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Abstract

A differential photoacoustic spectroscopy (PAS) platform for CO, quantification is reported. The system
employs a differential photoacoustic cell (PAC) and two commercial MEMS microphones. The PAC is
constructed from a pair of matched longitudinal acoustic channels connected through common buffer
volumes. This layout produces antiphase pressure oscillations with balanced magnitudes, so that
differential readout reinforces the resonant signal while suppressing common-mode disturbance. The
fabricated cell exhibited a first-order resonance at 5260 Hz with a quality factor of 36. Under wavelength
modulation, the differential PAS system maintained linear behavior across a CO, concentration range of

1000-50000 ppm, with a coefficient of determination R? of 0.993. In the lower range of 1000-10000
ppm, the linearity improved further to R? = 0.999, and the calibration slope was approximately 0.0055
pV/ppm. Relative to a conventional single-channel PAC, the differential architecture provided about a
twofold signal gain and better linearity. Allan—Werle analysis gave a detection limit of 14.3 ppm at an
integration time of 100 s. The differential detection scheme therefore offers a compact and sensitive
route to trace gas sensing with effective noise rejection.

1 Introduction

Quantitative analysis of trace gases is important in atmospheric monitoring (Wokosin et al. 2026),
industrial safety (Albatayneh et al. 2025), and noninvasive breath-based diagnosis (Li et al. 2025). Real-
time identification of hazardous or dilute atmospheric species is particularly valuable for reducing
workplace exposure and enabling early pathological screening (Wang et al. 2026). Over the past decade,
many sensing platforms have matured for gas recognition, including potentiometric electrochemical
transducers (Fendrych et al. 2025, Huang et al. 2023), semiconducting metal-oxide films (Qian et al.
2024, Gu et al. 2026, Naricetti et al. 2026), piezoelectric acoustic-wave devices (Kilic et al. 2025, Kumar
et al. 2026), and optical analytical methods (Qian et al. 2025, Fard et al. 2025, Cavallaro et al. 2026).
Among optical techniques for dilute species, tunable diode laser absorption spectroscopy (TDLAS)
provides strong selectivity through spectral fingerprinting, but its sensitivity is constrained by the optical
path length, which complicates miniaturization (Peng et al. 2026, Yang et al. 2026). PAS, in contrast,
relies on the photoacoustic effect, in which absorbed optical energy is converted into a detectable
pressure wave (Zhang et al. 2026, Chen et al. 2026). In PAS, intensity-modulated light first populates
excited states of the target molecules. Subsequent radiationless de-excitation converts part of the
absorbed energy into transient local heating. When the excitation is periodic, this heating launches an
acoustic wave at the modulation frequency, which can be sensed by an acoustic transducer (Mu et al.
2026, Zhang et al. 2025). PAS therefore combines strong selectivity, high sensitivity, and intrinsic zero-
background detection.

For a PAS instrument, the achievable signal-to-noise ratio (SNR) and the lowest measurable
concentration are largely determined by the acoustic detection element. Acoustic receivers can be
broadly divided into resonant and non-resonant types. Resonant approaches, especially cantilever-

enhanced photoacoustic spectroscopy (CEPAS) and quartz-enhanced photoacoustic spectroscopy
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(QEPAS), have been developed as alternatives to conventional electroacoustic transducers. Although
quartz tuning forks used in QEPAS offer very high quality factors (Q), they require stringent optical
alignment within the confined spacing between the prongs, which complicates assembly and reduces
mechanical robustness (Lang et al. 2022, Sang et al. 2025). In CEPAS, cantilever displacement is
interrogated by optical interferometry. This leads to penalties in footprint and system complexity, limiting
further miniaturization (Yang et al. 20254, Yan et al. 2025). Silicon-based MEMS resonators using
capacitive (Trzpil et al. 2022, Yin et al. 2024) or piezoresistive (Liu et al. 2026, Xue et al. 2026)
transduction exploit well-defined mechanical resonances, offering improved sensitivity, sharp frequency
selectivity, and natural structural miniaturization. By contrast, non-resonant options such as thin-film
capacitive microphones have simple structures, good transient response, and broadband frequency
coverage (Jiang et al. 2026, Chen et al. 2025). However, their sensitivity does not benefit from frequency-
selective amplification and is ultimately limited by thermal noise floors, so the resonant gain available to
resonant devices cannot be exploited.

