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Fast step heterodyne light-induced thermoelastic spectroscopy
gas sensing based on a quartz tuning fork with high-frequency

of 100 kHz

Yuanzhi Wang“?', Ying He'", Shunda Qiao?, Xiaonan Liu*?, Chu Zhang'?, Xiaoming Duan* and Yufei Ma*?*

Abstract: In this paper, a fast step heterodyne light-induced thermoelastic spectroscopy (SH-LITES) sensor using a
high-frequency quartz tuning fork (QTF) with resonant frequency of ~100 kHz is reported for the first time. The theo-
retical principle of heterodyne LITES (H-LITES) signal generation is analyzed firstly, and an acetylene (CoH;) H-LITES
sensor is established to verify its performance. Experimental comparisons between the high-frequency QTF and a
standard commercial QTF with resonant frequency of ~32.768 kHz reveal that the high-frequency QTF exhibits a
tenfold faster response time. Specifically, the H-LITES sensor with this QTF achieves a 33 ms measurement cycle, 90%
shorter than commercial counterparts. Furthermore, The SH-LITES technique is proposed to further shorten the
scanning time to 15 ms, which achieves the shortest LITES measurement time known to date. To demonstrate its
advantages in dynamic gas detection, an H,O-LITES system integrating both QTF types is constructed for real-time
monitoring of H,O concentration during different respiration patterns. Comparative measurements show that the
SH-LITES more accurately captures dynamic H,O concentration fluctuations during respiration, outperforming the
commercial QTF-based H-LITES sensor in rapid response scenarios.
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1 Introduction

Fast and accurate measurement of trace gases is indispens-
able in various fields including industrial production,
healthcare, and environmental monitoring'. In industrial
settings, the combustion process of fuel-air mixtures occurs
extremely rapidly, with the entire cycle from injection to
complete combustion taking only tens of milliseconds (ms).
During this process, the concentrations of oxygen (O;) and
other reactants decrease sharply, while those of products
such as carbon dioxide (CO;) and water vapor (H,0O) rise
abruptly’. Monitoring of these rapid gas concentration
changes can provide insights into the combustion process,
aiding in optimizing combustion efficiency”. In the healthcare
region, fast gas detection allows for dynamic assessment of a

patient's respiratory function and physiological state. For
instance, during an asthma attack or similar respiratory
conditions, the composition of exhaled breath can change
within hundreds of ms. Furthermore, respiratory rate serves
as a crucial biomarker for assessing a patient's physiological
state. Abrupt breathing and changes in respiratory rate can
signify a potentially life-threatening deviation in physiologi-
cal equilibrium®®. These rapidly changing dynamic
processes pose challenges for gas detection technology.
Current methods for trace gas detection include optics,
electrochemistry, microstructures, and others'®"’. Among
these, spectroscopic techniques are widely researched for
their high specificity and sensitivity'*-”. Quartz-enhanced
photoacoustic spectroscopy (QEPAS), introduced in 20022,
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is a notable spectroscopic technique due to its noise resis-
tance, compact size, and cost-effectiveness®®>!. However, in
QEPAS sensor, the detector of quartz tuning fork (QTF)
come into direct contact with the measured gases, therefore,
it is a contact measurement method and is limited in envi-
ronments containing acidic or strongly oxidizing gases®>. To
address the limitations of QEPAS, light-induced thermoelas-
tic spectroscopy (LITES) was first introduced in 2018%. The
principle of LITES involves modulated laser light of specific
wavelengths passing through the target gas, which absorbs
the laser energy. The transmitted light carries information
about the gas concentration and transfers this information
to the QTF via thermal expansion®**. The QTF vibrates in
response, generating a piezoelectric signal. By demodulating
this signal, the concentration of the target gas can be deter-
mined*. Since LITES measures the transmitted light after
absorption, the QTF can be isolated from the measurement

environment. This makes it a non-contact method,
minimizing environmental interference and ensuring
stability®”3.

