same digital lock-in
amplifier that was used in step 2) (LCF — WMS —kf,);

5. Calculate sum-of-squares error between the simulated
and measured values of LCF — WMS — kf. The
Levenberg—Marquardt (L-M) algorithm is used to per-
form the nonlinear fitting iterations and the measured
gas properties are obtained after the iteration conditions
are met.

3 | EXPERIMENT AND RESULTS

To confirm the viability of the LCF-WMS technique, a dem-
onstration test was performed to measure the water vapor
concentration in air at ambient temperature. A schematic of
the experimental setup is shown in Figure 2. A distributed
feedback (DFB) laser (NLK1ESEAAA, NTT) was used to
probe the H,O transition near 7181 cm™'. A modulation sig-
nal composed of a 20 Hz sawtooth wave and a 10 kHz sine
wave was generated by a multiple function data acquisition
system (DAQ; PCle-6361, NI). The light that exited the fiber
was collimated into a beam via a collimating lens. The trans-
mitted light was then received by a photodiode detector
(PDA20CS2, Thorlabs) and the intensity signal was
recorded using the same DAQ at a sampling rate of 2 MHz.
During the measurement process, the laser time-frequency
response is monitored using an F-P interferometer. By mov-
ing the detector position along the track, we varied the opti-
cal path (the distance from the detector to the collimating
lens) from 10 to 40 cm at 10 cm intervals. A temperature
and humidity meter (HTC-1) was placed nearby to measure
both the temperature and the humidity. An example of mea-
surement data acquired from the 40 cm optical path is shown
in Figure 2(B). Figure 2(C) shows the results obtained after
taking the natural logarithm of the measurement data.
Figure 2(D) shows the simulated absorbance curve near
7181 cm™" with the path length of 40 cm. The peak absorp-
tion rate is shown to be approximately 0.65, which is much
higher than the traditional weak absorption assump-
tion (<0.05).
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FIGURE 1 Flow chart illustrating the LCF-WMS measurement process [Color figure can be viewed at wileyonlinelibrary.com]

Based on these measurement data, Figure 3(A) shows
the first to third harmonic line shapes for the four optical
paths obtained using the LCF-WMS method. At each har-
monic, the optical path-normalized absorption harmonic sig-
nals overlap with each other. These results prove that the
entire absorption harmonic signal obtained via the LCF-
WMS method is linear with respect to the optical path, that
is, LCF-WMS is integrable along the LOS. The slight differ-
ences between the first harmonic absorption signals for the
different optical paths may be caused by either optical path
errors or background harmonic errors. For comparison,
Figure 3(B) shows the 2—4f/1f harmonic line shapes acquired
for each optical path using the WMS-kf/1f method, which is
also normalized with respect to the optical path length. The
results clearly show that there are significant differences
between the 2—4f/1f harmonic signals in each optical path.
Therefore, the harmonic signal obtained by the WMS-kf/1f
method is nonlinear with respect to the optical path, and
does not have the property of integrability along the LOS.

Next, for the measurement data obtained from the 40 cm
optical path, the LCF-WMS method is used to fit the first to
fifth harmonics. The spectrum parameters used are taken
from HITRAN2016 database.”® The fitting results are shown
in Figure 4, and the concentration measurement results and
the fitting deviation (which is defined as the root mean
square ratio of the fitting residual to the peak LCF-WMS-kf
signal) are given in Table 1. The multiplicative inverse of
the fitting deviation is used to characterize the harmonic
SNR. The LCF-WMS method’s contrast hygrometer concen-
tration measurement deviation does not exceed 5% over the
first to fifth harmonics. The measurement deviation is
affected by the accuracy of the temperature and humidity
meter, the accuracy of the optical path measurement, and the
accuracy of the time-frequency response relationship. The
fitting deviation does not exceed 0.02 for the first to fifth
harmonics, which is mainly because of the very small wave-
length scale difference between the simulations and mea-
surements. The fitting residual error is found to increase at
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FIGURE 2 (A) Schematic of the experimental setup. (B) Measurement data from the 40 cm optical path. (C) Natural logarithm of the

measurement data from the 40 cm optical path. (D) Simulation of the water absorption spectrum near 7181 cm

~! under the experimental conditions

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3

(A) First-third harmonic signals for different optical path lengths obtained using the LCF-WMS method (normalized with respect to

the optical path length). (B) 2—4f/1f harmonic signals for different optical path lengths obtained using the kf/1f~-WMS method (normalized with
respect to the optical path length) [Color figure can be viewed at wileyonlinelibrary.com]

the harmonic trough. In order to eliminate the influence of
IM and achieve the maximum SNR, the second harmonic
peak is often used in the traditional WMS for measurement.

By contrast, LCF-WMS can use all the signals on the line,
not limited to the center wavelength. Certainly, the first har-
monic has the largest signal amplitude for measurement.
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FIGURE 4 LCF-WMS-(1-5)ffittings of the measured signal for the 40 cm optical path length [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 LCF-WMS-(1-5)f concentration measurement results and fitting deviations

Concentration
Harmonic order LCF-WMS Temperature and humidity meter Measurement deviation Fitting deviation
1f 0.01440 0.01472 —2.17% 0.0089
2f 0.01447 0.01472 —1.70% 0.0043
3f 0.01456 0.01472 —1.09% 0.0053
4f 0.01478 0.01472 0.41% 0.0083
5f 0.01539 0.01472 4.55% 0.0158

Nevertheless, the second harmonic still appears to be the best
fit among the first to fifth harmonics due to the smallest fitting
deviation, which may be attributed to the background har-
monic error at the first harmonic. At higher harmonic orders,
the fitting deviation becomes larger, which means that the har-
monic SNR is reduced. The results show that when the har-
monic order is greater than four, the fitting deviation is
obvious larger. Therefore, the best SNR may be obtained by
using the second or third harmonics in the experiments.

4 | CONCLUSIONS AND OUTLOOK

The LCF-WMS technique has been proposed in this article.
By extending the In-WMS technique and separating the laser
intensity characteristics, this method has realized LOS inte-
grability of the harmonic signals for the first time and elimi-
nated the effects of IM and the MP, thus enabling
calibration-free measurement. It permits uncertainty quantifi-
cation by decoupling laser characteristics and absorbing har-
monic signals. The results of a water vapor concentration
measurement experiment verify that the method is also effec-
tive under strong absorption conditions. After comprehen-
sive analysis of the signal amplitude and the fitting
deviation, it is recommended that the second or third har-
monics are used for fitting, and the relative measurement
error does not exceed 2%. The IM separation eliminates the

residual modulation amplitude (RMA), so this method may also
have a beneficial effect on other modulation absorption spec-

troscopy technologies®’ "

(such as quartz-enhanced photo-
acoustic spectroscopy and quartz-enhanced photothermal
spectroscopy). And, the combination with the quartz tuning
fork detector also may bring a larger range of transition
options and a compact measurement system. Because of the
integrability of the harmonic signals along the LOS and its
baseline-independent data processing capability, this method
should offer great advantages for use in absorption tomogra-

phy and high-pressure environments.
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