Differential PAS has emerged as another route to improved performance and has attracted considerable
interest for background suppression and sensitivity enhancement. To increase detection sensitivity, a
photoacoustic cell (PAC) may also be incorporated so that the generated PA pressure is amplified. In a
differential PAC, two geometrically matched resonant chambers are connected to buffer zones; the two
acoustic channels then produce pressure disturbances that are equal in magnitude but opposite in
phase (Yang et al. 2025b). Acoustic receivers placed at the longitudinal center of each resonator capture
the corresponding photoacoustic signals. Differential amplification then cancels common-mode
interference while retaining the antiphase signal components. The resulting signal is enhanced in two
ways: constructive combination of the antiphase photoacoustic responses and resonant amplification
provided by the cell geometry. This leads to a marked SNR improvement and a lower minimum
detectable concentration. For example, a differential quartz-enhanced photoacoustic spectroscopy (D-
QEPAS) sensor based on a differential PAC has been reported; its second harmonic (2f) signal amplitude
was 1.65 times that of a single quartz tuning fork (Zhang et al. 2023).

To reduce background noise and improve the detection SNR, this work introduces a differential PAS gas
measurement system that employs a differential PAC together with two commercial MEMS
microphones. To improve noise rejection and detection SNR, this work develops a differential PAS
system that combines a paired-resonator PAC with two commercial MEMS microphones. The design
exploits both the antisymmetric acoustic response of the cell and the resonant gain of the longitudinal
channels. The spectral and acoustic behavior of the cell is examined theoretically and experimentally.
The system is then evaluated for CO, detection over a wide dynamic range, and its long-term stability is
assessed by Allan—Werle analysis. The spectral and acoustic responses of the differential PAC are
examined through theoretical analysis and experimental verification, respectively. Finally, the constructed
differential PAS gas measurement system was found to provide good linearity over a wide dynamic
range of CO, concentration. An Allan—Werle deviation analysis was also carried out to quantify the
system’s long-term stability.
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2 Differential PAS gas measurement system

2.1 Concept of differential PAS gas measurement system

Figure 1 shows the schematic of the differential PAS gas measurement system. The main parts are a
differential PAC, two MEMS microphones, and a laser power source. The PAC is configured as a pair of
acoustically matched longitudinal resonators connected through common buffer volumes. Gas enters
through the buffer region on one side and leaves through the buffer region on the other. A target gas
(CO,) at a given concentration is introduced into the PAC. The buffer volumes help suppress flow-related
noise. When a modulated laser beam passes through one of the acoustic channels, the resonant
acoustic field established in that channel is coupled through the buffer region into the second channel,
which acts as the reference channel. Because the two channels support the same longitudinal mode,
their pressure oscillations are antiphase with nearly balanced magnitudes. Under the first-order
longitudinal standing-wave mode, the gas in the two channels undergoes periodic compression and
expansion in opposite directions. Thus, although optical energy is introduced into only one channel,
acoustic coupling through the buffer volumes allows out-of-phase pressure disturbances to be detected
in the reference channel. Two acoustic sensors, for example MEMS microphones, serve as the acoustic
transducers. When the detected signals are differentially processed, both resonant signal enhancement
and noise suppression can be achieved simultaneously.

2.2 Design and simulation of a differential PAC for PAS
measurement system

The cell geometry was selected so that the first longitudinal resonance lies within the 5000-6000 Hz
band, where ambient acoustic noise is relatively low and the MEMS microphones used in this work
operate efficiently. For a straight cylindrical resonator with rigid ends, the first longitudinal mode is
mainly governed by the channel length. If the channel is approximated as an ideal pipe, the resonance
condition is f=c / 2L, where f is the resonant frequency, c is the speed of sound, and L, is the geometric

channel length. In the present design, however, the two ends of each channel are connected to buffer
volumes rather than being perfectly closed. These buffer regions isolate flow noise and stray acoustic
disturbances, but they also perturb the effective acoustic length. A standard end-correction term was
therefore introduced, giving L4 = L; + 1.2R and a corrected first-order resonance of f=c / (2(1.2R; + L4)).
Using this relation, the channel length and diameter were set to L; =29.2 mm and R; =3 mm, while the
buffer zones were assigned L, =20.4 mm and R, = 15 mm, respectively. These dimensions place the
calculated first-order resonance at 5222 Hz.