Researchers have focused to enhance the detection sensi-
tivity of the QTF. For instance, modifying the dimensions of
the QTF changes its deformation degree, thereby increasing
the signal amplitude!**, and coating materials on the surface
of the QTF to enhance the signal amplitude-*2. Although
QTFs exhibit high detection sensitivity, their response time
is limited®. In traditional QTF-based QEPAS and LITES
technologies, the measurement cycle for gas concentration
typically exceeds several seconds*. In 2018, a heterodyne
signal excitation method was introduced, where an external
excitation source causes the laser to rapidly scan across
absorption lines, inducing transient response in the QTF at
its intrinsic resonant frequency f*. Using signal with a
frequency of f+Af to modulate the laser, a beat frequency
effect between the intrinsic frequency f and modulation
frequency f+Af can be generated, and the gas concentration
and frequency f of QTF can be reconstructed from the
demodulated heterodyne signal. However, the measurement
cycle based on the beat frequency method still generally
exceeds 100 ms, making it unsuitable for dynamic monitor-
ing applications such as combustion fields, respiration, and
chemical reactions**2

This paper presents a fast step heterodyne LITES (SH-
LITES) sensor using a 100 kHz high-frequency quartz
tuning fork (QTF) for the first time. Compared to standard
commercial 32 kHz QTFs, the high-frequency QTF offers
wider bandwidth, faster energy decay, and shorter response
times. The theoretical principle of heterodyne LITES (H-
LITES) is analyzed firstly and acetylene (C,H;) is used to
verify its performance. On the basis of fast H-LITES, SH-
LITES is proposed to further reduces the measurement time,
establishing the fastest measurement speed among all LITES
sensors reported to date. A H,O sensor combining SH-
LITES and H-LITES are built to monitor human respiration
states, validating the effectiveness of SH-LITES technique.

2 Operation principle of H-LITES

When a QTF is exposed to a modulated laser in LITES, the
performance of the QTF adheres to the damped vibration of
a cantilever beam>**. The QTF vibration displacement
change x can be expressed by the Eq. (1):
2

me% = —kxfy% + N, (1)
where m, represents the equivalent vibration mass of QTF; k
represents the elastic recovery coefficient; y represents the
damping ratio. N represents the driving force generated by
the optothermal effect, express by Eq. (2):

N = K(I, + Icos(2n(f+ Af)t + @), (2)
where K is the optothermal conversion coefficient; I) is
transmitted light intensity at the modulated wavelength A; I
is the modulated light intensity; f is the resonant frequency
of the QTF. Considering the piezoelectric effect, the input
signal to the lock-in amplifier (LIA) is obtained as:

Eqre(t) = RegKpe(%o + 31 + X5) |
X = X,\([)COS(zTI(f+ Af)t + §01) ) (3)
x, = Ae 7 %sin(2nft + ¢,) ,

where Req is the equivalent resistance; Kp, is the piezoelec-
tric coefficient; x is the bias displacement of the laser irradi-
ation on QTF. x; and x; are the vibration displacement; f
represents the resonant frequency of the QTF, which is
primarily determined by its elastic modulus and geometric
configuration. Meanwhile, Q denotes the quality factor of
the QTF, which is dictated by the material's internal losses
and external damping effects®. The frequency of reference
signal for the LIA is f+Af. The output Ep(t) after demodula-
tion can be expressed as the Eq. (4):

Epe(t) = Wy + Weos(2mAft — ¢,)e ™/, (@)

where Wy is proportional to the light intensity I), while W is
proportional to the instantaneous variation in Ij. Therefore,
the signal is constituted by the steady-state response and the
transient response.

3 Experimental setup
3.1 Verification of H-LITES sensor

The experimental setup of the H-LITES sensor is shown in
Fig. 1(a). The laser source is a distributed feedback (DFB)
laser with a central output wavelength of ~1530 nm. A
sawtooth wave and a sine wave generated by a signal genera-
tor are superimposed and injected into the laser controller to
achieve wavelength modulation. The first half of the
sawtooth wave signal is a ramp signal, used for rapid scan-
ning of the acetylene (CyH,) gas absorption line to obtain
the gas concentration; the second half is a direct current
signal far from the absorption line, used to ensure that the
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QTF completely decays the accumulated energy. The sine
wave is adopted for modulate the laser wavelength. A fiber
collimator (FC) is selected to collimate the light output from
the laser. A mixture of 2% C,H, and pure N, gas is mixed by
a gas flow meter and filled into a 20 cm long gas chamber,
where the light is absorbed by C,H,. A lens with a focal
length of 35 mm focuses the transmitted light onto the
surface of the QTF. The piezoelectric signal from the QTF is
demodulated using a LIA (Zurich instruments, LIA 500
kHz/5 MHz), with its integration time of 150 ps and its filter
order of 3. The demodulated heterodyne signal can reflect
the target gas concentration. The experiment uses both
high-frequency QTF (QTF1) and standard commercial QTF
(QTF2) as detectors. The detailed structural parameters of
the two QTFs are shown in Fig. 1(b) and 1(c). It can be
observed that the prong structure of QTF1 is shorter in
length and wider in width compared to QTF2, resulting in a
higher resonant frequency.

