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Tunable Diode Laser Absorption Spectroscopy (TDLAS), a trace gas sensing technology
based on infrared absorption spectroscopy, has been developed rapidly in the past few
decades. The advantages of low cost and easy miniaturization could be applied in real-time
monitoring. As an important factor, the detection sensitivity of TDLAS has been improved
by a variety of methods. In this review paper, the important advances in TDLAS detection
sensitivity are discussed, including the selection of absorption lines, the improvement of
diode lasers, the design of effective optical paths, data demodulation, and the suppression
of background interference. For gases with high application values, such as CH,4, CO,, and
NO, we summarize the detection sensitivity that the existing TDLAS system has been
achieved, combined with the above-improved process. However, considering the
principle of infrared absorption, the increase in detection sensitivity could reach an
ultra-limit. Therefore, the hypothesis of the sensitivity limit of TDLAS is proposed at the
end of the paper, through the quantization analysis.

Keywords: TDLAS, trace gas sensing, infrared absorption spectroscopy, tunable diode lasers, detection sensitivity,
quantization

INTRODUCTION

Real-time monitoring of trace gas concentrations has become more significant in the domains of
business, agriculture, social life, and environmental protection in recent years. Trace gas sensing
detection of spectroscopy approach is widely employed in different industries, such as environmental
monitoring, combustion diagnosis, and aerospace, due to its benefits of high sensitivity, low cost,
real-time monitoring, and non-invasiveness [1-3]. In the early 1970s, tunable diode lasers were
applied to trace gases detection, greatly improving the portability of optical gas sensing technology
and reducing detection costs [4]. With the improvement of the output power and wavelength
stability of semiconductor lasers, many spectroscopy-based techniques such as tunable diode laser
absorption spectroscopy (TDLAS), photoacoustic spectroscopy (PAS) [5, 6], photothermal
spectroscopy (PTS) [7], cavity ring-down spectroscopy (CRDS) [8], and other detection methods
have been widely used [9, 10].

In PAS, quartz-enhanced photoacoustic spectroscopy (QEPAS) is the most commonly used
technique. While the quartz tuning fork improves the anti-interference and selectivity of QEPAS, it
also has a long process of accumulating acoustic energy and is easily disturbed by strong
electromagnetic environment. As another indirect absorption spectroscopy technique, PTS has
high sensitivity and is not affected by scattering and background signals. However, the cost of the
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FIGURE 1 | (A) Scanned-wavelength direct absorption spectroscopy. (B) Scanned-wavelength modulation spectroscopy.

PTS system is high, and it is not suitable for large-scale industrial
applications at this stage. As for CRDS, the absorption optical
path could be extended to thousands of meters by the optical
mirror, so the detection accuracy is extremely high. However, this
method has relatively high requirements on the experimental
system and is difficult to be used for on-site online measurement.
TDLAS has strong adaptability to complex environments, high
selectivity, low cost, and the measurement results meet most
actual needs. Its application value has always been the focus of
researchers.

With the development of related technologies, researchers are
paying more and more attention and hoping to improve the
detection sensitivity of the TDLAS system through a variety of
methods. These approaches mainly include the selection of
absorption lines and diode lasers, the improvement of the
effective optical path, the demodulation of data, and the
suppression of background interference, which together
achieved a quite ideal detection effect. However, based on the
principle of infrared absorption, there should be a limitation of
the detection sensitivity, which is related to the type of gas and the
laser energy involved in the absorption.

Therefore, this review covers the evolution of TDLAS
detection  sensitivity in recent years, discusses the
improvement of key components in the existing system, and
compares the detection sensitivity with different improved
techniques. However, the improvement of TDLAS sensitivity is
not endless. Through the quantization analysis of gas infrared
absorption, the assumption about the ultra-limit of TDLAS
detection sensitivity is proposed at the end of this paper.

PRINCIPLE

According to Beer Lambert’s law, the attenuation of light intensity
is related to the concentration of the absorbing medium, the length
of the optical path, and the lineshape. Based on this theory, the
output wavelength of the tunable diode lasers could be tuned by
current, temperature, and other ways to cover the gas absorption
lines. The photon energy is absorbed by the gas molecules through
the optical path, and the transmitted light intensity is attenuated.
Then the absorption information of the gas can be obtained by

detecting the variation of light intensity. Scanned-wavelength
direct absorption spectroscopy (DAS) and scanned-wavelength
modulation spectroscopy (WMS) are two commonly used
detection techniques.

