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Abstract: To achieve multi-gas measurements of quartz-enhanced photoacoustic spectroscopy
(QEPAS) sensors under a frequency-division multiplexing mode with a narrow modulation frequency
interval, we report a frequency-domain detection method. A CHy absorption line at 1653.72 nm and a
CO, absorption line at 2004.02 nm were investigated in this experiment. A modulation frequency in-
terval of as narrow as 0.6 Hz for CH4 and CO, detection was achieved. Frequency-domain 2f signals
were obtained with a resolution of 0.125 Hz using a real-time frequency analyzer. With the multiple
linear regressions of the frequency-domain 2f signals of various gas mixtures, small deviations within
2.5% and good linear relationships for gas detection were observed under the frequency-division
multiplexing mode. Detection limits of 0.6 ppm for CHy and 2.9 ppm for CO, were simultaneously
obtained. With the 0.6-Hz interval, the amplitudes of QEPAS signals will increase substantially since
the modulation frequencies are closer to the resonant frequency of a QTF. Furthermore, the frequency-
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species with more lasers operating under the frequency-division multiplexing mode. Additionally,
this method, with a narrow interval of modulation frequencies, can also realize frequency-division
multiplexing detection for QEPAS sensors under low pressure despite the ultra-narrow bandwidth of
the QTE.
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1. Introduction

Quartz-enhanced photoacoustic spectroscopy (QEPAS) [1-5] is now widely employed
in gas measurements due to its high sensitivity, zero baseline, and excellent anti-disturbance
performance. With the implementation of QEPAS, a modulated laser beam is collimated
and then focused between the prongs of a quartz tuning fork (QTF) [6-8]. Acoustic
microresonators with optimal parameters and configurations are commonly employed to
increase sensor sensitivity [9-11]. With the laser absorbed by target gases, an acoustic wave
is generated through non-radiative relaxation and a piezoelectric current is generated by
the mechanical vibration of the QTF prongs, which is then converted to an output voltage
by a trans-impedance amplifier. With a lock-in amplifier, the photoacoustic signal, usually
in its second harmonic (2f) regime, can hence be demodulated [12,13].

To detect multi-component gas mixtures with QEPAS, time-division multiplexing
technology has been commonly adopted to regulate multiple lasers of different central
wavelengths [14,15]. Diode lasers are controlled via switching modules to direct a single
Attribution (CC BY) license (https:// ~ beam to the acoustic detection module separately. The response time would consequently
creativecommons.org/licenses /by / degrade with the increase of gas species. An acoustic detection module based on multiple
40/). QTFs [16] or a QTF combining different resonate frequencies [17] can realize simultaneous
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gas detection. However, the alignment and processing technology of the special QTFs
will be complicated. A frequency-division multiplexing QEPAS sensor has thus been
demonstrated for accurate measurements of CH; and CO, with an ordinary acoustic
detection module [18]. To eliminate interferences between 2f signals retrieved by lock-in
amplifiers, the modulation frequencies must be set with a sufficient interval. Nevertheless,
the frequency bandwidth of the QTF is usually several hertz and will decrease sharply
at low pressure [19,20]. For example, the frequency bandwidth of the QTF is 2.5 Hz at
atmospheric pressure [21]. For precise dual gas detection at atmospheric pressure under the
frequency-division multiplexing mode, a 2.5-Hz difference of modulation frequencies is still
within the bandwidth and will lead to interference-free 2f components. However, compared
with the 2.5 Hz difference, the amplitudes of the QEPAS signal will increase substantially
with a narrower difference, according to the QTF response, since the modulation frequencies
will be closer to the resonant frequency of the QTF. For the fixed bandwidth of the QEPAS
sensor, more gases can be detected simultaneously with more lasers operating under the
frequency-division multiplexing mode if the frequency interval is narrower. Moreover,
for gas detection of more than three species under the frequency-division multiplexing
mode, the required bandwidth of the QTF should be larger than 5.0 Hz if the frequency
difference is 2.5 Hz. Additionally, the required bandwidth will rise linearly with the
increase of gas species. As a result, the required bandwidth will exceed the bandwidth
of QTF for multi-gas detection with a relatively wide interval of modulation frequencies
under the frequency-division multiplexing mode. Hence, a wider difference in modulation
frequencies will cause a serious decline in the QEPAS signals for gas detection of more
than three species at atmospheric pressure due to the limited bandwidth of the QTF.
Commonly, the bandwidth of the QTF will decrease sharply at low pressure; the bandwidth
of the QTF decreases to 0.9 Hz at 50 Torr [21]. For gas detection with low pressure, the
2.5 Hz difference already exceeds the 0.9-Hz bandwidth of the QTF and the QEPAS signals
will decrease significantly. Hence, the wide difference in previous papers shows that
precise gas detection under the frequency-division multiplexing mode at low pressure
cannot be realized.