The resonant frequencies f of the two QTFs are deter-
mined by frequency sweeping using optical excitation, as
shown in Fig. 2. The scanning frequency data are fitted with

a Lorentz function, yielding a f of 99550 Hz for QTF1 and
32738 Hz for QTF2. The half-maximum bandwidth (AW) of
the two QTFs are 62 Hz and 5 Hz, respectively. From the
formula Q=f/AW, the Q values of the QTFs are calculated to
be 1605.8 and 6547.6, respectively. A lower Q value indi-
cates greater energy loss in a single vibration cycle of the
QTF, suggesting that the QTF can return to a steady state
more quickly. Treating the QTF as a filter, the bandwidth of
QTF1 is relatively wide, which allows for a greater retention
of high-frequency signal components in the input signal.
Consequently, the output can more rapidly track changes in
the input.

Measurements of the heterodyne signals for both QTFs
are conducted under different scan frequencies of sawtooth
wave signal. Figure 3(a) shows the heterodyne signal for the
QTF1, normalized by the peak signal in 0.25 Hz condition.
The reference frequencies f are initially set to 99658 Hz and
32741 Hz for QTF1 and QTEF2, respectively. The modula-
tion currents for both are set to 10 mA to ensure that each
can generate a heterodyne waveform. At sawtooth wave
frequencies of 0.25 Hz and 1 Hz, the scanning speed is rela-
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Fig. 1 | (a) Experimental setup of the fast H-LITES sensor based on high-frequency QTF (QTF1) and standard commercial QTF (QTF2). (b) Structure of QTF1.

(c) Structure of QTF2.
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Fig. 2 | Frequency response curve of (a) QTF1; (b) QTF2.
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tively slow, leading to a steady-state response from the QTF,
resulting in continuous 1f harmonic signals. When the
sawtooth wave frequency increases to 20 Hz and 30 Hz, the
rapid sweep of wavelength across the absorption line causes
to the QTF's transient response; the first half of the signal
exhibits a 1f harmonic, while the latter part displays a multi-
peak decay signal. Figure 3(b) illustrates the normalized
waveform for the QTF2. At a scan frequency of 1 Hz, the
response of the QTF to the excitation already turns into a
transient response. When it reaches 20 Hz and 30 Hz, due to
the slower energy dissipation of the standard commercial
QTF, the QTF2 gets re-excited before it has fully dissipated
its previous energy. The interference among different cycles
leads to a decrease in the variation of the signal amplitude.
Consequently, the shortest measurement period for the
heterodyne signal is limited by the decay rate of the QTF's
energy.

To determine the minimum measurement period for the
two QTFs, their decay processes are fitted based on Eq. (4).
The reference frequencies f are set to 99702 Hz and 32745
Hz for QTF1 and QTEF2, respectively. The waveform of the

H-LITES is illustrated in Fig. 4, where the heterodyne signals
adequately reflect the decay processes of the two QTFs. The
signals exhibit a well-defined exponential decay trend, with
R-square values reaching 0.999. The #, values in the fitting
equations are found to be 0.00469 s and 0.04985 s, indicat-
ing that the response speed of QTFI is approximately ten
times faster than that of QTF2. The signal attenuation time
ty can be calculated by formula #, = In(#,/ R), where f; is the
fitted value from Fig. 4, and R is the signal attenuation ratio.
When the R is 0.1%, the attenuation process can be consid-
ered almost complete; setting the t; as the scanning time
means there will be no crosstalk between different period.
Calculations show that the scanning times of QTF1 and
QTF2 are approximately 33 ms and 333 ms, respectively.
Based on these times, the sawtooth wave scan frequency can
be set to 30 Hz and 3 Hz, respectively, ensuring no interfer-
ence occurs between heterodyne signals from consecutive
scan cycles of the sawtooth wave, thereby maintaining signal
integrity and measurement accuracy.

The optimization of the H-LITES peak signal for both
QTF1 and QTF2 is conducted to ensure that the signal
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Fig. 3 | Normalized H-LITES signals with different frequencies of sawtooth wave signal: (a) QTF1; (b) QTF2.
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Fig. 4 | The decay curve fitting of QTF in H-LITES sensor: (a) QTF1; (b) QTF2.