A three-dimensional thermoviscous acoustic model was then used to examine how the real cell
geometry, including the buffer volumes and the pressure-extraction holes, modifies the idealized
prediction. Optical absorption was represented by a volumetric heat source of 1 W/m? applied to one
channel. The simulated pressure field, shown in Fig. 2(b), gives a first-order resonance at 5164.1 Hz. The
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difference from the analytical estimate is only 1.1%, which indicates that the end-corrected pipe model
captures the dominant acoustic behavior of the cell. The simulation also shows that the two channels
support pressure oscillations of nearly equal magnitude but opposite sign, as required for differential
detection. Since the microphone response is strongest at the pressure antinodes, the microphones were
placed at those locations. To avoid disturbing the acoustically rigid boundary, pressure was extracted
through T mm micro-holes rather than by direct mounting. These holes preserve the longitudinal mode
and transfer the pressure signal to the microphones with minimal perturbation. In the color map, blue to
red represents increasing acoustic pressure amplitude, while green indicates zero acoustic pressure.
The simulated field shows an antisymmetric pressure distribution between the two channels, which is
consistent with the intended differential operation. Based on this acoustic pressure distribution, optimal
response sensitivity requires the MEMS microphones to be placed at the pressure antinodes, where the
pressure is maximum. An indirect pickup scheme is adopted to prevent disturbance of the acoustically
rigid boundary and avoid leakage. In this scheme, micro-holes of 1 mm diameter at the pressure
antinodes of the channel act as pressure extraction ports. Such micro-holes maintain the acoustic mode
and transfer pressure efficiently to the MEMS microphones, which allows photoacoustic sensing with
high fidelity and low perturbation.

3 Experimental results

3.1 Measurement setup of the differential PAS system

The measurement setup shown in Fig. 3 was constructed to evaluate the performance of the differential
PAS system: (a) schematic diagram and (b) actual setup. The inner surfaces of the PAC’s acoustic
resonant channels were polished to reduce viscous damping, while the gas inlet and outlet were
positioned in the buffer zones at the ends. On both sides of the PAC, two calcium fluoride (CaF,)
windows with a diameter of 25 mm were installed. After collimation by a fiber collimator, the laser beam
was directed along the axial centerline of the acoustic resonant channel without obstruction. The beam
spot was centered on the channel axis by adjusting a five-axis alignment stage, which prevented wall-
scattering noise caused by beam clipping. At the output end, the transmitted power was monitored with
an optical power meter so that the excitation power remained constant during the experiment. The
excitation source was a 2004 nm (4990 cm-") distributed feedback (DFB) diode laser (Shenzhen Netopto
Technology, EP2004-0-DM-DX1-FM) with 1.5 mW output power; its wavelength coincides with a strong
near-infrared CO, absorption peak. Various CO, concentrations were generated at controlled flow rates

by mixing 10% CO, gas (balanced with N,) and pure N, in a gas mixer (GRLH, GR-7050).

A commercial integrated circuit board (MF168) combines a function generator and a lock-in amplifier in
one module, which simplifies modulation of the infrared source. This board simultaneously provides a
high-frequency sinusoidal wave for laser wavelength modulation and a low-frequency sawtooth wave for
slow periodic scanning. By superposing the two signals, the DFB laser is driven so that its instantaneous
wavelength sweeps across the whole absorption line of the target gas, thereby allowing the full
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absorption spectrum to be acquired in the time domain. A 600 mV bias was applied across the MEMS
microphones in order to prevent reverse-breakdown damage. Laser-induced acoustic signals in the gas
were converted into electrical signals by the two MEMS microphones; these signals were then
differentially subtracted and sent to the MF168. The built-in lock-in amplifier demodulated the signals at
the first harmonic (1f), and the output was then sent to a computer and displayed through host software.
In addition, the selectivity of PAS makes it possible to avoid interference from complex gas mixtures
effectively. The DFB laser includes temperature control to ensure stable wavelength locking and output,
and the gas mixer offers a stable background for dynamic mixing; these features enable high-precision
calibration. Taken together, these measures ensure that the overall system has excellent detection
stability.