In this work, we introduce a frequency-domain detection method for frequency-
division multiplexing QEPAS sensors with a narrow modulation frequency interval. A CHy
absorption line at 1653.72 nm and a CO, absorption line at 2004.02 nm were investigated in
this experiment. Modulation frequencies of 16,356.18 and 16,356.78 Hz for CH4 and CO,
detection with an interval of as narrow as 0.6 Hz were employed. Frequency-domain 2f
signals were obtained with a resolution of 0.125 Hz using a real-time frequency analyzer.
With the employment of multiple linear regressions [22], precise gas detection was achieved
despite the serious interferences between the 2f components.

2. Principle of QEPAS
The QEPAS signal can be expressed as

S=K-Q-P-c-a(v)-¢ 1)

where K is the sensor constant, Q is the quality factor of QTF, P is the laser power, c is the
target gas mole fraction, a(v) is the absorption coefficient, and ¢ is the conversion efficiency.
For gas detection of CHy and CO; with the frequency-division multiplexing mode, the
detected frequency-domain 2f components can be treated as the superposition of the 2f
components of CH4 and CO;

Saf = ScHa d + Scoz_d ()

where Scpy 4 is the CHy signal and Scp 4 is the CO; signal. Since the 2f components are
proportional to gas mole fractions, Equation (2) can be expressed as

Szf =ky - SCH4_,gf +ko- Scoz_ref ®)
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where Schy . is a reference signal of CHy with a known concentration, Sco_fis a reference
signal of CO, with a known concentration, k; is the scale factor of CHy, and k; is the scale
factor of CO,. Hence, mole fractions of the experimental 2f components can be retrieved
with the reference 2f components.

3. Instrument Setup

Figure 1 shows the instrument setup for a frequency-division multiplexing QEPAS
sensor with the frequency-domain detection method. DFB lasers (NEL), operated at 1654
and 2004 nm, are selected as light sources for CH, and CO, detection. A CH, absorption line
at 1653.72 nm and a CO, absorption line at 2004.02 nm are investigated in this experiment.
The DEFB lasers are controlled by home-made temperature and current drivers. Frequency-
division multiplexing signals are generated with waveform generators (SDG1032X, Siglent,
Shenzheng, China). The modulated laser beams are combined and then focused between
the prongs of the QTE. Photoacoustic current from the QTF is converted to an output
voltage by a trans-impedance amplifier and is then amplified again and filtered to enhance
the signal-to-noise ratio. The center frequency of the bandpass filter is located at 32,713 Hz,
and its bandwidth is compressed to 650 Hz. Output signals from the filter are processed
by a real-time frequency analyzer (RSA5115B, Tektronix, OR, USA) with a sampling rate
of 200 MHz and a resolution of 16 bits. To implement a comparison experiment, lock-
in amplifiers (RS865A, Stanford Research Systems, Sunnyvale, CA, USA) are utilized
to retrieve 2f components from the photoacoustic signals at different frequencies. The
frequency-domain and time-domain signals are recorded and analyzed by a computer.
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Figure 1. Instrument setup.

4. Experimental Results
4.1. Frequency Response of QTF

The frequency response of the QTF is shown in Figure 2. Sinusoidal signals of dif-
ferent frequencies were generated via a function generator to measure the frequency
response of the QTE. The frequency of the sinusoidal signals was scanned from 32,688.00 to
32,732.00 Hz with a step of 1.00 Hz. Peak values of output signals from the QTF were fitted
using the Lorentz profile-based nonlinear least square method. The calculated resonant
frequency and response bandwidth of the QTF were 32,712.96 and 7.65 Hz, respectively,
which led to a quality factor of 4267. To demonstrate the frequency-domain detection
method for frequency-division multiplexing QEPAS sensors, modulation frequencies of
16,356.18 Hz for CH4 detection and 16,356.78 Hz for CO, detection were selected. The
corresponding second harmonic frequencies were located at 32,712.36 and 32,713.56 Hz
with a 1.20-Hz interval.
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Figure 2. Frequency response of the QTF.