250150 (Page 4 of 11)


https://doi.org/10.29026/oea.2026.250150

Wang YZ et al. Opto-Electron Adv 9, 250150 (2026)

https://doi.org/10.29026/0ea.2026.250150

amplitudes from both QTFs achieve optimal performance.
The variation in modulation depth is shown in Fig. 5(a),
indicating that as the modulation current increases, the
signal amplitude initially rises before it starts to decrease.
The optimal modulation currents for the QTFs are found to
be 28 mA and 20 mA. The inconsistency in this modulation
current primarily stems from the fact that the laser
controller's performance is highly dependent on the modu-
lation frequency. Figure 5(b) and 5(c) illustrates the opti-
mization of the modulation frequency, with the optimal
frequencies determined to be 99640 Hz for QTF1 and 32742
Hz for QTF2.

The concentration response of the H-LITES sensor based
on the high-frequency QTF1 is investigated. Figure 6(a)
presents the H-LITES waveforms at various concentrations
of C,H,, demonstrating a consistent decrease in the peak-to-
peak signal amplitude as the C,H, concentration decreases.
Figure 6(b) shows the linear fitting of the peak-to-peak
amplitudes at different concentrations, revealing a strong
linear relationship between the H-LITES signal and gas
concentration, with an R-square value of 0.99 for the linear
fitting. Based on the positions of peak and valley, the

frequency of the QTF can be calibrated. The time difference
(At) between the peak and trough is 5.65 ms, and Af =
1/(2At). The calculated Af is 87.7 Hz. Based on the principle
of H-LITES, the calculated resonance frequency of QTF1 is
approximately 99552.3 Hz. The discrepancy between this
value and the resonance frequency derived from Lorentz
fitting is 2.3 Hz, which is significantly smaller than the QTF
bandwidth. This outcome demonstrates that H-LITES is
capable of fitting the resonance frequency with relatively
high accuracy. Therefore, this allows for the calibration of
QTF frequency during concentration measurement.

3.2 SH-LITES sensor based on high frequency QTF

To further improve the measurement speed of the LITES
system, a step-scan LITES technique (step heterodyne light-
induced thermoelastic spectroscopy, SH-LITES) based on
high frequency QTF1 is proposed. A comparison of the
scanning methods between SH-LITES and H-LITES is
shown in Fig. 7. In traditional H-LITES, 1f demodulation is
typically implemented with a sawtooth wave to scan the
absorption line. The leading edge of the sawtooth
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b
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Fig. 5 | Optimization of modulation parameters for H-LITES. (a) Optimization of modulation current. (b) Optimization of modulation frequency for QTF1. (c)
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wave sweeps the laser wavelength across the entire target
absorption line. In LITES, the 1f signal originates from peri-
odic temperature fluctuations induced by optical absorption,
which in turn excites the vibration of a QTF. According to
the differential characteristics of absorption spectra, the 1f
signal amplitude is proportional to the first derivative of the
absorption coefficient. Its peaks correspond to the positions
with the maximum slope of the absorption line, whereas
scanning the absorption line center (where the slope is zero)
and baseline regions (with no absorption) generates no
effective signals. In practice, signal amplitudes reflecting gas
concentration only emerge at the two peaks of the 1f signal,
making wavelength scanning at other positions unnecessary.
SH-LITES performs scanning only near the two 1f peaks,
avoiding scans of invalid positions and shortening the
measurement period without altering the QTF response
time, and after traversing a small range, the current is
abruptly switched near the other peak. The resulting current
jump generates heterodyne signals, which can reflect the
frequency difference Af.

SH-LITES
t

1f H-LITES

Fig. 7 | Comparison of between H-LITES and

SH-LITES.

scanning methods

The amplitude of the modulation waveform is optimized
in the experiment. As shown in the Fig. 8, the scan current
amplitude is determined to be 2.2 mA, and the step current
amplitude is 11 mA.

