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A B S T R A C T

Conventional single-frequency wavelength modulation spectroscopy faces inherent limitations in multi- 
component gas sensing, due to restricted detection dimensionality and unavoidable trade-offs in modulation 
parameters. To overcome these issues, we propose a Quartz-Enhanced Photoacoustic Spectroscopy sensing 
technique based on single-laser dual-frequency superimposed modulation. By simultaneously injecting two in
dependent high-frequency modulation signals, matching the fundamental and overtone resonance modes of a 
Quartz Tuning Fork(QTF), into a single Distributed Feedback laser, dual-channel real time synchronous detection 
is achieved within a compact single path optical architecture. A comprehensive physical model incorporating 
both Residual Amplitude Modulation and high order non-linear competition effects has been proposed. We 
demonstrate that the fourth derivative of the gas absorption line shape plays a dominant role in inducing signal 
suppression and waveform splitting under strong dual-frequency modulation. A waveform optimization strategy 
based on dynamically tuning the laser scanning rate allow to regulate the effective filtering behavior of the lock- 
in amplifier.

1. Introduction

Tunable Diode Laser Absorption Spectroscopy (TDLAS) and Quartz- 
Enhanced Photoacoustic Spectroscopy (QEPAS) are widely recognized 
as leading techniques for trace gas sensing across diverse applications, 
including environmental monitoring [1–6], industrial process control 
[7–10], medical diagnostics [11–15], and isotope analysis [16–23]. 
These methods offer outstanding selectivity, high sensitivity, and 
real-time detection capabilities. In systems based on Wavelength Mod
ulation Spectroscopy (WMS) [24,25], the signal modulation and 
demodulation schemes play a critical role in determining detection limit 
and overall system robustness.

In QEPAS, conventional single-frequency modulation typically em
ploys a sinusoidal drive applied to the laser, extracting the second har
monic (2 f) signal via a lock-in amplifier to effectively suppress 1/f noise 

and subtract the background baseline [26]. This approach performs 
exceptionally well for isolated absorption lines and has become the 
standard technique in practical implementations. However, as the re
quirements for trace gas sensing become increasingly complex, single 
frequency modulation faces fundamental limitations. Simultaneous 
detection of multi-component gas mixtures, high precision isotope ratio 
analysis, and environments with significant spectral overlap impose 
conflicting requirements on modulation parameters, such as modulation 
depth and frequency response, making optimal tuning difficult. 
Furthermore, conventional approaches to accessing multiple spectral 
features often rely on time division scanning [27–30], multi-laser con
figurations [31–35] or multiple QTFs[36]. These strategies compromise 
real-time performance and substantially increase system size, optical 
alignment complexity, and overall hardware cost, thereby limiting their 
applicability in compact and portable sensing platforms.
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To overcome these limitations, multi-frequency modulation strate
gies have attracted increasing attention in recent years. Introducing an 
additional modulation frequency enables access to richer spectral 
feature information, thereby enhancing detection selectivity and 
improving resistance to interference. For instance, Dual-Frequency 
Heterodyne QEPAS (DFH-QEPAS) [37] exploits the beat frequency 
generated by two modulation components to drive the QTF, resulting in 
enhanced sensor response and sensitivity. However, most existing 
multi-frequency implementations rely on multi-laser configurations or 
complex time-division scanning schemes. These approaches inherently 
compromise real-time performance and introduce additional optical 
noise and system instability due to beam-combining optics, significantly 
increasing system complexity, size, and power consumption. As a result, 
their applicability in compact and portable sensing platforms remains 
limited. Although recent studies have explored electrical 
multi-frequency excitation using a single-laser system [38,39], these 
approaches are often treated within a simplified linear superposition 
framework. Such treatments neglect the intrinsic non-linear interactions 
between the modulated semiconductor laser output and the gas ab
sorption line shape under deep modulation conditions, which can lead to 
significant waveform distortion and signal degradation.