3.2 Resonant characteristic and acoustic response of the
fabricated differential PAC

The differential PAC is another core component of PA measurement systems for trace gas detection,
and its resonant frequency and quality factor (Q factor) are key parameters. Over the measurement band,
the MEMS microphones exhibit a flat response, so variations in signal amplitude reflect only the acoustic
characteristics of the differential PAC. At a fixed gas concentration, the excitation frequency was swept
from 5100 to 5400 Hz by wavelength modulation spectroscopy, and the PA signal amplitudes were
recorded. To obtain the actual frequency response of the differential PAC, the measured amplitudes were
fitted with a Lorentzian curve, as shown in Fig. 4. From the fit, the first-order resonant frequency (f.) was
determined to be 5260 Hz, which is close to the simulated 5164.1 Hz. The Q factor was calculated to be
36, meaning that the generated acoustic wave could be amplified to enhance trace gas detection.

The differential performance of the differential PAC was characterized by analyzing the output
differential 1f PA signals from the two microphones at a modulation period of 10 s for a given CO,
concentration, as shown in Fig. 5. The two microphones produced signals of similar magnitude but
opposite polarity. The phase difference was close to 180°, in agreement with the simulated field
distribution in Fig. 2(b). This confirms that the fabricated cell supports the intended antisymmetric
mode. The slight amplitude imbalance between the two channels is attributed to machining and
assembly tolerances, and it can be compensated during differential processing. After subtraction, the
effective amplitude was approximately the sum of the individual channel amplitudes, which is consistent
with the expected differential gain.

3.3 Gas detection

CO, measurements were carried out with the constructed detection system using 1f wavelength

modulation spectroscopy in order to assess the performance improvement of the differential PAC.
Through the host computer, the MF168 was set to produce a 0.1 Hz, 0.4-1.0 V sawtooth for slow
wavelength sweeping, on which a 5260 Hz, 100 mV sine wave was superimposed for high-frequency
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modulation. The lock-in time constant was 100 ms. Various CO, gas samples were prepared by mixing
pure N, with a 10% CO, standard gas at preset ratios, after which they were injected into the PAC. The
DFB laser was driven by the modulated output of the MF168; its beam entered the cell and excited
acoustic signals through the photoacoustic effect. The acoustic signals were captured by the MEMS
microphones so that the absorption spectra could be recorded. 1f PA signals at a modulation period (4
s) were recorded at different CO, gas concentrations in a wide concentration range of 1000—50000 ppm,

as shown in Fig. 6(a). When the gas concentration was reduced from 50000 ppm to 45000, 40000,
35000, 30000, 25000, 20000, 15000, 10000, 7000, 4000, and 1000 ppm, the PA signal amplitudes
decreased accordingly from 275 to 4.5 pV. Figure 6(b) presents the relationship between the 1f signal
peak values and CO, gas concentrations. The linear fit gave a determination coefficient R? of 0.993,
which indicates that the system has a good linearity to gas concentrations over a wide range. It is
notable that in the low concentration range of 1000—-10000 ppm, the determination coefficient R?
reached 0.999, showing a more precise linear response. For this differential PA system, the sensitivity
was estimated to be about 0.0055 pV/ppm. With pure N, filling the PAC, the background noise standard
deviation was calculated to be about 0.548 pV. Based on the 30 criterion, the system’s minimum
detection limit was calculated to be about 304 ppm.

Comparative experiments were performed with a single-channel PAC under identical conditions in order
to highlight the performance differences between the differential PAC and the conventional single-
channel PAC. Figure 7(a) shows the recorded 1f PA signals at a modulation period (4 s) at different CO,

gas concentrations in a wide concentration range of 1000—50000 ppm. When the gas concentration was
lowered from 50000 ppm to 45000, 40000, 35000, 30000, 25000, 20000, 15000, 10000, 7000, 4000, and
1000 ppm, the PA spectrum signal amplitudes decreased accordingly from 136 pV to 4.25 pV.

Figure 7(b) presents the relationship between the 1f signal peak values and CO, gas concentrations;

linear fitting gave a determination coefficient R? of 0.981. For this PA system, the sensitivity was
estimated to be about 0.0027 pV/ppm. The signal amplitude from the differential cell was approximately
double that from the single-channel cell. It also agreed better with the theoretical linear relationship
between signal amplitude and gas concentration. These results indicate that the differential
configuration provides notable advantages in both signal enhancement and linear response fidelity.