The optimization of modulation frequency and current is
shown in Fig. 9. The SH-LITES modulation waveform is
optimized under a 33 ms scanning period. As depicted in
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Fig. 8 | Optimization of the scan waveform for SH-LITES. (a) lllustration of step-scan wave. (b) Optimization of scan current Al;. (c) Optimization of scan

current Aly.
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Fig. 9(a) and 9(b), the signal amplitude and waveforms at
different modulation frequencies reveal that the closer the
modulation frequency approaches the QTF's resonance
frequency, the larger the signal amplitude becomes.
However, the heterodyne valley gradually disappears, result-
ing from the increase in At. To ensure the heterodyne wave-
form can calibrate the QTF frequency under shorter scan-
ning periods, the modulation frequency is set to 99691 Hz in
subsequent experiments instead of the frequency with the
maximum signal amplitude. At this point, the calculated Af
is 141 Hz. From the formula At = 1/(2Af), the value of At is
3.55 ms. When the scanning period is greater than twice At,
the existence of the valley can be maintained, thereby invert-
ing the QTF frequency. The curve of signal amplitude versus
modulation current is shown in Fig. 9(c), determining the
optimal modulation current as 14 mA.

When comparing the optimized signal amplitudes of SH-
LITES and H-LITES across different scanning periods, as is
depicted in Fig. 10, their correlation with the period reveals
distinct behaviors. H-LITES signals decay rapidly as the
period shortens. This decay originates from insufficient
baseline scanning duration, which induces crosstalk of
vibrational energy. In contrast, SH-LITES signals exhibit no
continuous decay within this range. Specifically, at a 15 ms
scanning period, the SH-LITES amplitude reaches 57.7 uV,
closely approaching the 54.2 pV amplitude of H-LITES at 33
ms. Thus, the scanning period can be reduced to half that of
H-LITES, demonstrating the temporal efficiency advantage
of stepwise scanning.

The linear concentration response of SH-LITES is
measured under a 15 ms scanning period, as shown in Fig.
11. Specifically, signal amplitudes are monitored as the C,H,
concentration ranged from 500 to 10000 ppm, demonstrat-
ing an excellent linear response with an R-square value of
0.99. During the decay process, the time difference (At =
3.58 ms) and frequency difference (Af = 139.7 Hz) between
peak and valley positions are calculated to retrieve the QTF
resonance frequency. The 1.3 Hz difference between the

value calculated by SH-LITES and that obtained via Lorentz
fitting indicates that SH-LITES in a period of 15 ms can still
calibrate the QTF frequency, leveraging precise heterodyne
waveform analysis.

80 F —=— SH-LITES
—=&— H-LITES
70 F L

50 F

40 |

Signal amplitude (uV)

30

15 20 25 30 35 40
Scan period (ms)

Fig. 10 | Signal comparison between SH-LITES and H-LITES under various
scanning periods.

3.3 H2O0 respiration detection based on the fast SH-
LITES sensor

To further validate the advantages of fast SH-LITES sensor
based on QTF1 for rapid measurements, H,O respiration
detection is demonstrated. The experimental setup is illus-
trated in Fig. 12(a). QTF2 is also employed for comparison.
Two lasers with central wavelengths near the absorption line
of H,O at 1368 nm are employed. Wavelength modulation is
achieved by applying sine waves of different frequencies to
each laser. To implement SH-LITES, a step-scan waveform
is applied to laserl, which illuminates QTF1. To demon-
strate the advantages of SH-LITES technology, H-LITES
technology is also used to measure H,O respiration. There-
fore, laser2 and QTF2 are adopted in this H-LITES sensor.
The output beams from the two lasers pass through the same
gas chamber and are focused by lenses onto QTF1 and
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Fig. 11 | SH-LITES for QTF1 with different concentrations of C;H,. (a) Signals with different C;H, concentration. (b) Linear fitting of peak to peak value of

the signal.
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QTEF2, respectively. Two channels of the LIA are used to
demodulate the signals from the QTFs, thereby obtaining
the SH-LITES and H-LITES signals. The gas chamber is
designed with openings at both ends to remain connected to
the external environment, as shown in Fig. 12(b), ensuring a
constant pressure inside the cell. The length of the gas cell is
20 cm and the inner diameter is 2 cm. The air chamber has
an opening in its middle section and is connected to the
breathing mouthpiece via a rubber tube. When the experi-
menter breathes through the mouthpiece, the exhaled gas
fills the entire air chamber, thereby altering the H,O
concentration along the laser path. The signals demodu-
lated by the LIA are processed by a computer to determine
the variations in H,O concentration, thereby reflecting the
state of respiration. The experiment is conducted under the
conditions of 21 °C and 101 kPa. Sine waves of 99702 Hz
and 32745 Hz are applied initially to the respective lasers.
Based on the earlier research about SH-LITES and H-LITES,
the frequency of step-scan wave and sawtooth wave signal
are set to 3 Hz and 66.67 Hz, corresponding to the shortest
measurement periods, respectively. The two channels of the
LIA use the same integration time and filter order as before.
The optical path is adjusted so that the laser beam irradi-