As shown in Figure 1, a low-frequency triangular wave,
sawtooth wave, or trapezoidal wave is used to drive the diode
laser in scanned-wavelength direct absorption spectroscopy so that
its output wavelength changes in the same way. After scanning the
characteristic absorption peak of the corresponding gas, the
concentration information of the gas can be obtained through
the photodetector and the related data processing modules. The
high-frequency sinusoidal signal is superimposed on the low-
frequency  scanning  signal in  wavelength-modulation
spectroscopy, which can effectively suppress the interference of
the system noise. The harmonic signal is generated after being
absorbed by the gas, and its amplitude is proportional to the
concentration of the gas to be measured [11].

METHODS TO IMPROVE TDLAS
DETECTION SENSITIVITY

Researchers have done a lot of work to improve the sensitivity of
TDLAS, mainly including the selection of absorption lines, the
improvement of diode lasers, the design of effective optical path,
signal demodulation, and the suppression of background
interference.

The Selection of Absorption Lines

The fundamental, overtone, and difference bands are mostly
concentrated in the infrared area, which features a lot of
absorption lines. Figure 2 shows the linestrength of various
infrared absorption transitions for a few common species in
the range of 400-10,000cm™" at 296 K. Therefore, it is
important to select an appropriate absorption line for trace gas
detection. Firstly, the absorption lines should be sufficiently
independent to avoid interference from other gases that are
abundant in the atmosphere, such as H,O and CO, [12].
Furthermore, the line strength should be appropriate to
improve the detection sensitivity of the TDLAS system [13,
14]. The line strength of the gas absorption spectroscopy
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FIGURE 2 | Absorption lines of typical atmospheric species in the infrared. Data are taken from the spectroscopic database HITRAN.

|
5200 6800 8400

10000

Near-infrared Mid-infrared

lasers lasers
| QCL
ICL
| DFB laser diode |
VCSEL

1 1 1 1 1 1 1

0.76 2 2829 6 6.5 14
Wavelength/pm

FIGURE 3 | The characters of VCSEL, DFB laser diode, ICL, and QCL,
according to the data from Nanoplus.

represents the absorption capacity of a specific wavelength, which
is related to the distribution of low-energy particles and the
transition probability of the gas molecules. Therefore, the
absorption line strength is most affected by temperature.
Moreover, the lineshape function is highly significant when
simulating the profile of the gas absorption spectroscopy, and
different lineshape functions might reflect different broadening
mechanisms. The Doppler effect of molecular motion dominates
spectroscopy broadening in high-temperature and low-pressure
conditions, and it is commonly characterized by the Doppler line
profile. As for low-temperature and high-pressure conditions, the
collision of molecular motion plays a dominant role and the
Lorentzian line profile is generally used to describe the line
broadening [15]. In most cases, the effects of Lorentz

broadening and Gaussian broadening must be evaluated at the
same time, and the Voigt profile is the convolution of the
Gaussian and Lorentzian profiles [16].

Databases such as GEISA, HITEMP, and HITRAN provide
detailed spectral parameters [17-19], covering more than 709,000
transitions for most atmospheric species. The individual spectral
line data including line strength, wavenumber, and lower state
energy, are suitable for analysis and selection of absorption lines.
Furthermore, the relevant data are corrected and supplemented
by related researchers, which helped to further improve the
accuracy of gas detection [20].

The Improvement of Diode Lasers

As the light source, the linewidth of the laser should be narrow. It
should also have the characteristics of stable performance,
compact structure, and high output power. Therefore, the
main applications for trace gas monitoring in the laboratory
and industrial settings are distributed feedback laser diode (DFB-
LD), vertical cavity surface emitting lasers (VCSEL), and the mid-
infrared lasers including interband cascade lasers (ICL) and
quantum cascade lasers (QCL), the characters are shown in
Figure 3.

DFB-LD is a type of useful tunable diode laser that is operated
on the principle of grating mode selection to get a specific
wavelength depending on the Bragg gratings contained in the
laser structure. The effective refractive index of the grating will be
changed by temperature, leading to the change of output
wavelength. Therefore, the tuning range of the DFB-LD is
closely related to the effective refractive index of the grating
material. In 1973, Nakamura et al. developed the first DFB laser,
which achieved a narrow linewidth output near 830 nm [21].
However, the early GaAs DFB lasers have extremely high
threshold conditions and need to operate at extremely low
temperatures, making it difficult for large-scale applications
[22]. In addition to GaAs, other III-VI group semiconductor

Frontiers in Physics | www.frontiersin.org

March 2022 | Volume 10 | Article 853966


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Lin et al.

materials, such as InP, can achieve longer output wavelength and
are successfully achieved operation under low-temperature
conditions (<0°C) [23]. Sakai et al. exploited the separate-
confinement heterostructure to obtain a 1.5-um continuous
wavelength output that can operate continuously between
—20°C and 58°C, with a threshold current as low as 50 mA at
room temperature [24, 25]. Since then, the DFB laser’s
application potential as a light source used for the optical
sensors has been discovered. Morris et al. used graded-index
separate-confinement heterostructure to achieve a 760 nm
continuous single-mode tunable laser with a critical current of
25mA, temperature tuning rate of 0.06 nm/°C, current tuning
rate of 0.0075 nm/mA, and the tunable wavelength range is 4.2
nm, and successfully used for O, detection [26]. Doussiere et al.
designed a novel structure that integrates a relatively short
distributed-Bragg grating near the output facet and a high
reflectivity facet coating on the rear facet [27]. And they
achieved the single-mode power over 200 mW at case
temperature up to 60°C is consistently obtained for current
below 300 mA.