3.4 Allan-Werle deviation

The sensitivity and long-term stability of the differential PAS measurement system was evaluated by
analyzing the Allan-Werle deviation. The differential PAC was flushed with pure N, for more than 30 min,
and the 1f signal time series was recorded during this period. Figure 8 shows the Allan-Werle deviation
result by utilizing pure N,. At first, it increases during the initial 1 s of integration time. Such anomalous
behavior is caused by the signal-processing chain at short integration time. After that, it decreased from
2 t0 120 s and then leveled off at 120 s. Figure 8 indicates that the detection limit of the differential PAS
measurement system reached 14.3 ppm when the integration time was 100 s. The normalized noise
equivalent absorption (NNEA) coefficient N is introduced to standardly compare with other PA gas
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sensors. The NNEA value of this system was calculated as 2.1 x 10-8 W-cm-"-Hz-"/2 by using N =
a,,n'P-t"/% (Xue et al. 2026), where P = 1.5 mW is the laser power, t = 100 s is the integration time, and

ain = 1.4 x 10-° cm-" is the minimum detectable absorption coefficient. The minimum detectable
absorption coefficient is expressed as a,,;, = S:N-C, in which S =3.97x10-2" cm? molecule-' is the line

strength of the CO, transition at 2004 nm, N = 2.46x10"® molecule-cm-2 is the molecular number density
at 296 Kand 1 atm, and C = 14.3 ppm is the experimental detection limit, respectively.

4 Conclusion

This work has demonstrated a differential photoacoustic spectroscopy gas measurement system for
CO, detection. The system combines a paired-resonator photoacoustic cell with two commercial MEMS
microphones. The cell uses two longitudinal acoustic channels connected through common buffer
volumes. This layout supports an antisymmetric acoustic response, so that differential readout
enhances the resonant signal while rejecting in-phase disturbance. Theoretical analysis based on the
Helmholtz equation with acoustic end-correction gave a first-order resonant frequency of 5222 Hz.
Numerical simulation with a thermoviscous acoustic formulation gave a resonant frequency of 5164.1
Hz, corresponding to a deviation of only 1.1%. For the fabricated cell, the measured first-order resonance
was 5260 Hz with a Q factor of 36, indicating effective resonant amplification for trace gas detection.
The two microphones produced antiphase signals with comparable magnitudes, which is consistent
with the simulated antisymmetric field distribution. Differential subtraction approximately doubled the
effective amplitude relative to a single channel. The differential PAS system showed a good linearity for

CO, detection over 1000-50000 ppm, with a coefficient of determination R? of 0.993. In the lower range
of 1000-10000 ppm, the linearity improved to R? = 0.999, and the calibration slope was about 0.0055
pV/ppm. Using 30 criterion, the minimum detectable concentration was estimated to be about 304 ppm.
Compared with a conventional single-channel cell under the same experimental conditions, the
differential configuration provided roughly a twofold signal gain and better linearity (0.993 versus 0.981).
Allan-Werle analysis indicated long-term stability and gave a detection limit of 14.3 ppm at an integration

time of 100 s. The corresponding NNEA coefficient was estimated as 2.1 x 10-8 W-ecm-1-Hz""/? for
standardized comparison. Future studies will aim to optimize the structural design of the differential PAC
for higher resonant gain, improve the differential signal processing algorithm to compensate better for
channel asymmetry, and enhance overall system integration.
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Schematic of the differential PAS gas measurement system.

Characteristic frequency: 5164.1Hz
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Figure 2

(a) Cross-section view of the designed differential PAC with the specific dimensions; (b) simulation of
the acoustic pressure distribution of the differential PAC.
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The differential PAS CO, measurement system: (a) schematic diagram; (b) actual setup.
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The frequency response of the fabricated differential PAC: the first-order resonant frequency at 5260 Hz
with the Q factor of 36.
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Figure 5

Differential 1f PA signal outputs from two microphones at a modulation period of 10 s with a certain CO,

gas concentration.
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Differential PAC measurement results: (a) 1f PA signals at a modulation period of 4 s with a wide gas
concentration range of from 1000 to 50000 ppm; (b) response relationship between 1f PA peak values
and CO, gas concentrations (inset shows the amplified relationship in the low concentration range).
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Single PAC measurement results: (a) 1f PA signals at a modulation period of 4 s with a wide gas
concentration range of from 1000 to 50000 ppm; (b) response relationship between 1f PA peak values
and CO, gas concentrations.
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Figure 8

Allan-Werle deviation analysis of the differential PA measurement system with pure N, gas.
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