
Introduction

Tunable diode laser absorption spectroscopy (TDLAS), 
which is one of the most versatile detection techniques, has 
been widely used for several decades for trace gas sensing 
applications owing to its high detection sensitivity and acc
uracy, longterm stability and fast response time [1, 2]. The 

detection sensitivity of TDLAS can be further enhanced by 
incorporating the wavelength modulation technique to reduce 
excessive laser noise (socalled 1/f noise) [1, 3]. In wave
length modulation spectroscopy (WMS), the laser output is 
modulated at a kHz frequency ( f ) smaller than the halfwidth 
of the probed absorption line and then the detector signal is 
demodulated at higher modulating frequency harmonics (i.e. 
2f), thereby enhancing the signaltonoise ratio by about two 
orders of magnitude. However, the WMS2f signal amplitude 
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4  +  ν5) combination band of acetylene (C2H2) at 1311.7600 cm−1. 
A noiselimited detection limit of three parts per billion (ppb) with an integration time of 
110 s was achieved for C2H2 detection. The present highresolution CWECQCL system 
coupled with the WMS2f/1f strategy was further validated with an extended range of C2H2 
concentration of 0.1–1000 ppm, which shows excellent promise for reallife practical sensing 
applications. Finally, we utilized the WMS2f/1f technique to measure the C2H2 concentration 
in the exhaled breath of smokers.

Keywords: wavelength modulation spectroscopy, quantum cascade laser, gas sensor,  
breath analysis
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Abstract
We demonstrate a midinfrared detection strategy with 1fnormalized 2fwavelength 
modulation spectroscopy (WMS2f/1f) using a continuous wave (CW) externalcavity 
quantum cascade laser (ECQCL) operating between 7.5 and 8 µm. The detailed performance 
of the WMS2f/1f detection method was evaluated by making rotationally resolved 
measurements in the (ν
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is not only proportional to the sample concentration, but also 
to the optical power, the electronic gain and the detection 
phase. Therefore, the WMS signal needs to be calibrated with 
a known sample concentration under experimental conditions 
to measure the absolute concentration of an unknown sample. 
This makes the traditional WMS technique imperfect for field
deployable sensors. Recently, a WMS measurement technique 
based on 1fnormalized 2f signal (WMS2f/1f) has been pro
posed as an effective method to retrieve the sample concen
tration more accurately [4, 5]. In this method, the WMS2f 
signal is first normalized for laser intensity by 1f-signal and 
subsequently fitted with a model that includes the characteris
tic parameters of the probed laser and the spectral information 
for the probed absorption line. However, this new methodol
ogy has not previously been demonstrated experimentally in 
detail, while its applicability to highresolution spectroscopy 
in the midinfrared (midIR) molecular fingerprint region cov
ering 7.5–8 µm has not yet been explored.

Moreover, recent technological progress in the field of 
quantum cascade lasers (QCLs) provides access to numerous 
fundamental and combination bands of several important trace 
molecules, such as C2H2, CH4, N2O, etc, in the entire midIR 
region (i.e. 4–25 µm) [6, 7]. These transitions are usually sev
eral orders of magnitude stronger than the overtone bands in 
the nearinfrared region and hence offer enhanced sensitivity 
[8]. Moreover, the unique features of QCLs, such as room
temperature operation, a wide modehopfree (MHF) tun
ing range, high output power and intrinsic narrow linewidth, 
make them an attractive choice for highresolution molecular 
spectroscopy and gassensing applications in environmental 
research and breath analysis [9, 10]. Therefore, a continuous 
wave (CW) QCL with MHF tuning capability in combination 
with the WMS2f/1f strategy will provide an excellent oppor
tunity to develop newgeneration optical sensors for fast and 
realtime monitoring of trace gases with high sensitivity and 
specificity.

In this paper, we first report on the development of a mid
IR absorption strategy with 1fnormalized 2fwavelength 
modulation spectroscopy (WMS2f/1f) using a CW external
cavity quantum cascade laser (ECQCL) operating between 
7.5 and 8 µm. We demonstrate the detailed performance 
characteristics of the ECQCLbased WMS2f/1f detection 
method by accessing rotationally resolved measurements in 
the (ν4  +  ν5) combination band of acetylene (C2H2), which 
served as a benchmark molecule, near 1311.7600 cm−1. We 
also optimized the different laser parameters associated with 
the current modulation, as well as experimental conditions, to 
achieve the maximum signaltonoise ratio. We further utilized 
the WMS2f/1f method for highsensitive detection of C2H2 in 
ambient air at a level of parts per billion (ppb). Finally, we 
also discuss the stability of the system and consider the linear
ity of this WMS2f/1f strategy for the measurement of C2H2 
over a wide dynamic range in detail.