To address these fundamental limitations and the critical gap in 
understanding non-linear dynamics, this work proposes a gas sensing 
technique based on single-laser dual-frequency superimposed modula
tion, supported by a rigorous physical model. Two high-frequency si
nusoidal signals drive a single Distributed Feedback Laser (DFB) 
matched to the fundamental and overtone resonance modes of a QTF, 
enabling simultaneous dual-channel second-harmonic (2 f) signal 
extraction via orthogonal demodulation. This approach allows data 
acquisition in two independent detection channels within a single laser 
tuning cycle, preserving the intrinsic zero-background advantage of 
QEPAS while extending the detection dimensionality through 
frequency-domain separation.

The present study primarily focuses on the physical modeling and 
experimental validation of nonlinear competition effects in dual- 
frequency QEPAS, providing the mechanistic basis for future system- 
level implementations and multicomponent sensing applications. 
Beyond the modulation architecture itself, this work moves beyond 
conventional linear superposition assumptions by establishing a 
comprehensive theoretical framework incorporating both Residual 
Amplitude Modulation (RAM) and high-order nonlinear interaction ef
fects. As detailed in Section 2, the model demonstrates that the intrinsic 
nonlinear characteristics of the gas absorption line shape give rise to 
inter-channel crosstalk, signal suppression, and waveform distortion 
under strong dual-frequency modulation conditions. These theoretical 
predictions are systematically validated through the experimental in
vestigations presented in Section 3. The results demonstrate that the 
proposed approach not only resolves complex nonlinear waveform 
features, but also enables controlled suppression of distortion effects 
through appropriate optimization of modulation and scanning param
eters. Collectively, these findings establish dual-frequency modulation 
as a robust strategy for extending the information content, sensitivity, 
and operational flexibility of QEPAS-based gas sensing systems, partic
ularly in scenarios involving overlapping spectral features and complex 
spectral interference.

2. Theoretical model of dual-frequency QEPAS

2.1. Dual-frequency modulation model of laser output characteristics

In the single-laser dual-frequency detection system developed in this 
work, the injection current of the DFB laser is formed by superimposing 
a low frequency scanning sawtooth wave and two high frequency si
nusoidal modulation components. The two modulation frequencies are 
denoted as f1 and f2 (with corresponding angular frequencies ω1 and 
ω2), where f1 is matched to the fundamental resonance mode of the QTF, 

and f2 to its first overtone mode. The injection current can be expressed 
as: 

I(t) = Iscan(t)+ I1cos(ω1t)+I2cos(ω2t) (1) 

Where I(t) is the total instantaneous injection current of the laser, Iscan(t)
represents the low-frequency sawtooth wave current used for wave
length scanning, and I1 and I2 are the amplitudes of the high-frequency 
sinusoidal modulation currents at frequencies f1 and f2. Due to the 
intrinsic properties of semiconductor lasers, modulation of the injection 
current induces simultaneous variations in both emission frequency 
(wavelength) and the output optical intensity. The instantaneous laser 
frequency v(t) fluctuates around the slowly varying central frequency 
v0(t), determined by the scanning signal, and can be written as: 

v(t) = v0(t)+ δv(t) = v0(t)+Δv1cos(ω1t)+Δv2cos(ω2t) (2) 

Δv1and Δv2 represent the wavenumber variation amplitudes asso
ciated with the two modulation frequencies, respectively. In addition, 
RAM leads to a concurrent modulation of the optical intensity. The 
instantaneous optical intensity P(t) can be described as: 

P(t) = P0[1+m1cos(ω1t+ψ1)+m2cos(ω2t+ψ2)] (3) 

Where P0 is the average optical intensity, mi denotes the optical intensity 
modulation index at the i-th frequency, and ψ i represents the phase delay 
of intensity modulation relative to frequency modulation (FM-AM phase 
shift).

2.2. Gas absorption and photoacoustic signal generation mechanism

When the modulated laser beam interacts with the target gas, the 
absorption coefficient α(ν)can be expanded around the central fre
quency v0 using a Taylor series under the weak absorption approxima
tion of the Beer–Lambert law. To accurately capture the frequency 
competition and non-linear crosstalk effects arising under dual- 
frequency modulation, the conventional second-order approximation 
is insufficient. Therefore, the absorption coefficient is expanded up to 
the fourth order: 

α(v) = α(v0)+ ά δv+
1
2

ά (́δv)2
+

1
6

άʹ́(δv)3
+

1
24

α(4)(δv)4 (4) 