DFB-LD is usually modulated by the current and temperature
to control the range of output wavelength. Its tuning efficiency is
closely related to the frequency of the driving current and the
material of the laser diode, and it will have a great impact on the
signal-to-noise ratio (SNR) and residual amplitude modulation.
Sun J et al. found that tuning efficiency is affected by the different
materials inside the DFB-LD, which is a robust parameter guiding
us to choose favorable DFB-LD [28]. Since the injection current
has a great influence on the internal temperature of the DFB-LD,
which leads to the fluctuation of output wavelength range,
suppressing the change of the internal temperature of the
DFB-LD is beneficial to improve the sensitivity of the gas
detection system [29]. Compared with traditional LD sources,
the biggest advantage of DFB-LD is that it can be used in complex
industrial environments and on-site detection. Wei Y et al.
employed the 1.62 um fiber-coupled DFB diode laser as the
light source to achieve a ppm-level high sensitivity detecting
system for the multi-point ethylene concentration detection,
meeting the needs of fire warning in coal mine goafs [30].
Wang Z et al. chose the absorption line of water vapor at
1,368.5597 nm for detection and achieved the lowest detection
limit of 790 ppb [31]. Using a single DFB diode laser emitting at
2.33 um, Shao L et al. presented a spectrometer for constantly
measuring atmospheric CO and CH, [32]. According to the Allan
variance, the respective minimum detection limits for CO and
CH, are 0.73 and 36 ppb at 122 s and 137 s.

Although the DFB-LD may provide extremely narrow laser
output, the tuning range is limited; nevertheless, VCSEL
compensates for this shortage. The VCSELs have good
wavelength tunability and can achieve a tuning range of
10cm™" at a modulation frequency around 1 MHz. Soda H
et al. proposed the concept of vertical cavity surface emission
for the first time and obtained dynamic single longitudinal mode
semiconductor lasers by shortening the cavity length [33]. And
they successfully prepared the first VCSEL operated at 77 K, but
its threshold current is as high as 0.9 A. Later, they further
realized a pulsed VCSEL made of GaAs/GaAlAs. The threshold
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current under 77 K conditions was reduced to 350 pA, but the
threshold current under room temperature conditions was 1.2 A
[34]. K. Iga et al. developed a VCSEL that can operate
continuously at room temperature in 1989. Since then, the
advancement of VCSEL has ushered in a major turning point,
with the technology progressing towards long wavelengths. The
advent of the devices continuously operated at the wavelength of
1,310 nm and 1,550 nm under room temperature has greatly
enriched the wavelength detection range of VCSELs [35, 36].
With the maturity of VCSELs, the excellent characteristics
have become the focus of researchers in the field of gas sensing.
Wang ] et al. used the VCSEL with a wide current-tuning
frequency range as the light source to detect oxygen in a high-
pressure environment [37]. The wider tuning range enables
VCSELs to obtain more spectral information and then realize
the simultaneous detection of multiple gases with a single light
source and the correction of gas concentration. Chen J et al.
employed VCSEL to achieve simultaneous detection of CO and
CH, at 2.3 um at an effective absorption path length of 20 cm,
with detection accuracy reaching the ppm-level [38]. Wang Y
et al. used a VCSEL with output wavelengths over the range from
1,682.7 nm to 1,685.7 nm achieving a detectable concentration of
300 ppm with relative errors below 5% is sufficient for successful
early warning of propane leaks in the petrochemical and oil-gas
storage and transportation industries [39]. At the same time,
VCSELs have well-developed uses in the near-infrared region for
detecting the concentrations of CO, CO,, CH,, and other typical
gas. Chen ] et al. achieved the first 2.3 um VCSEL-based CO
sensor. They employed an absorption cell with a 10 cm optical
path length that can detect CO in 1 s with a ppm resolution [40].
And with the development of miniaturization, the VCSELs with a
micro-electro-mechanical system(MEMS) capable of spans of
2-110nm and repetition rates of 10-1,000kHz, which
successfully applied to the absorption spectroscopy detection
of H,0 and HF in the range of 1,321-1,354 nm [41].
Compared with the near-infrared band, the fundamental band
of most gas molecules is mainly concentrated in the mid-infrared
band. Therefore, many researchers are considering the use of
tunable diode lasers in the mid-infrared band for trace gas
detection to increase the SNR and sensitivity of the system.
Theoretically, Lead salt diode lasers made from IV-VI
semiconductor materials can operate in the 3-30 um spectral
region [42]. However, due to the structural of IV-VI materials,
Lead salt diode lasers must work in cryogenic temperatures, and
problems such as beam divergence, multi-mode competition, and
low output power are not suitable for gas absorption spectroscopy
detection [43]. The temperature properties and output light
intensity of the telluride-based semiconductor laser are better
than those of the lead salt laser, however, it is difficult to achieve a
wavelength range of more than 5 pm [44, 45]. The appearance of
Interband Cascade lasers (ICL) and Quantum Cascade lasers
(QCL) ameliorates these problems. Different from the inter-band
transition process of traditional semiconductor lasers, the laser
generation process of QCLs only involves the conduction band
and the electrons in it to achieve the inversion of the number of
particles between different quantum well energy levels and radiate
laser light. Based on this idea, Faist J et al. designed the first
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quantum cascade laser in 1994, with an output wavelength of
about 4.2 um, an output power of only 8.5mW under 10K
conditions, and a threshold current density as high as 14 kA/
cm? [46]. In the following 20 years, the rapid development of
QCLs has been achieved in terms of operating temperature,
output performance, and wavelength coverage. In 1997, a
DFB-QCL capable of working at room temperature was
successfully developed. The output wavelengths were 5.4 and
8 um respectively, and the former can achieve a peak power of
60 mW at 300 K [47]. In 2001, Faist J et al. further realized the
QCL with an output wavelength of 9.1 um, which operated
continuously at room temperature, with an output power of
17mW at 292K and a maximum continuous operating
temperature of 321 K [48].

