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Abstract Chirped laser dispersion spectroscopy (CLaDS)
has been introduced recently as a technique that performs
molecular detection based on measurement of optical dis-
persion. In this paper, a new detection scheme based on
chirp modulation (CM) and subsequent phase-sensitive de-
tection is described. CM-CLaDS inherits the full advantages
of conventional CLaDS and additionally overcomes some
of its limitations. A prototype CM-CLaDS instrument has
been developed and characterized in laboratory conditions.
The system is based on a distributed feedback quantum cas-
cade laser which operates around 4.52 μm and can probe the
most intense nitrous oxide (N2O) ro-vibrational transitions.
Preliminary performance tests are presented and provide a
path/bandwidth normalized minimum N2O detection limit
below 100 ppbv m/Hz1/2.

1 Introduction

Laser-based spectroscopy is an effective tool for selective
molecular sensing that provides an excellent detection sensi-
tivity and high temporal resolution. Most of the gas-sensing
approaches that use optical techniques rely on probing of
molecular or atomic absorption spectra. For low concen-
trations, the absorption is inherently small and the changes
in the received optical intensity (due to absorption) can be
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several orders of magnitude smaller than the total power
reaching a photodetector. This causes dynamic range and
baseline issues that fundamentally limit the performance of
direct absorption methods. Alternative techniques relying
on absorption-induced secondary effects, such as photoa-
coustic spectroscopy or laser induced fluorescence can be
baseline-free but are limited to specific system configura-
tions. These methods would not be suitable for, for instance,
long-distance open-path remote sensing.

Using molecular dispersion for trace gas sensing can
overcome baseline and dynamic range limitations while
still offering prospects for long range remote operation. Al-
though the detection of refractive index changes in the vicin-
ity of the molecular transition as a tool for molecular spec-
troscopy was studied a century ago [1] little progress has
been made to date to adopt this approach to routine, sensi-
tive trace-gas detection outside laboratory [2–10]. Recently
we have introduced a chirped laser dispersion spectroscopy
(CLaDS) technique in which information about the gas sam-
ple is retrieved from the measurement of the refractive index
changes [11]. With CLaDS, the molecular dispersion sig-
nature is deduced from the frequency variation of the het-
erodyne beatnote between two waves that originate from a
single frequency-chirped laser source. As the spectral infor-
mation is encoded in the frequency of the beatnote, CLaDS
is highly immune to optical power fluctuations, whilst main-
taining sensitive molecular detection capabilities. The tech-
nique therefore offers prospect for long-distance open-path
optical monitoring, where large variations in the received
optical power can occur. Potential applications include envi-
ronmental monitoring, remote sensing of hazardous gasses,
fence line monitoring of emissions, or remote detection of
leaks in gas pipelines. CLaDS immunity to power fluctua-
tions offers the key advantage that allows overcoming issues
related to changing environmental transmission (i.e. particu-
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late matter or turbulence), hard target reflectivity variations,
or pointing stability inaccuracies. Additionally, unlike ab-
sorption, refractive index changes are linear with molec-
ular concentration hence CLaDS can provide an extended
dynamic range of concentration measurements (from detec-
tion limit to concentration at which sample becomes almost
opaque). In long open-path sensing this feature provides
higher flexibility in optical path selection, because for op-
tical path-lengths at which absorption lines would saturate
the dispersion signal shows desirable linear dependence.

In our previous works we have demonstrated properties
of CLaDS and some of its key advantages [11, 12]. In this
paper an improvement to the original method is presented.
We introduce a novel detection scheme that relies on chirp
modulation (CM) and subsequent harmonic detection of the
beatnote frequency. CM-CLaDS is shown to overcome some
of the major limitations of conventional CLaDS. The first
section summarizes the basics of the CLaDS approach. The
following section describes the details of CM-CLaDS tech-
nique. Typical spectroscopic signals have been modeled and
compared to experimental results. For experimental demon-
stration detection of nitrous oxide (N2O) has been chosen
based on its importance to environmental sensing. N2O is
one of the greenhouse gases with significant global warm-
ing potential [13] and the identification and quantification
of its sources contributes to the understanding of the N2O
budget. The CM-CLaDS instrument is characterized in lab-
oratory conditions and its application to molecular detection
in ambient air is discussed.

2 Dispersion sensing using conventional CLaDS

Figure 1 shows the optical arrangement of conventional
CLaDS. The laser beam from a chirped laser source passes
through an acousto-optical modulator (AOM) driven with a
sinusoidal waveform at frequency Ω . Part of the radiation
is diffracted by the AOM (first order). The diffracted wave
is frequency-shifted with respect to the incident laser radia-
tion. The remaining part of radiation is transmitted through
the AOM without frequency-shift as the 0th order beam.
The two waves, the fundamental and the frequency-shifted
one, are combined into a two-color laser beam that passes
through the molecular sample and is focused onto a fast pho-
todetector. The heterodyne signal produced by the beating
of the two optical waves is frequency-demodulated at Ω by
an RF spectrum analyzer. Due to the frequency difference
between the two waves, as the laser frequency is chirped
across a molecular transition, each wave experiences differ-
ent phase velocities. As a result, molecular dispersion can
be measured from the variation in the frequency of the het-
erodyne beatnote, which is obtained by FM-demodulation
of the photodetector output signal (see Ref. [11] for details).