Where α(v0) is the absorption coefficient at the central frequency. ά , ά ,́ 
άʹ́, and α(4) represent the first, second, third, and fourth derivatives, and 
δv denotes the frequency variation defined in Eq. (2). The thermal power 
density generated by the photoacoustic effect is proportional to the 
product of the instantaneous optical intensity and the absorption coef
ficient, i.e., H(t)∝P(t) • α(v)[40]. In the following analysis, we focus on 
the signal composition of the fundamental detection channel, demodu
lated at frequency f1. By substituting Eqs. (2) and (3) into Eq. (4) and 
applying trigonometric identities, a term-by-term derivation can be 
performed. First, we analyze the main signal term generated by wave
length modulation. This term primarily originates from the product of 
the second-order term in Eq. (4) and the optical intensity P0. Expanding 
δv and taking its square yields: 

(δv)2
= [Δv1cos(ω1t) + Δv2cos(ω2t)]2 

= Δv2
1cos(ω1t) 2 +2Δv1cos(ω1t) • Δv2cos(ω2t)+ Δv2

2cos(ω2t)2 (5) 

Using the power-reduction identity cos2θ = 1+cos2θ
2 , the component at 

frequency 2ω1 can be extracted as 1
2Δv2

1cos(2ω1t). Substituting the 
second-order coefficient, the main signal amplitude is obtained: 

Smain∝
1
4
P0ά (́v0)Δv2

1 (6) 

Next, we consider the distortion term introduced by the RAM effect. 
This term originates from the coupling between the first-order intensity 
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modulation term and the first derivative term of the absorption coeffi
cient, i.e., [P0m1cos(ω1t + ψ1)] • [ά Δv1cos(ω1t)]. Applying the product- 
to-sum identity cosAcosB = 1

2[cos(A + B) + cos(A − B)], the compo
nent at 2ω1is: 

SRAM∝
1
2
P0m1Δv1ά (v0)cos(ψ1) (7) 

Since ά (v0) is an odd function with respect to the central frequency, 
while the main signal ά (́v0) is an even function, the superposition of this 
term directly introduces asymmetry in the measured waveform at the 
absorption peak center. Finally, we analyze the dual-frequency compe
tition effect term. This is the key non-linear mechanism revealed in this 
study, originating from the cross-modulation component in the fourth 
derivative term (δv)4. The binomial expansion on (δv)4 contains the cross 
term 6[Δv1cos(ω1t)]2[Δv2cos(ω2t)]2. Using the power-reduction identity, 
this term simplifies to 3

2 Δv2
1Δv2

2[1+cos(2ω1t)][1+cos(2ω2t]. The 
component at 2ω1is therefore 3

2 Δv2
1Δv2

2cos(2ω1t). Substituting the 
fourth-order coefficient 1

24P0α(4), the competition term expression is 
obtained: 

SComp∝
1
16

P0α(4)(v0)Δv2
1Δv2

2 (8) 

According to Eqs. (6) - (8), the complete second harmonic signal 
expression for the fundamental detection channel is: 

S2f1 ∝P0[
1
4

ά (́v0)Δv2
1 +

1
2
m1Δv1ά (v0)cos(ψ1)+

1
16

α(4)(v0)Δv2
1Δv2

2] (9) 

At the center of the absorption peak of a Lorentzian line shape, the 
fourth derivative α(4) is positive, while the 2nd derivative άʹ is negative. 
This implies that the third term (competition term) in Eq. (9) has the 
opposite sign to the first term (main signal), indicating that increasing 
the overtone modulation depth leads to attenuation of the fundamental 
signal amplitude. Similarly, the complete second-harmonic signal 
expression for the overtone detection channel can be written as: 

S2f2 ∝P0[
1
4

ά (́v0)Δv2
2 +

1
2
m2Δv2ά (v0)cos(ψ2)+

1
16

α(4)(v0)Δv2
1Δv2

2] (10) 