With continuous improvement, QCLs have gradually become
the most competitive light source in the mid-to-far infrared band
and have shown extremely high application value in trace gas
detection. Although long-wavelength devices still require low-
temperature cooling, the continuous output within 16 um could
be achieved at room temperature, through the design of quantum
wells [49], which are suitable for monitoring the greenhouse gases
like CH,4, NO, N,O. Kasyutich et al. used a continuous wave DFB-
QCL and a single-pass absorption cell with an optical path length
of only 21 c¢m to detect CO, N, O, and NO, with detection limits of
2.8, 0.6, and 2.7 ppm, respectively [50]. Using a novel compact
MGC, Ren W et al. demonstrated the construction of a single-
QCL based absorption sensor for the simultaneous detection of
atmospheric CHy and N,O at 7.8 um. The detection limit of
5.9 ppb for CH4 and 2.6 ppb for N,O was achieved respectively, at
the 1-s averaging time [51]. Maity et al. selected the absorption
line of C,H, at 1,311.76 cm™" and achieved the lowest detection
limit of the ppb level within the integration time of 110s [52].

The electrons of ICLs could transition between the conduction
and valence band, enabling semiconductor materials with a
narrow bandgap to be used. Therefore, the wavelength range
of ICLs is narrower, which makes up for the lack between
traditional semiconductor diode lasers and QCLs. Yang et al.
produced DFB-ICL with a single-mode lasing wavelength of
3.3 um by introducing distributed feedback Bragg gratings, and
its working temperature reached 175 K [53]. In 2006, under the
temperature of 78 K, the continuous output power of ICL was
increased to 1.1 W [54]. In the same year, under the adjustment of
the temperature controller, the 3.3 um ICL achieved continuous
operation at a temperature of 264 K [55]. In 2013, Nanoplus
provided 3-6 um commercial ICLs. This wavelength region
includes fundamental C-H, O-H, and N-H stretch vibrations
[56-58] and it covers an important gap in wavelength coverage
between diode lasers and QCLs. Song F et al. proposed the sensor
system with a 3,291 nm ICL and a multi-pass gas cell with a 16 m
optical path length. A limit of detection of ~13.07 ppb with an
averaging time of 2 s was achieved using the DSP-based digital
lock-in amplifier (DLIA) and a limit of detection of ~5.84 ppb was
obtained using the LabVIEW-based DLIA with the same
averaging time [59].

In general, among the above tunable lasers, it can be found that
DFB-LD is suited for large-scale production applications. DFB-
LD could operate at room temperature without the use of a

Improvement of TDLAS Detection Sensitivity

complicated cooling device, and the line width could exceed
1 MHz. However, the tuning range of DFB-LD is small, and
the absorption line strength in the near-infrared region is lower
than mid-infrared, so it is difficult to achieve extremely sensitive
detection results. VCSELs are cheap to produce, have a wide
tuning range and low thresholds. As mid-infrared laser sources,
QCL and ICL could achieve higher detection sensitivity. But these
types of lasers are expensive and need to operate at low
temperatures. They are therefore suitable for extremely high
demands on detection results or for experimental exploration.