Experimental setup

The experimental setup is shown in detail schematically in 
figure 1. A roomtemperature continuous wave external cavity 

quantum cascade laser (CW ECQCL; Daylight Solutions 
MHF41078) with a modehopfree tuning range of 1257–
1341 cm−1 was employed as an optical source in the present 
study. An acoustooptic modulator (AOM; AGM406B11M, 
IntraAction Corp.) was utilized as a beam splitter to diffract 
the laser beam into zerothorder and firstorder components 
for realtime monitoring of the laser wavelength. The sample 
cell comprised two ZnSe midIR windows positioned about 
50 cm apart from each other. Two flat goldcoated reflector 
mirrors (BM5 and BM6) outside the cell were aligned to 
reflect the beam back and forth through the cell three times, 
thereby making a homemade multipass cell arrangement that 
increased the path length to ~1.5 m. The laser light exiting 
from the cavity was focused onto a midIR thermoelectri
cally cooled photovoltaic mercury cadmium telluride (MCT) 
detector (PVI4TE81X1; Vigo System SA) by a goldcoated 
offaxis parabolic mirror. To achieve wavelength modulation, 
the ECQCL was slowly and sinusoidally (Vscan  =  25 V and 
fscan  =  2.5 Hz) scanned over the absorption line of C2H2 by 
a piezoelectric driver (MDT693B, ThorLabs), along with a 
30 kHz (fm) sine wave modulation of the injection current of 
the ECQCL. The detector signal was then fed into a lock
inamplifier (SR830 DSP, Stanford Research Systems) to 
demodulate the signal at the harmonics of the modulating fre
quency. The lockin amplifier time constant was set to 3 ms to 
achieve the maximum signaltonoise ratio. The demodulated 
signal from the lockin amplifier was finally acquired using 
a highspeed (100 MS s−1) dataacquisition card (PCI5221, 
National Instruments; 14bit, 100 MHz bandwidth) and ana
lyzed by a customwritten LabVIEW program.

The basic principle of selfcalibration by the  1fnor malized 
2f (2f/1f) signal in wavelength modulation spectr oscopy 
(WMS) has been described in detail elsewhere [4, 5, 11]. Here, 
we briefly describe the theory of the WMS2f/1f method. WMS 
is generally performed by modulating the laser injection cur
rent with a frequency fm, thereby simultaneously producing 
frequency modulation (FM) and linear and  nonlinear inten
sity modulation (IM) with a modulationfrequencydependent 
phase difference. Then the instantaneous frequency (ν) and 
incident intensity (I) of the laser can be expressed as

υ(t) = υave +∆υCos2πfmt (1)

I(t) = Iave(υ)[1 +∆I1Cos(2πfmt + ψ1) + ∆I2Cos(4πfmt + ψ2)],
 (2)
where I(t) is the slowly varying laser intensity, ΔI1 and ΔI2 
are the linear and nonlinear IM amplitudes normalized by 
average laser intensity at ν, Δν is the FM amplitude, and ψ1 
and ψ2 represent the phase differences of the FM with linear 
and nonlinear IM, respectively.

For the WMS2f/1f method, a lockinamplifier (LIA) is 
employed to measure the second harmonics (2f) and first har
monics (1f) of the detector signal (I(t)). The X and Y comp
onents of the 2f and 1f signals are recovered by multiplying 
the detector signal (I(t)) by the sinusoidal and cosinusoidal 
reference signals, respectively, and are expressed as

X2f =
GIave(υ)
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where G is the optical electrical gain of the detection sys
tem and also accounts for all transmission losses other than 
molecular absorption, and Hn(νave  +  Δν) is the nth Fourier 
coefficient. Now, the 1f normalized 2f signal that is utilized 
for concentration assessment can be expressed as

R2f /R1f =
√

X2
2f + Y2

2f /
√

X2
1f + Y2

1f , (7)

where X2f, Y2f, X1f and Y1f are given by equations  (3)–(6). 
Being independent of instrumental factors, the 1fnormalized 
2f signal provides a selfcalibrated response and thus can be 
utilized to assess the sample concentration with precharac
terization of the laser parameters (ΔI1, ΔI2, ψ1 and ψ2). This 
technique is based on the consideration that R1f is nonzero. To 
retrieve the sample concentration from the WMS2f/1f signal, 
either the central peak value or the line shape of R2f/R1f can be 
utilized [4, 12].