2.3. Low-pass filtering response under dynamic scanning

The above derivation is based on a quasi-static approximation. 
However, in practical operations, the laser central wavenumber v0(t) is 
typically scanned linearly in time to enable rapid spectra acquisition, i. 
e., v0(t) = vstart + rt, where r (cm− 1/s) denotes the scanning rate. Under 
these dynamic conditions, the integration time constant τ of the lock-in 
amplifier (LIA) introduces a non-negligible low-pass filtering effect. As a 
result, the measured output signal Sout(t) of the system can be described 
as the convolution of the instantaneous second-harmonic signal S2f1 (t)
with the impulse response h(t) = 1

τe
− t/τ of the LIA low-pass filter, given 

by h(t) = 1
τe

− t/τ: 

Sout = S2f1 (t) • h(t) =
∫ t

− ∞
S2f1 (vstart + rξ) •

1
τe− (t− ξ)/τdξ (11) 

ξ is the dummy variable of integration for the convolution process. 
From a signal-processing perspective, the scanning rate restablishes a 
mapping between the spectral (spatial) frequency k and the temporal 
frequency ω, such that ω = rk. High-order derivatives of the absorption 
profile correspond to higher spatial frequency components; in partic
ular, the fourth derivative α(4)captures fine spectral features, such as 
peak splitting or central dips, and therefore contains significantly higher 
frequency components than the second-order term ά .́ As the scanning 
rate r increases, these high-frequency components are shifted beyond 
the effective bandwidth of the LIA and are preferentially attenuated by 
its low-pass filtering characteristic. Consequently, the distortion induced 
by the non-linear competition term Scomp is progressively suppressed. 

This model not only explains the reduction in overall signal amplitude at 
high scanning rates, but also provides a physical interpretation of the 
experimentally observed smoothing of waveform distortions caused by 
high-order non-linear effects.

3. Experimental verification of the dual-modulation gas 
detection platform

3.1. Frequency response characterization of QTF

Characterization of the QTF frequency response is a critical prereq
uisite for implementing the dual-frequency photoacoustic detection 
system. Accurate determination of the resonant frequencies and quality 
factors (Q-factors) of both the fundamental and overtone modes is 
essential, as these parameters define the optimal laser modulation fre
quencies (f1 and f2) and directly impact the sensor sensitivity. Fig. 1
presents the results of the electrical frequency sweep of the QTF. For the 
fundamental mode, the resonant frequency was measured at f1 
= 2883.72 Hz. Lorentzian fit yielded a bandwidth of ~ 0.47 Hz, corre
sponding to a quality factor of Qf1 ≈ 6100. For the first overtone mode, 
the resonant frequency was identified at f2 = 17839.38 Hz, with a 
bandwidth of ~ 1.17 Hz and a quality factor of Qf2 ≈ 15250.

In subsequent dual-frequency experiments, the laser modulation 
frequencies were precisely tuned to these resonance values (f1 and f2) to 
ensure operation under optimal acoustic excitation conditions. These 
frequencies also served as reference signals for the dual-channel lock-in 
amplifiers, enabling synchronized demodulation of the fundamental and 
overtone responses.

3.2. Construction of the dual-modulation gas detection platform

To validate the proposed dual-modulation architecture, water vapor 
(H2O) was selected as the target gas due to its atmospheric abundance 
and well defined absorption features. The schematic of the experimental 
setup is illustrated in Fig. 2.

The experimental system is based on a DFB (Laser 1), whose tem
perature and injection current are controlled by a low-noise driver. A 
composite modulation signal, consisting of a low frequency sawtooth 
wave superimposed with two high-frequency sinusoidal components, 
was applied to the laser controller. This configuration enables simulta
neous modulation at the fundamental f1 and first overtone f2 resonance 
frequencies of the QTF. The modulated laser beam was collimated and 
tightly focused between the prongs of a custom QTF to generate pho
toacoustic excitation. The QTF was housed in a gas cell sealed with CaF2 
windows to minimize optical insertion loss. Gas flow and pressure 
within the cell were precisely controlled using a mass flow controller 
(Alicat Scientific, M− 500SCCM-D) and a vacuum pump (KNF 