The Design of Effective Absorption Path

In absorption spectroscopy gas sensor detection, in addition to
the selection of an appropriate light source, the design of an
effective absorption path is also very important to improve the
detection sensitivity and SNR of the system. According to the
Beer-Lambert law, the effective interaction length of the laser
energy and the gas sample has a significant effect on the
absorption signal. In the traditional absorption spectroscopy
gas sensing technology, a multipath absorption cell is often
used to increase the effective absorption optical path. In 1942,
White proposed a long optical path absorption cell composed of
three concave mirrors with the same radius of curvature and
named by his name [60]. Although the White cell achieves a long
absorption path through multiple reflections between the
mirrors, the design of this three-sided mirror makes the entire
device bulky and the mirrors need to be strictly aligned. Herriott
simplified the structure of the white cell and designed a new type
of multi-optical path absorption cell [61]. The Herriott cell only
retains two concave mirrors. The incident light enters the
absorption cell through a hole of one mirror, and after
multiple reflections in it, it exits from the same hole.
Compared with White cell, the structure of the Herriott cell
has been greatly simplified, and by adjusting the structure of the
two mirrors, an effective absorption path of tens of meters to
hundreds of meters can be achieved [62]. Although Herriott cell
improves the problem to a certain extent, the structure of this
kind of absorption cell is often complex to achieve a long
absorption path. Moreover, once the optical path is fixed, the
number of reflections cannot be changed and the effective
absorption path cannot be flexibly adjusted. This is not
conducive to practical engineering applications, so researchers
have been exploring the miniaturization of multi-path absorption
cells. Through the precise design of the absorption cell, the light
spot covers the entire mirror surface as much as possible,
although the path of a single absorption is not long, it can
finally achieve long optical path absorption through hundreds
of reflections [63]. To further improve the detection limit, this
kind of multi-reflection long optical path absorption cell is
gradually applied to the mid-infrared gas detection system and
realizes the detection of C,Hg, N,O, and CHy at the ppb or even
ppt level [62, 64, 65].

Based on the idea of multiple reflections, another cavity
enhancement  technique that combines the resonant
characteristics of the optical resonator with the laser gain
characteristics is designed to obtain a long absorption optical
path. In 1998, O’Keefe and Engeln almost simultaneously
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proposed the technique to detect the integration of the light intensity
passing through the resonant cavity [66, 67]. The method uses a
semiconductor laser as a coherent light source, and uses a cavity
mirror with high reflectivity to form a resonant cavity to achieve an
extremely long effective absorption optical path, and detects the
target gas by detecting the time-integrated light intensity passing
through the cavity. Paul et al. proposed an off-axis incident cavity
enhancement method considering the sensitivity in different
environments [68]. This method effectively suppresses cavity
mode noise by exciting more high-order transverse modes in the
resonant cavity and has a simple optical structure and stronger
adaptability to different conditions, so it is widely used in the field of
gas detection. Barry et al. applied the integrated cavity to the study of
methane near 1.73 um using a tunable diode laser and achieved a
detection sensitivity of 1.8 x 107 cm™" for mirror reflectivities of
99.84% [69]. With the maturity of mid-infrared semiconductor
lasers, more and more researchers have begun to combine them
with cavity enhancement technique. Rao et al. used a quantum
cascade laser with a tuning range of 1,601-1,670 cm™" to detect the
concentration of NO,, and the lowest detection limit improved to
28 ppt [70]. In a recent study, Mhanna et al. used a 3.3 um DFB-ICL
as the light source and obtained an effective absorption path length
of 1.39 km through the off-axis incidence. They finally realized the
detection of the ppt level of benzene vapor [71].

Signal Demodulation and Background

Interference Suppression
The method for signal demodulation, as well as the
suppression of background interference, plays a key role in

enhancing the detection accuracy and sensitivity, in addition
to selecting appropriate components for a gas detection
system.

Signal Demodulation

A low-frequency scanning signal must be used to tune the tunable
laser in scanned-wavelength direct absorption spectroscopy so
that the modulated wavelength can sweep the characteristic
absorption peak of the gas to be measured. However, in the
detection of trace gases, weak signal changes are usually drowned
out by background signals. Therefore, the output of the laser is
usually divided into two paths, one as the signal and the other as
the reference, and the signal generated by the gas absorption is
extracted by the method of differential demodulation. The
commonly used processing methods include subtraction,
division, Balanced Ratiometric Detector (BRD), and the
schematic diagrams of the three demodulation methods are
shown in Figure 4.