4.2. Modulation Signal Optimization

Since the laser modulation coefficient varied with the modulation current directly, the
modulation current should be optimized to improve the amplitudes of 2f components.
Two DFB lasers were operated alternately, and the sawtooth ramp signal of 0.1 Hz, super-
imposed with a sinusoidal modulation signal, was used to modulate laser injection currents.
Gas samples of CH, and CO, were injected into the photoacoustic cell alternately with a
flow rate of 50 mL/min. Lock-in amplifiers were utilized to retrieve 2f signals, and the
amplitudes of 2f signals at various modulation currents are depicted in Figure 3. According
to the result, modulation currents of 38 mA for CH, and 40 mA for CO, were selected in
the subsequent experiments.
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Figure 3. Amplitudes of second harmonics of CHy and CO;, corresponding to different modulation
currents. (a) CHy; (b) CO,,
4.3. Time-Domain 2f Signals with Frequency-Division Multiplexing Mode

With the implementation of the frequency-division multiplexing technique, appro-
priate intervals between modulation frequencies should be determined to optimize the
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detection limits and avoid interferences. The frequency bandwidth of the QTF is relatively
narrow and will decrease sharply at low pressure. Hence, a smaller modulation interval
can enable more lasers to work at the same time under the frequency-division multiplexing
mode. However, the small modulation interval will cause serious interferences between
2f components of target gases.

In this experiment, modulation frequencies of 16,356.18 Hz for CH4 detection and
16,356.78 Hz for CO, detection were selected. Modulation signals superimposed with
sawtooth ramp signals of 0.1 Hz were used to modulate laser injection currents with the
frequency-division multiplexing mode. A gas mixture of 300 ppm CHy4 and 1600 ppm CO,
was injected into the photoacoustic cell with a flow rate of 50 mL/min. Lock-in amplifiers
were used to demodulate the photoacoustic signals simultaneously, and the time constant
was set as 300 ms. As depicted in Figure 4, the time-domain 2f signals are plotted with solid
lines when two lasers operate simultaneously and with dotted lines when only a single
laser operates. Serious interferences are observed between time-domain 2f signals with a
1.20-Hz interval of demodulation frequencies. The amplitudes of non-absorption wings
are 8.1% and 11.1% of the amplitudes of time-domain 2f signals of CHy and CO;. The
corresponding signal-to-noise ratios are 42 and 39, which can lead to weakened detection
limits. Furthermore, the interferences could change with different concentrations of gas
mixtures. Thus, the time-domain 2f signals demodulated by lock-in amplifiers can hardly
satisfy the demand for precise gas detection under the frequency-division multiplexing
mode with narrow intervals of modulation frequencies.
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Figure 4. Time-domain 2f signals with the frequency-division multiplexing mode. (a) CHy; (b) CO;,

4.4. Frequency-Domain Analysis

To examine the frequency-domain features of photoacoustic signals, gas mixtures of
different concentrations were injected into the photoacoustic cell alternately, with a flow
rate of 50 mL/min. For the first group of gas mixtures, the CO, mole fraction was fixed
at 1600 ppm, while CH, mole fractions ranged from 100 ppm to 300 ppm with a step of
50 ppm. For the second group of gas mixtures, the CHy mole fraction was fixed at 300 ppm,
while CO;, mole fractions ranged from 800 to 1600 ppm with a step of 200 ppm. Modulation
frequencies of 16,356.18 Hz for CHy detection and 16,356.78 Hz for CO, detection were
selected, and sawtooth ramp signals were replaced with bias signals. A real-time frequency
analyzer was utilized to process raw photoacoustic signals of different gas mixtures with a
sampling time of 8 s. The frequency-domain 2f signals were 10 times averaged, and the
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frequency-domain resolution was 0.125 Hz. Figure 5 demonstrates the experimental results
of different gas mixtures. The frequency-domain 2f signals of CHy and CO, mutually
overlap, and gas concentrations cannot be directly retrieved from the spectra. Since the
experimental signals can be treated as the superposition of the frequency-domain 2f signals
of CHy and CO;, multiple linear regressions can be employed to eliminate interferences.
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Figure 5. Frequency-domain 2f signals of different gas mixtures. (a) First group; (b) second group.