Fig. 1. Fundamental (f1) and overtone frequency (f2) resonance spectra.
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Technologies, N816.3KT.18), ensuring stable measurement conditions. 
The laser was operated at a stabilized temperature of 22 ◦C and an in
jection current of 98.5 mA, corresponding to emission at 1368.6 nm 
(7306.75 cm− 1), targeting a strong H2O absorption line with an output 
power of 8.8 mW. The piezoelectric current generated by the QTF was 
converted into a voltage signal via a custom transimpedance amplifier 
(TA) and subsequently demodulated by two LIAs (Stanford Research 
Systems, SR830). The LIAs were referenced to f1 and f2, respectively, 

enabling simultaneous dual-channel second harmonic (2 f) detection. 
For both channels, the filter slope was set to 12 dB/oct with a 1 s inte
gration time constant. The demodulated signals were recorded and 
processed by a computer for real-time concentration retrieval.

Numerical simulations were first performed to predict the temporal 
evolution of the laser wavelength under different modulation schemes. 
Fig. 3(a) and (b) compare the resulting modulation profiles: the single 
frequency case presents a regular sinusoidal structure, whereas the dual- 

Fig. 2. Dual-modulation gas detection platform system.

Fig. 3. Waveform simulation (Python) and experimental measurement results for traditional wavelength modulation and dual-modulation modes. (a) Simulated and 
(c) measured waveforms for traditional wavelength modulation mode; (b) Simulated and (d) measured waveforms for dual-modulation mode.
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frequency mode produces a more complex composite waveform, arising 
from the superposition of two harmonic components onto the scanning 
trajectory.

For experimental implementation, a high precision digital synthesis 
approach was employed. A 20 mHz sawtooth scanning ramp was com
bined with the modulation carriers, either a single sinusoidal component 
(f1/2) or a dual-frequency combination (f1/2 and f2/2), and generated 
using a Digital-to-Analog Converter (DAC). The experimentally 
measured tuning curves align closely with the simulation results. Spe
cifically, the dual-frequency configuration (Fig. 3(c)) exhibits a dense 
oscillation pattern consistent with theoretical predictions. The magni
fied view in Fig. 3(d) further confirms the high fidelity of the generated 
waveform, with no observable phase distortion or amplitude 
degradation.

In contrast to conventional wavelength modulation, the dual- 
frequency modulation scheme applies a composite excitation signal to 
the laser, which alters the emission dynamics and consequently affects 
the spatial distribution of the generated photoacoustic signal. As a 
result, precise optimization of the laser beam position within the QTF 
prong region becomes critical. Fig. 4(b) shows the variation of the signal 
amplitude as the laser beam is vertically scanned along the QTF prongs. 
Under dual-modulation conditions, the fundamental mode exhibits a 
relatively uniform spatial response with minimal amplitude variation. In 
contrast, the overtone mode displays a pronounced spatial dependence, 
characterized by a decrease–increase–decrease trend. This behavior is 
attributed to the phase variations arising from the relative position of 
the acoustic excitation source with respect to the mode shape of the QTF.

To accommodate the distinct spatial characteristics of the two ei
genmodes, a compromise operating point was selected by fixing the laser 
focus at a height of ~ 9.0 mm. This position ensures sufficient acoustic 
excitation of the overtone mode while maintaining stable response in the 
fundamental mode. Notably, the experimental results obtained at this 
configuration demonstrate clean signal profiles, confirming the system's 
ability to suppress intermodulation artifacts (e.g., f1±f2) and to achieve 
high-fidelity, independent demodulation of the dual-channel signals.

3.3. Signal characteristic analysis under single-frequency modulation

To validate the theoretical description of RAM, specifically the 
contributions outlined in Eqs. 9 and 10, we first optimized the laser 
modulation depth under conventional single-frequency WMS operation. 
As shown in Fig. 5, the signal amplitude increases linearly with modu
lation depth before reaching a saturation point. The optimization results 
reveal different optimal modulation conditions for the two modes: the 
fundamental signal is maximal at a modulation depth of 9 mV, whereas 
the overtone signal peaks at 12 mV. These optimized parameters were 
subsequently used to acquire representative second-harmonic (2 f) 

waveforms for both detection channels.
As shown in Fig. 6, the experimentally observed waveforms exhibit 

the expected second harmonic profile; however, they deviate from 
perfect even symmetry, displaying noticeable asymmetry between the 
left and right sides. The quantified asymmetry is approximately 3.7% for 
the fundamental signal and 0.07% for the overtone signal. This behavior 
is consistent with the theoretical model. Specifically, the first-harmonic 
component associated with the laser intensity modulation introduces a 
contribution proportional to the first derivative term of the absorption 
coefficient (α', odd function). This term breaks the intrinsic symmetry of 
the ideal second-derivative signal (α", even function). Consequently, as 
the modulation depth increases, the relative contribution of the RAM 
term becomes more significant, leading to progressively enhanced 
waveform asymmetry and distortion.