In the subtractive demodulation algorithm, the light is
divided into two paths through the coupler, one path does
not pass through the gas cell and serves as the reference; the
other is absorbed by the gas to be measured, and serves as the
signal. The two signal lights are converted into current signals
by the photodetector, and after gain amplification, enter the
subtractor, and demodulate the absorption peak of the gas. Here
we assumed the intensity of reference light I,.r(v) and signal
light I, (v) are respectively expressed as:

Iref(v) =1 (v) (1)
Lig (v) = Io (v)exp (-aCL) ()
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Then the output signal I, (v) through subtractor is:
Tout (v) = Lo (v) = I (v)exp (-aCL) (3)

In trace gas detection, aCL<1, exp(—aCL) can be
approximately expressed as 1 — aCL, then the above formula
can expressed as:

Lot (v) = Io (v)aCL )

It can be seen that subtractive demodulation is greatly affected
by the input light intensity. The principle of subtractive
demodulation is simple and easy to operate. To determine the
concentration of water vapor, Wang Q et al. devised a novel
method based on the differential value of two adjacent absorption
peaks [72]. Two absorption lines at 1,367.862nm and
1,368.597 nm are selected to integrate the adjacent absorption
peaks, the accuracy and resolution can reach to 20 and 10 ppm,
respectively.

However, in actual detection or facing some harsh
environments, the stability of the input optical power cannot
be guaranteed, and the subtractive demodulation has certain
problems. On this basis, dual-optical division demodulation
has been developed. The structure of division demodulation is
similar to that of subtraction. The biggest difference is that it used
the division circuit to demodulate the absorbed signal. The
reference signal and the detection signal can still be expressed
as Eqs 1, 2. After the division operation, the output signal can be
expressed as:

I (v) = exp(—aCL) = 1 —aCL (5)

The initial intensity in the two signals are canceled out after
the division operation, and the output signal is related with the
concentration of the gas, theoretically eliminating the influence of
input optical power fluctuations. Although the divider has a good
suppression effect on the fluctuation of optical power, it is more
suitable for eliminating the noise in the low-frequency range.

Although BRD is still a differential demodulation method, it
can directly normalize the current signal output by the
photodetector, avoiding the process of voltage transfer [73].
The voltage V at the output of the BRD system could be given by:

V= —ln(Lef - 1) (6)

sig

As mentioned above, I and I, refer to the current from the
reference beam and the signal beam, respectively. According to
Eqgs 1, 2, the relationship between the measured voltage and the
concentration of the gas can be expressed as:

V = -In(exp(-aCL) — 1) (7)

When weak absorption is applied to Eq. 7, the measured
voltage is nearly proportional to absorbance and consequently V
is proportional to concentration C. The working bandwidth of
this method is affected by the photodetector, which can usually
reach GHz. Sonnenfroh, Upschulte and the others [74, 75]
explored and proved that the BRD can be applied to the gas
absorption spectroscopy of tunable diode lasers. By adding
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matching resistors, Wang Q et al. improved the influence of
conductivity mismatch on the measured absorption spectra. With
the application of averaging and filtering, absorption sensitivity of
1.093 x 10°° for water vapor at 1,368.597 nm has been
demonstrated, and the corresponding concentration is
71.8ppb in just a 10cm path length [76]. Zhu C et al
comprehensively compared the three demodulation methods
of subtraction, division, and BRD [77]. The division approach
has a variance of only 0.29% when the ambient temperature varies
by 1°C, which exceeds the subtraction method (2.90%) and the
BRD method (0.55%).

As another important technique of TDLAS, wavelength-
modulation spectroscopy has a very important impact on
improving detection sensitivity. Wavelength modulated
spectroscopy superposes high frequency modulated signal
based on low-frequency scanning wave, which provides the
possibility for the application of harmonic detection technique
[78, 79]. In general, the system noise below 1 kHz is mainly 1/f
noise. In the harmonic detection technique, each harmonic
component carries the concentration information generated by
gas absorption. After periodic modulation of a certain frequency
by the laser, the signal could be moved to the relatively high-
frequency area by the harmonic component, so that the 1/f noise
can be effectively suppressed. However, not all harmonic
components can effectively reflect gas concentration. With the
number of harmonics increasing, the amplitude gradually
decreases, and the amplitude of odd harmonics is zero at the
center of the absorption line. Therefore, harmonic detection
usually needs to be combined with the phase-locked
amplification technique to achieve trace gas detection.