Results and discussion

The CW ECQCL was first scanned over its entire mode
hopfree spectral region of 1257 cm−1–1341 cm−1 to assess 
the full P branch of the (ν4  +  ν5) combination band of C2H2. 
The experimental determination of the spectrum of the 
direct absorption of 1034 ppm C2H2 at 150 Torr and 296 K is 
depicted in figure 2(a). Subsequently, it was compared with 
the simulated spectrum (figure 2(b)) from the HITRAN data
base [8] based on the experimental parameters. A few trans
ition lines of C2H2 with low absorption crosssections were 
indistinguishable in the experimental spectrum due to poor 

signaltonoise ratios under the mentioned experimental con
ditions. We also performed a simulation under the same exper
imental conditions (sample length  =  1.5 m, pressure  =  150 
Torr and temperature  =  296 K) to select an interferencefree 
transition line of C2H2 (figure 2(c)). We selected the P7 rota
tional line of C2H2 centered at 1131.7600 cm−1, one of the 
strongest absorption lines of the Pbranch with a line strength 
of 1.179  ×  10−19 cm−1molecule−1 cm2, for this study. The 
direct absorption spectra of the selected P7 rotational line of 
C2H2 centered at 1131.7600 cm−1 for the different concentra
tions are shown in figure 2(d). It was evident from figure 2(d) 
that the direct absorption of 115 ppm C2H2 was indistinguish
able from the shottoshot laser intensity noise.

We next performed the characterization of the laser param
eters (ΔI1, ΔI2, ψ1, ψ2) for the WMS2f/1f detection method 
by sinusoidally modulating (30 kHz) the injection current of 
the ECQCL operating at 1311.7600 cm−1. We determined 
the laser parameters as a function of modulation depth (Δν), 
which is half of the peaktopeak of the FM. A homemade 
etalon with a free spectral range (FSR) of 0.01 cm−1 was uti
lized to track the FM, whereas the linear and nonlinear IM 
were measured in the absence of the sample. We calculated 
the modulation depth (Δν) by sinusoidally fitting the fringe 
center in the interference pattern of the FM. The linear IM 
(ΔI1) was determined by fitting the laser intensity with a 
sinusoidal function (figure 3(a)). Thereafter, the linear FM/
IM phase shift (ψ1) was found to be 1.21π from the modu
lation of intensity and frequency. The fitting residual of lin
ear IM (ΔI1) was further fitted by a sinusoidal function with 
twice the modulation frequency to acquire the nonlinear IM 
(ΔI2). The nonlinear IM (ΔI2) is commonly known as resid
ual amplitude modulation (RAM), which is the background 
of the 2f signal. Then, the phase shift of the nonlinear IM 
(ψ2) was determined from the fitting of the laser intensity and 
prior knowledge of ψ1. We also found a linear and quadratic 
dependence, as shown in figure 3(b), for ΔI1 and ΔI2, respec
tively, as a function of modulation voltage (Vm).

It is well documented that maximized WMS2f sig
nal is obtained at the optimum modulation index m  =  Δν/
(γ/2)  =  2.2 [13], where Δν is the modulation depth and γ is 

Figure 1. Schematic of the experimental setup for wavelength modulation spectroscopy (WMS).



the fullwidth at halfmaximum of the absorption line shape 
at atmospheric pressure. The pressure broadening coefficient 
of the selected P7 transition line of C2H2 at 1311.7600 cm−1 
is 0.0852 cm−1 atm−1, which requires an optimum value 
of Δν around 0.187 cm−1 (5.6 GHz) for the maximum 

WMS2f signal. However, due to the limitations on the cur
rent modulation, a maximum modulation depth of 2.5 GHz 
(0.0833 cm−1) can be achieved for the current CW ECQCL. 
Therefore, the experimental parameters must be optimized 
to maximize the WMS2f signal for the present study. The 

Figure 2. (a) Experimental directabsorption spectra of the Pbranch of the ν4  +  ν5 combination band of C2H2 within a spectral region of 
1257 cm−1–1330 cm−1 at concentration  =  1034 ppm, pressure  =  280 Torr, temperature  =  296 K and sample length  =  1.5 m. (b) HITRAN 
simulation under the same experimental conditions. (c) HITRANsimulated spectra of different gases around the P7 transition line of C2H2 
at 1311.7600 cm−1. (d) Direct absorption spectra of C2H2 at 1311.7600 cm−1 for different concentrations.

Figure 3. (a) Intensity curve and residual for a modulating voltage (Vm) of 3.0 V and a modulating frequency (fm) of 30 kHz with best 
1fm and 2fm fits, respectively. (b) Measured linear and nonlinear components of IM at different modulating voltages with best linear and 
quadratic fits, respectively.



amplitude of WMS2f signal was plotted as a function of 
modulating amplitude (Vm) and sample pressure, as shown in 
figures 4(a) and (b), and the maximum WMS2f signal was 
achieved at a modulation amplitude of 2.5 V and a pressure 
of 150 Torr. The experimental WMS1f and 2f signals of the 
P7 transition line of C2H2 at 1311.7600 cm−1 are depicted in 
figures 5(a) and (b) for the optimum pressure and modula
tion depth. The WMS2f signal was found to be asymmetric 
and this asymmetry arose from the linear IM comp onent. In 
contrast, the nonlinear IM component contributed to the 
WMS2f residual amplitude modulation (2fRAM), which 
was responsible for the nonzero DCoffset of the WMS2f 
signal.