3.4. Analysis of signal non-linear competition effect under dual-frequency 
modulation

A central prediction of the proposed theoretical model is the non- 
linear competition effect between the dual-frequency modulation com
ponents, described by the interaction terms in Eqs. 9 and 10. The anal
ysis indicates that increasing the modulation depth of one frequency 
introduces a fourth derivative contribution with a sign opposite to the 
primary second-order signal, leading to overall signal amplitude 
attenuation.

Fig. 7 presents the signal response under equal dual-frequency 
modulation depths (m1 = m2). The amplitude increases linearly only 
at low modulation current; however, once the modulation current ex
ceeds approximately 6 mA, the 2 f signal amplitude as a function of 
modulation current under dual-frequency excitation with equal ampli
tudes shows deviation from linear behavior at high modulation levels. 
The signal exhibits clear attenuation accompanied by pronounced 
waveform distortion, providing direct experimental evidence of strong 
non-linear inter-channel coupling under deep modulation conditions.

To isolate the dual-frequency interaction mechanism, a controlled 
parametric study was conducted by fixing the modulation depth of one 
channel while systematically varying the other. As shown in Fig. 8, when 
the fundamental modulation amplitude is fixed at 4 mV, increasing the 
overtone modulation amplitude leads to a pronounced modification of 
the fundamental-channel second-harmonic (2 f) waveform. In addition 
to a clear reduction in signal amplitude, the waveform progressively 
develops a central dip and eventually exhibits peak splitting.

The fundamental signal includes a negative "competition term" 
proportional to the cross-modulation product, originating from the 
fourth derivative of the absorption line shape. As the overtone modu
lation depth increases, this fourth-order non-linear component 
strengthens and counteracts the primary signal associated with the 

Fig. 4. Optimization of the laser beam focusing position under dual-frequency modulation. (a) schematic diagram of the vertical focusing position z along the QTF 
prong (b) measured fundamental and overtone signal amplitudes as a function of z.
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second derivative α". This behavior demonstrates that in single-laser 
dual-frequency systems, frequency-domain orthogonality does not 
eliminate coupling at the physical level; instead, strong inter-channel 
interaction arises from the intrinsic non-linearity of the absorption 
process. The experimentally observed peak splitting indicates the onset 
of an over-modulation regime, in which higher-order derivative terms 
(e.g., fourth- and sixth-order) dominate over the second-order contri
bution. As illustrated in the magnified view of Fig. 8(a), increasing the 
overtone modulation depth from 4 to 25 mV progressively widens the 
peak separation, directly reflecting signal cancellation at the waveform 
center. In addition, the persistent left-right asymmetry observed in all 
waveforms further confirms the presence of RAM, consistent with the 
theoretical prediction in Eqs. (9) and (10).

To verify the reciprocal nature of the non-linear competition effect, 
the control parameters were reversed: the overtone modulation ampli
tude was fixed at 4 mV, while the fundamental modulation depth was 
systematically varied from 4 mV to 25 mV. The results, shown in Fig. 9, 
exhibit a trend consistent with that observed in Fig. 8. As the funda
mental modulation depth increases, the overtone signal undergoes 
analogous degradation, characterized by amplitude attenuation, the 
emergence of a central dip, and eventual peak splitting. This symmetric 
behavior confirms the bidirectional coupling between the two modula
tion components and further validates the proposed non-linear 

interaction mechanism.
However, Figs. 7–9 represent only one-dimensional cross-sections 

obtained by varying a single modulation depth at a time, and therefore 
cannot fully describe the global coupling dynamics of the dual- 
frequency system. To provide a more comprehensive analysis, Fig. 10
introduces a two-dimensional parametric mapping in which the signal 
response is represented as a joint function of both modulation depths, m1 
and m2.