Phase-locked amplification is a commonly used weak signal
detection technique. Through the two key steps of phase-sensitive
detection and low-pass filtering [80], according to the frequency
and phase of the signal to be measured, the DC component that
carries the amplitude of the useful signal is extracted. Wei W et al.
used wavelength modulation spectroscopy combined with
signal-reference beam method for trace gas detection, which
not only achieved common-mode noise suppression but also
improved the SNR. The measurement accuracy of the system can
reach 1 ppm for an optical path length of 10 cm verified by trace
water vapor detection experiments [81]. Wang F et al. have
expanded the functionality of the phase-locked amplification
technique, which can accurately measure the phase
information from the extremely weak signal. As shown in
Figure 5A, hanging amplitudes and phases of the sinusoidal
signals, a phase detection linearity of 0.99999 R-square is
achieved by the phase demodulator. The output of low-pass
filter Sg; and Sg, are shown in Figure 5B and the noises of
the signals are shown in Figure 5C. Figure 5D is the noise levels
comparison of phase detection. They achieved a resolution of
better than +0.005% in 0.99% O, [82].

To further eliminate the influence of common-mode
interference, researchers have proposed a method of
normalizing the second harmonic signal using the first
harmonic [83]. The influence such as light intensity
fluctuations and random scattering in the optical path could
be eliminated in this way. To eliminate the influence of light
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FIGURE 5 | Functional verification of the phase demodulator. (A) Phase detection linearity. (B) Signals SR1, SR2. (C) Signals Sg+, Sre after 160,000 times of
average algorithm. (D) Noise levels comparison of phase detection.

intensity fluctuations in wavelength modulation, Yang C et al
obtained gas concentration by measuring the first harmonic
phase angle that is independent of light intensity [84]. This
method has great potential in the applications of the WMS
technique especially under high modulation frequencies or
modulation-amplitude limited conditions. Roy et al. suggested a
method in which the 1f WMS and 2f WMS signals are normalized by
the linear and non-linear intensity modulation components,
respectively [85]. With a single-pass detection limit of 3 ppb for
CO (using 1f WMS and 4.05 m route length) and 45 ppb for CO,
(using 2f WMS and 20 cm path length), the system has an optimum
integration time of 17 s and 69 s, respectively.

Background Interference Suppression
The main interference includes non-absorptive background caused
by light dispersion, optical path loss, etc., and additional absorption
background caused by device packaging or poor coupling.
Non-absorptive background fluctuations for gas detection
systems, especially in low-concentration detection, will affect the
output light intensity and seriously interfere with the final detection
results. In order to eliminate this part of the impact, Wang F et al.

proposed a demodulation algorithm based on the head-tail technique
for single-beam water vapor detection under rough environmental
conditions. The experiment indicates that, when the light power
attenuates 4%, the deviation in a single-beam system is 1.29%, which
is superior to a dual-beam subtraction system whose deviation is
8.45% [86]. Wei W et al. presented an artificial absorption peak
technology, which created an artificial absorption peak of
known concentration next to the real absorption peak
without being overlapped. The artificial absorption peak
technology can suppress the effect of non-absorption
transmission losses and noise on the selection of potential
reference points in the sensor system. The signal of the
artificial absorption peak is added to the driving signal of
the laser, and as shown in Figure 6, the reference points
become easier to distinguish. When the non-absorption
transmission losses change between 0 and 70%,
measurement error reaches as low as 0.425% (0.17 ppm)
with the DA method and 0.225% (0.09 ppm) with the WMS
method [87].

A large part of the extra absorptive background interference
comes from the background absorption in the free space inside the
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TABLE 1 | Summary of TDLAS trace gas sensors or instruments.

Molecule Laser type Wavelength/cm™' Technique
CH, DFB-QCL 1,275.04 WMS
DFB-ICL 2968.4-2968.85 WMS
DFB-LD 4297.56 WMS
N-O DFB-QCL 1,274.61 WMS
DFB-QCL 2190.2 DAS
CO DFB-QCL 2,190.2 DAS
DFB-ICL 2,131 WMS
CO, DFB-QCL 2,282.9 DAS
DFB-LD 6,335 WMS
NO DFB-QCL 1,900.08 WMS
DFB-ICL 1,929.08 DAS

MDL: minimum detection limit.
EAP: effective absorption path.

optoelectronic device. When detecting gases with high
components in the atmosphere, such as oxygen, water
vapor, and carbon dioxide, these gases would inevitably
remain inside the device and become the background
interference of the detection system. The signal received by
the detector not only contains the absorption information of
the gas to be measured but also carried the intrinsic absorption
signal inside the device, which will have a great impact on the
detection of trace gases. Wang Q et al. chose a strong
absorption line near 1,368.6nm for water vapor and
designed a simple test to verify the existence of background
absorption inside the optoelectronic device [88]. Zhu CG et al.
also found the distortion of the absorption spectroscopy
caused by the water vapor in the gap between the end faces
of the optical elements [89]. Wang Q et al. proposed a method
of reasonable recombination of the collimator and the PD to
suppress the influence of background absorption in the system
[76]. However, this method is cumbersome to operate due to
the effect of the pairing of optoelectronic devices. Lv GP et al.
combined the dual-beam differential method to achieve time-