Fig. 1 Experimental arrangement of conventional CLaDS
(M—mirror, BS—beam splitter)

Using a quantum cascade laser (QCL) or any other semi-
conductor laser as a source, the frequency chirp across a
molecular transition can be produced by applying modula-
tion to the injection current. After FM-demodulation of the
photodetector signal the molecular content can be retrieved
through fitting of the acquired conventional CLaDS spec-
trum with the dispersion profile calculated based on spec-
troscopic database. When absorption features are well re-
produced by the Voigt profile, the dispersion spectrum can
be efficiently calculated using the plasma dispersion func-
tion. For more complex lineshapes the dispersion spectrum
can be obtained after the Kronig–Kramers transformation of
the absorption coefficient.

Unfortunately, conventional CLaDS performance is im-
peded by two main limitations. First, the primary fundamen-
tal noise contribution stems from FM demodulation process.
Due to a quadratic dependence of the FM-demodulation
noise on the acquisition bandwidth, a trade-off between
noise level and sampling resolution must be made [12].
Secondly, CLaDS is baseline-free only as long as the two
frequency-shifted waves travel the same distance to the
detector. In practice, however, maintaining this condition
within sufficient level of accuracy without active opto-
mechanical stabilization is challenging. As shown in Fig. 2,
in some cases a path difference of only 1 mm might result
in a baseline shift comparable to the amplitude of the target
signal. Moreover, as the laser chirp is typically non-linear,
the interferometer imbalance results in a non-linear base-
line structure that requires fitting higher order polynomials
for baseline correction. This makes the retrieval of concen-
tration information less straightforward and may introduce
additional signal processing artifacts.

3 Chirped Modulation CLaDS (CM-CLaDS)

CM-CLaDS has been developed to address the main limita-
tions of conventional CLaDS, as discussed in the previous
section. CM-CLaDS experimental arrangement is shown in
Fig. 3. The laser chirp is modulated by a sinusoidal mod-
ulation of the laser injection current. Along with the CM,
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Fig. 2 Experimental dispersion spectra of the N2O transition around
2209.5 cm−1 recorded using conventional CLaDS (solid squares and
circles) and calculated dispersion profiles including a 2nd order poly-
nomial baseline (black solid lines). The sample was 151 ppm of N2O
in N2 placed in a 10-cm-long cell, with a total pressure of 300 Torr.
The acquisition time was 1 s (10,000 scans averaged). The trace made
of blue solid circles shows the impact of a 1 mm imbalance in the in-
terferometer optical paths

Fig. 3 Experimental arrangement of CM-CLaDS (M—mirror,
BS—beam splitter)

a phase sensitive detection of the frequency demodulated
signals is carried out to retrieve spectroscopic information.
CM-CLaDS can be implemented either in a full dispersion
spectrum acquisition mode (using an additional slow laser
frequency sweep), or in a frequency-locked approach for
direct continuous monitoring of concentration. In the line
locked-mode the third harmonic of the demodulated disper-
sion signal is used as an error signal to actively lock the laser
frequency on the peak of second harmonic signal.

In conventional CLaDS the signal is encoded as the in-
stantaneous frequency of the heterodyne beatnote around
carrier frequency Ω and is given by [11]:

f (ω) = S
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where S is the laser chirp rate, �L is path length differ-
ence between the interferometer arms, Lc is the path length
within the gas sample, ω is the optical frequency and n(ω)

is the optical frequency dependent refractive index of the
medium. With CM-CLaDS, the chirp rate is modulated and
can be expressed as

S = S0 sin(2πfmt). (2)

Therefore the instantaneous optical frequency becomes

ω = ω0 + 2π

∫
S dt = ω0 + ωd cos(2πfmt), (3)

where ωd = 2πS0/fm. By substituting (2) and (3) into (1)
and assuming ω0 � ωd , the change of the FM demodu-
lated instantaneous frequency of the heterodyne beatnote be-
comes

f (ω0, t) = S0�L

2πc
sin(2πfmt) − S0Lcω0

2πc
sin(2πfmt)

×
(

dn

dω

∣∣∣∣
ω0+ωd cos(2πfmt)−Ω

− dn

dω

∣∣∣∣
ω0+ωd cos(2πfmt)

)
. (4)