As illustrated in Fig. 10, synchronously increasing the modulation 
amplitudes of both channels initially enhances the signal strength, fol
lowed by a rapid transition into a pronounced nonlinear “competition 
basin”. This behavior confirms that, at high modulation levels, the 
fourth-order nonlinear interaction term (Δv2

1Δv2
2) becomes dominant, 

progressively counteracting and suppressing the primary second-order 
signal contribution. To further isolate this interaction mechanism, 
Fig. 10(b) presents the signal evolution when the modulation depth of 
one channel is fixed at 4 mV while the other is systematically varied. The 
resulting parametric map clearly identifies the nonlinear "suppression 
boundary," demonstrating how the introduction of a secondary modu
lation component progressively degrades the fixed-channel signal 
response through inter-channel competition effects. Collectively, these 
multi-dimensional representations provide a comprehensive physical 
landscape of the nonlinear operating regime, enabling identification of 

Fig. 5. Signal amplitude as a function of modulation depth under single-frequency excitation: (a) fundamental channel and (b) overtone channel.

Fig. 6. 2 f signal waveforms at optimal modulation depth. (a) Fundamental 2 f waveform at m1 = 9 mV. (b) Overtone 2 f waveform at m2 = 12 mV.
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the optimal operating conditions that preserve high sensitivity while 
avoiding deep nonlinear cancellation zones.

3.5. Smoothing effect of scanning rate on non-linear distortion

To investigate the influence of dynamic scanning on nonlinear 
waveform distortion, a modulation depth of 6 mV was intentionally 

Fig. 7. Dual-channel signal evolution under equal-amplitude modulation (m1 = m2). (a) Fundamental and (b) overtone signal responses.

Fig. 8. Signal evolution under increasing overtone modulation depth. (a) The fundamental signal is fixed at m1 = 4 mV, exhibiting severe cross-suppression and 
waveform splitting. (b) The overtone signal swept from m2 = 4–25 mV.
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selected as the baseline operating condition, as it corresponds to the 
onset of clearly observable nonlinear distortion. As shown in Fig. 11, at 
low scanning rates the waveform exhibits pronounced central dips and 

peak splitting, dominated by the 4-th non-linear contribution, in 
agreement with the quasi-static theoretical model.

As the scanning rate increases, these high-frequency features are 

Fig. 9. Signal evolution under increasing fundamental modulation depth. (a) The fundamental signal swept from m1 = 4–25 mV. (b) The overtone signal is fixed at 
m2 = 4 mV, exhibiting severe cross-suppression and waveform splitting.

Fig. 10. Multi-dimensional parametric mapping of dual-channel signals revealing non-linear competition. (a) Signal evolution under synchronously increasing 
modulation depths (m1 = m2). (b) Signal mapping with one channel fixed at 4 mV while sweeping the other, explicitly defining the reciprocal cross- 
suppression boundaries.
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progressively suppressed: the depth of the central dip decreases, and the 
waveform gradually evolves toward a quasi-Lorentzian single peak 
profile at higher rates. This behavior can be attributed to the low-pass 
filtering characteristics of the lock-in amplifier. From a signal- 
processing perspective, the measured time-domain signal corresponds 
to the convolution of the physical photoacoustic response with the im
pulse response of the LIA's, governed by its integration time constant τ. 
The fine structures associated with waveform splitting correspond to 
high-frequency components. With increasing scanning rate, the spectral 
features are mapped to higher temporal frequencies, causing the rapid 
signal variations in the non-linear region to exceed the effective band
width of the LIA. Consequently, these high-frequency distortion com
ponents are preferentially attenuated, leading to a smoothing of the 
waveform. By appropriately matching the scanning rate to the LIA 
integration time, non-linear distortion can be effectively suppressed 
while preserving sufficient modulation energy, thereby achieving an 
optimal balance between detection sensitivity and signal fidelity.