EAP Acquisition time MDL References
57.6m 1-s 5.9 ppb [51]
580 m 290 s 560 ppt [64]

72m 137 s 36 ppb [91]
57.6m 1-s 2.6 ppb [51]

76m 1s 0.49 ppb [92]

76 m 1s 0.35 ppb [92]
3.99m 10s 0.6 ppb [93]

76 m 1s 170 ppb [92]
556.1m 30s 7.5 ppm [94]

im 3s 42 ppb [95]
82 mm 10ms 30 ppm [96]

domain differential correction through optical switches,
thereby suppressing the influence of water vapor inside the
device [90]. Wang Y et al. directly used waterless optical
components, combined with Herriot cell, to reduce the
impact of background absorption from 726 to 25 ppm [39].

Combining with the above-improved methods, we summarize
the detection sensitivity that the existing TDLAS system can achieve
for gases with great application value, as shown in Table 1.

THE HYPOTHESIS OF THE SENSITIVITY
LIMIT

The sensitivity of the TDLAS system has always been an issue
of concern to researchers, and a lot of work has been done to
achieve the lowest limit. The most common one is to increase
the length of the effective optical path. Through a variety of
methods, the absorption optical path of tens or even hundreds
of meters can be obtained to achieve ppb, ppt, or even lower
detection limit. However, considering that there is always a
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limit to the number of low-state gas molecules. When a certain
“threshold” is captured, the significance of continuing to
improve the detection limit for practical research becomes
quite limited.

According to the assumptions of quantum mechanics,
atoms or molecules could only exist in specific quantum
states, and each quantum state has discrete energy and
angular momentum. For TDLAS, the energy of the molecule
to be measured is also quantized. At room temperature,
molecules are at the lowest state. Infrared absorption
spectroscopy gas sensing involves the absorption of gas
molecules caused by the transition from the ground state to
the first or second excited state. Therefore, when discussing the
detection sensitivity limit of a gas sensor system based on
infrared absorption spectroscopy, the number of low-state gas
molecules participating in the absorption should be
considered. According to the Boltzmann distribution, we
determine the number of molecules of the absorbed species
on effective optical path for absorption, N:

Q(T)
hcE;
- kT)
Where g  is degeneracy for the lower-state i energy E; of
absorption transition, Q(T) is Partition function of absorbed
species at temperature T, E; is the lower-state i energy of
absorption transition, and k is Boltzmann’s constant.

If there is only one low-state gas molecule in the effective
optical path, n; = 1, N can be expressed according to Eq. 8:

Q(T)
N=__ <\
g”exp(— h;—f)

(8)

€

The lowest detection limit that the system can achieve
under this condition is obtained when its absorption
transition occurs, which is the “threshold” we mentioned. It
can be seen that N will vary depending on absorbed species,
specific absorption transition, and temperature T. To correlate
N and the detection limit of TDLAS, we used integrated
absorbance (IA). The IA under the condition of N is
represented as:

1 N
IA = Jln e A
1; gl w Y

Where S, is spectral line intensity and n, is number density of
molecules, which is related to the effective area of the beam W
and the effective absorption path L. n; can be expressed as:

(10)
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CONCLUSION AND OUTLOOK

This paper reviews the important developments of TDLAS
technology in recent years and the improvement of system
detection sensitivity. With the improvement of the system
structure and key processing devices; the innovation of data
acquisition and signal processing technology, TDLAS has played
a very important role in the online and real-time monitoring of gas
concentration. The development of the semiconductor diode laser
industry has enabled the laser wavelength to cover most of the
spectral range, making TDLAS detection light sources more choices.
Moreover, its capability of narrow linewidth and high-power output
provides a basic guarantee for the improvement of the sensitivity and
detection limit of the TDLAS system. With the improvement of the
effective optical path, the TDLAS system is continuously developing
towards miniaturization and portability while improving detection
accuracy. Simultaneously, the optimization of data processing
provides many new possibilities for TDLAS detection.

However, as an important indicator of the development of the
TDLAS system, the increase in sensitivity will ultimately reach an
ultra-limit, which is determined by the principle of gas infrared
absorption. If the number of molecules in the low-state cannot meet
the transition conditions, the infrared absorption will not occur, and
the TDLAS system will not be able to detect the corresponding
concentration information. Therefore, through the quantization
analysis of the absorption process, this paper put forward and
analyzed the hypothesis of the sensitivity limit of TDLAS
technology, which has reference significance for future development.
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