The WMS2f/1f line shape for the P7 transition line of C2H2 
centered at 1311.7600 cm−1 in a single laser scan at different 
sample concentrations and a pressure of 150 Torr is shown 
in figures  6(a) and (b). The measurements were performed 
with modulation parameters of Vscan  =  25 V, fscan  =  2.5 Hz, 
Vm  =  2.5 V and fm  =  30 kHz and compared with the simulated 
results. The simulation result fits very well with the center 

peak of WMS2f/1f at the transition center of 1311.7600 cm−1 
in comparison to the side peaks. The side peaks are more sus
ceptible to the uncertainties in the IM phase shifts than the 
center peak, which arises from the fact that the odd harmon
ics of the isolated transition are only zero at the line center 
position. The sample concentration can be retrieved by fitting 
either the entire lineshape or just the center peak; both are 
valid methods in this simulation scheme. Therefore, the center 
peak value of WMS2f/1f was eventually utilized here to infer 
the gas concentration for better accuracy with the simulated 
results.

A signaltonoise (1σ) ratio of about 166 was achieved for 
the lowest standard of C2H2 concentration (427 ppb) measured 
in this study (figure 6(b)), which corresponds to a normalized 
noise equivalent absorption coefficient of 1.47  ×  10−8 W cm−1 
Hz−1/2 for an integration time of 0.4 s. We next tested the linear
ity of the WMS2f/1f detection system for the measurement of 
C2H2 concentrations ranging from 0.4 ppm to 1000 ppm (figure 
7(a)). A linear regression demonstrated a good linear correla
tion (R2  =  0.9983) between the WMS2f/1f signal amplitude 

Figure 4. (a). The amplitude of the 2f WMS signal as a function of the modulating voltages. (b) Amplitude variation of the 2f WMS signal 
for different sample pressures at a modulating voltage of 2.5 V and a sample concentration of 1034 ppm.

Figure 5. (a) 1f and (b) 2f WMS spectra (baseline subtracted) of the selected C2H2 absorption line at 1311.7600 cm−1 for the optimum 
modulating voltage and pressure of 2.5 V and 150 Torr, respectively.



and the concentration of C2H2. Furthermore, we performed the 
Allan variance test to evaluate the longterm stability of the pre
sent detection system (figure 7(b)). A standard C2H2 concentra
tion of 0.4 ppm was measured up to 30 min and the optimum 
averaging time for the system was found to be 110 s, which cor
responds to the minimum detection limit of 3 ppb. Finally, we 

utilized the WMS2f/1f technique to measure the C2H2 concen
tration in the exhaled breath of smokers (n  =  4) within 1 min of 
smoking, which was estimated to be 109  ±  7 ppb. Figure 7(c) 
represents the typical lineshape of the 1fnormalized 2fWMS 
spectra of the C2H2 concentration in the exhaled breath of a 
smoker (detailed information is provided in the supplementary 

Figure 6. (a) and (b) 1f normalized 2f WMS (WMS2f/1f) spectra fitted with the simulated result for the selected C2H2 absorption line at 
1311.7600 cm−1 for different sample concentrations under optimal experimental conditions.

Figure 7. (a) A linear regression plot between the WMS2f/1f amplitude and standard C2H2 concentrations. (b) Allan variance plot for 
system stability. (c) Typical WMS2f/1f spectra for C2H2 concentration in the exhaled breath of a smoker just after smoking, fitted with the 
simulated result.



material, available at stacks.iop.org/LPL/15/045701/mmedia). 
This suggests the potential of the 1fnormalized WMS2f strat
egy with an ECQCL for highsensitivity detection of C2H2 in 
reallife practical applications.

Conclusion

In conclusion, we have developed, implemented and tested 
the selfcalibrated WMS2f/1f detection method using 
a CW ECQCL in the midIR spectral region covering 
7.5–8 µm. The validity of the system was demonstrated by 
 highsensitivity detection of C2H2 at a level of ppb via a rota
tionally resolved P7 line in the (ν4  +  ν5) combination band 
of C2H2 at 1311.7600 cm−1. The performance of the system 
was evaluated by characterizing the different laser parameters 
associated with the current modulation and subsequently the 
stability was verified by Allan variance analysis. The noise
limited detection limit, however, could be further improved by 
coupling the WMS2f/1f technique to a multipass cell, such 
as a Herriot or White cell, and a detection limit in the order 
of ppt (10−12) could easily be achieved. Moreover, the advan
tages of wide tunability and highresolution that the ECQCL 
system possesses, coupled with the present selfcalibrated 
WMS2f/1f strategy, could be further extended to study other 
molecular species within the tuning range of the laser.
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