3.6. Frequency-domain mapping and synchronous extraction of adjacent 
spectral lines

While the previous sections focused on the time-domain character
istics of carrier suppression (Section 3.4) and waveform smoothing 
(Section 3.5), the proposed dual-frequency modulation scheme also 
provides enhanced capabilities for resolving overlapping spectral fea
tures in the frequency domain. To investigate this aspect, the frequency- 
domain response of the system under dual-modulation conditions was 
experimentally characterized.

Fig. 12 illustrates the dynamic mapping between the driving current, 
emitted wavenumber, and the corresponding detection envelope. Under 
typical operating conditions (~915 mbar), significant collisional 
broadening occurs, causing closely spaced absorption lines to merge into 
a broadened spectral profile. In conventional single-frequency WMS, 

this overlap leads to substantial cross-talk and reduced accuracy in 
concentration retrieval.

Fig. 12(a) and the magnified view in Fig. 12(b) present the 
frequency-domain characteristics under relatively low modulation 
depths (m1 = 4 mV, m2 = 9 mV). In this regime, the modulation 
amplitude is insufficient to achieve complete carrier suppression, 
resulting in a spectral envelope with a pronounced central component. 
This limitation is overcome by employing optimized modulation pa
rameters (m1 = 4 mV, m2 = 21 mV). As shown in Figs. 12(c) and 12(d), 
when the laser driving current is linearly scanned from 95 mA to 
103 mA, the increased modulation depth enhances the fourth-order non- 
linear competition effect, promoting the redistribution of carrier energy 
into modulation sidebands. This process generates these quantifiable, 
high-energy frequency-domain sidebands to serve as “virtual probes”.

The mapping results reveal distinct and independent trajectories for 
these probes in the wavenumber space: the fundamental dominated 
probe (purple trajectory) scans across the absorption region near 
7306.5 cm− 1, while the first overtone-dominated probe (light blue tra
jectory) simultaneously addresses the adjacent absorption region near 
7307.25 cm− 1.

Crucially, at a driving current of approximately 97 mA, these quan
titative sideband probes coincide with the peak response regions of their 
absorption lines. This simultaneous multi-point targeting within a single 
scanning cycle demonstrates that the electrically generated sidebands 
can effectively isolate and synchronously interrogate overlapping 
spectral features, using a single optical path, thereby enabling efficient 
spectral discrimination in complex gas mixtures.

4. Conclusions

In this work, we proposed and experimentally validated a robust 
anti-interference QEPAS sensing technique based on single-laser dual- 
frequency superimposed modulation. By simultaneously injecting two 

Fig. 11. Evolution of fundamental and overtone signals with increasing scanning rate at a constant modulation depth of 6 mV. (a) Evolution of Fundamental 2 f 
Signal. (b) Evolution of Overtone 2 f Signal.
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high-frequency sinusoidal signals matched to the fundamental and 
overtone modes of a QTF into a single DFB laser, dual-channel orthog
onal demodulation was achieved within a compact and simplified op
tical architecture. Compared with conventional multi-laser schemes, the 
proposed approach eliminates beam-combining complexity, thereby 
enhancing system stability while significantly reducing size and cost.

A key contribution of this study is the development of a compre
hensive physical model that incorporates both RAM and high-order non- 
linear competition effects, providing a fundamental understanding of 
inter-channel crosstalk mechanisms. Both theoretical analysis and 
experimental results demonstrate that the fourth derivative term of the 
gas absorption line shape plays a dominant role in driving non-linear 
competition and signal distortion. To mitigate these effects, a wave
form optimization strategy based on dynamic control of the scanning 
rates was introduced, leveraging the low-pass filtering characteristics of 
the lock-in amplifier to suppress high-frequency non-linear distortions.

Furthermore, frequency-domain analysis revealed an additional 
capability of the proposed method: by exploiting electrically generated 
sidebands as independent “virtual probes,” the system enables syn
chronous and selective extraction of closely spaced and overlapping 
spectral features within a single scanning cycle.

In summary, the proposed approach not only advances hardware 
integration and system simplicity but also addresses the fundamental 
challenge of non-linear interference in multi-frequency modulation. It 
establishes a solid theoretical and experimental foundation for the 
development of next-generation compact QEPAS sensors with enhanced 
sensitivity, robustness, and multi-dimensional detection capability, with 
promising applications in environmental monitoring, combustion di
agnostics, and isotope analysis.
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