ated the optimal position of the QTFs, after which the
modulation frequency and modulation current is optimized.
Figure 13(a) and 13(b) illustrates the optimization of the
modulation frequency, with the optimal frequencies deter-
mined to be 99655 Hz for QTF1 and 32748 Hz for QTF2.
The optimization of the modulation current is illustrated in
Fig. 13(c) and 13(d), where the optimal modulation current
for QTF1 and QTF2 are found to be 24 mA and 34 mA,
respectively. Since the absorption linewidth of H,O differs
from that of CyHj, the scan current amplitude and the step
current amplitude are also optimized, determined to be 1
mA and 10 mA, respectively.

The SH-LITES sensor and H-LITES sensor are employed
for continuous measurement of H,O in the gas chamber.
The experiment measures H,O in the air, as well as under
three breathing conditions: normal breathing, fast breathing,
and slow breathing. The obtained results using QTF1 and
QTF2 are shown in Fig. 14. Due to the significantly shorter
scanning period of SH-LITES with QTF1 compared to H-
LITES with QTF2, the sampling rate for H,O concentration
is much higher. Consequently, the obtained signal envelope
is more continuous. The peak-to-peak values of the LITES
sensor signals in Fig. 14 are extracted to obtain signal wave-
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Fig. 12 | (a) Experimental setup of H,0-H-LITES sensor for respiration detection. (b) Schematic diagram of the gas chamber.
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forms that reflect changes in H;O concentration. In
Fig. 15(a) and 15(b), the H,O concentration for QTF1 and
QTEF?2 are illustrated respectively. Measurements of H,O in
the air indicate that the SH-LITES and H-LITES system both
possess good stability over a certain period of time. Under
normal and slow breathing conditions, both QTFs are capa-
ble of reflecting the overall trend of respiration. However,
the waveform of SH-LITES with QTF1 reveals more details
in the breathing process compared to H-LITES with QTF2.
In the state of fast breathing, the waveform of QTF2
becomes distorted and fails to reflect the correct respiratory
frequency. In contrast, the waveform of QTFI still manages
to accurately reflect changes in the respiratory state. This
demonstrates that SH-LITES with QTF1 is more suitable
than H-LITES with QTF2 for scenarios involving rapid
changes in gas concentration. The scan time and related

parameters of SH-LITES sensor based on the high-frequency
QTF1 are compared to the other LITES sensors, and the
results are presented in Table 1. Results show that the SH-
LITES sensor with high-frequency QTF1 has significantly
improved the measurement speed.

4 Conclusions

This paper reports for the first time a fast SH-LITES sensor
leveraging a high-frequency QTF with a resonant frequency
of ~100 kHz. The theoretical mechanism of H-LITES is
analyzed, followed by the establishment of a C,H,-H-LITES
sensor to compare the response speeds of the high-
frequency QTF and a standard commercial QTF. Experi-
mental results demonstrate that the high-frequency QTF
exhibits a tenfold faster response speed and a 33 ms mea-
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Fig. 14 | H,O-LITES sensor signal amplitude recorded as a function of time for human respiration: (a) SH-LITES with QTF1; (b) H-LITES with QTF2.
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Table 1 | Parameter comparison of measurement speeds with other LITES sensors.

Technique QTF frequency (kHz) Intergration time (ms) Measurement period (s) Reference
LITES 9 240 100 ref.3
LITES 32 100 10 ref.>
LITES 32 30 5 ref.>®

H-LITES 9 30 4 ref.s®
SH-LITES 100 0.15 0.015 This work
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surement period compared to the commercial counterpart,
attributed to its broader bandwidth. To further minimize the
measurement cycle, a SH-LITES method based on step
waveform scanning is proposed, which currently represents
as the fastest LITES sensor with a measurement cycle of just
15 ms. Additionally, a fast H,O-SH-LITES sensor is devel-
oped for real-time H,O measurement in respiration.
Comparative studies between the SH-LITES and H-LITES
show that the SH-LITES accurately captures respiration
frequency and state changes, even during rapid breathing.
Its advantage in dynamic scenarios with rapid gas concen-
tration fluctuations offers a promising direction for enhanc-
ing the measurement speed of QTF-based spectroscopic gas
sensors, particularly in biomedical monitoring and environ-
mental rapid detection.
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