Standard gas samples of 200 ppm CHy4 and 1200 ppm CO, were injected into the
photoacoustic cell successively, with a flow rate of 50 mL/min. As depicted in Figure 6a, the
frequency-domain 2f signals of CHy and CO; are measured individually and are utilized
as the basics in the application of multiple linear regressions. Figure 6b demonstrates
an excellent fitting result of a gas mixture of 300 ppm CHy4 and 800 ppm CO;, which is
confirmed by the negligible <1.5% difference shown in Figure 6c.
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Figure 6. (a) Frequency-domain 2f signals of 200 ppm CHy4 and 1200 ppm CO;; (b) a demon-

stration of multiple linear regression with the gas mixture of 300 ppm CH, and 800 ppm CO,;
(c) fitting residuals.

For the first group of gas mixtures, the calculated mole fractions of CO, are shown
in Figure 7a; the deviations of CO, measurements are —1.3%, —0.5%, 1.6%, 1.3%, and
1.1% respectively. As shown in Figure 7b, there is a good linear relationship between the
best-fit mole fractions of CHy, obtained by the multiple linear regression method, and the
calibrated gas samples, with a linear correlation coefficient of 0.998. For the second group
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of gas mixtures, the calculated mole fractions of CHy are shown in Figure 7c; the deviations
of CH4 measurements are 2.3%, —0.9%, 2.5%, 1.7%, and 1.0%, respectively. As shown in
Figure 7d, there is a good linear relationship between the best-fit mole fractions of CO,,
obtained by the multiple linear regression method, and the calibrated gas samples, with a
linear correlation coefficient of 0.997. Based on the results of multiple linear regressions
with various gas mixtures, small deviations and good linear relationships for gas detection
can be observed under the frequency-division multiplexing mode with a narrow interval
of modulation frequencies.
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Figure 7. Best-fit mole fractions of (a) CHy and (c) CO; retrieved with multiple linear regressions.
Best-fit mole fractions of (b) CHy and (d) CO; as the function of calibrated gas samples.

To evaluate the detection limits of CH4 and CO,, the gas mixture of 200 ppm CHy4 and
1600 ppm CO, was injected into the photoacoustic cell with a flow rate of 50 mL/min, and
the profile of the frequency-domain QEPAS signal was averaged over 50 times to enhance
the signal-to-noise ratio. The peak values of the frequency-domain 2f signals of CHy
and CO; were determined with multiple linear regressions. As depicted in Figure 8, the
standard deviation of the background is 0.25 mV, which corresponds to the signal-to-noise
ratio of 332 for CH4 and 551 for CO,. As a result, the minimum detection limits of CH4 and
CO; are 0.6 ppm and 2.9 ppm, respectively.
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Figure 8. Evaluation of detection limits.
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5. Conclusions

Since the frequency bandwidth of the QTF is relatively narrow and will decrease
sharply at low pressure, a narrower interval of modulation frequencies can enable more
lasers to work at the same time with the frequency-division multiplexing mode for QEPAS
sensors. However, serious interferences and poor signal-to-noise ratios were observed with
time-domain 2f signals demodulated by lock-in amplifiers when modulation frequencies
of 16,356.18 and 16,356.78 Hz were utilized for CH4 and CO, detection with an interval
of 0.6 Hz. To retrieve accurate gas concentrations, frequency-domain 2f signals were in-
vestigated using a real-time frequency analyzer with a resolution of 0.125 Hz. With the
employment of multiple linear regressions, small deviations within 2.5% and good linear
relationships for gas detection were observed under the frequency-division multiplexing
mode with a 0.6 Hz interval of modulation frequencies. Detection limits of 0.6 ppm for
CHjy and 2.9 ppm for CO, were obtained with the analysis of the signal-to-noise ratio of the
frequency-domain 2f signal. For the frequency-domain detection method, an additional
frequency analyzer is essential for signal processing. However, a frequency analyzer can re-
trieve all 2f signals simultaneously under the frequency-division multiplexing mode when
multiple gases are detected. With the 0.6 Hz interval, the amplitudes of QEPAS signals will
increase substantially since the modulation frequencies are closer to the resonant frequency
of the QTF. Additionally, more kinds of target gases can be measured simultaneously under
the frequency-division multiplexing mode with the limited bandwidth of the QTF due to
the narrow interval. Furthermore, the narrow interval of modulation frequencies can also
realize frequency-division multiplexing detection for QEPAS sensors under low pressure
despite the ultra-narrow bandwidth of the QTF. Future work will focus on continuous
monitoring applications with this method to examine its reliability and accuracy further.
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