Subsequent phase-sensitive detection gives access to the
Fourier coefficients for the in-phase and quadrature compo-
nents of the FM-demodulated signal expressed by Eq. (4).
Components of the nth harmonic are given by

an(ω0) = 2fm

∫ 1
fm

0
f (ω0, t) cos(2nπfmt) dt, (5)

bn(ω0) = 2fm

∫ 1
fm

0
f (ω0, t) sin(2nπfmt) dt. (6)

With sinusoidal excitation all the an terms become zero.
Since the first term in Eq. (4) is purely sinusoidal it will
only contribute to the first harmonic (b1). This term de-
pends on the imbalance of the optical arms �L, which in
consequence creates an unwanted baseline. Hence, by us-
ing higher harmonic detection (n ≥ 2) the baseline con-
tribution to bn is fully suppressed even though imbal-
ance still exists between the two frequency-shifted waves
(�L �= 0).

This mathematical model has been implemented to pro-
duce numerical simulations of CM-CLaDS signals and a
flow chart of the modeling steps is shown in Fig. 4. The
lower part shows simulated signals for harmonics 1 through
6, using numerical integration as expressed by Eq. (6). It is
obvious that the first harmonic does exhibit a strong baseline
contribution that vanishes at higher harmonics. Because the
signal amplitude decreases as the harmonic order increases,
second harmonic detection offers the best trade-off in which
baseline is fully suppressed while most of the signal ampli-
tude is preserved.
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Fig. 4 A flow chart showing
steps in simulating CM-CLaDS
signals. Starting from spectral
transition parameters (N2O
transition at 2209.52 cm−1,
taken from HITRAN), and
sample parameters (total
pressure of 100 Torr,
Lc = 0.1 m, 150 ppm of N2O in
N2), the dispersion profile is
calculated using the plasma
dispersion function. Then the
CM-CLaDS model is used to
numerically calculate the
harmonic components

Not only does CM-CLaDS overcome the first limitation
of conventional CLaDS (baseline), but it also addresses the
issue of large FM noise contribution. Since in CM-CLaDS
the acquisition bandwidth is greatly narrowed, the FM-noise
is significantly reduced, which improves signal-to-noise ra-
tio (SNR) of the instrument. The SNR at the output of the
FM-demodulator is proportional to the square of the modu-
lation index β , defined by [14]:

β = �f

fm

, (7)

where �f is the maximal observed frequency deviation of
the signal and fm is the modulating frequency. In conven-
tional CLaDS, the entire dispersion spectrum is the actual
modulating signal, therefore large acquisition bandwidths
(e.g. 10 MHz for spectra shown in Fig. 2) are required to
capture the spectrum without distortion. As a result, the

modulation index is low (typically in the range of 10−3 to
10−4) which impedes the SNR. With the chirp modulation
scheme the modulation is sinusoidal with a well-defined fre-
quency. Thus the acquisition bandwidth can be narrower and
the modulation index greater than in conventional CLaDS,
hence allowing for higher SNR. Additional suppression of
the FM-demodulation noise is carried out by a band-pass
filter at the demodulator output centered at the selected har-
monic of the modulation frequency.

4 Experimental demonstration of CM-CLaDS: N2O
sensing

The experimental demonstration of CM-CLaDS concept
was carried out using a thermo-electrically (TE) cooled dis-
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tributed feed-back (DFB) QCL (from Corning Inc.) operat-
ing at 4.52 μm, which enables access to the strongest fun-
damental ro-vibrational band of N2O. The QCL was oper-
ated at 10 deg C in CW mode and provided approximately
5 mW of output power. The sample was contained in a 10-
cm-long gas cell. We have used a TE cooled fast photodetec-
tor (Vigo Systems, PVI-3TE-10.6) to record heterodyne sig-
nal and an RF spectrum analyzer (Tektronix RSA6106A) to
perform frequency demodulation. The laser frequency was
chirped using a 100 kHz sinusoidal modulation added to
the laser current and the 2f component of the frequency-
demodulated signal was analyzed. A slow laser current ramp
also provided to the chip was performing the frequency scan
across the molecular transition. Optical fringing from the
imperfectly AR-coated facets of the AOM was noticed in the
system. The free-spectral range of the fringe pattern induced
by the AOM was much smaller than the linewidth of the
spectral features to be investigated, therefore they were ef-
fectively washed-out by applying a supplemental small fre-
quency QCL current modulation at 1 kHz [15]. It should be
noted that no baseline correction was performed in any of
the experimental second harmonic dispersion spectra pre-
sented in the following sections.

4.1 Chirp modulation parameters

Sinusoidal chirp modulation in CM-CLaDS is achieved
through modulation of laser frequency through injection
current modulation. Although fundamentally different, such
a signal generation/detection approach shows some simi-
larities with wavelength modulation spectroscopy (WMS)
technique [16]. For example, a careful choice of the mod-
ulation parameters is needed to achieve optimum SNR in
both techniques. In WMS the modulation depth is optimized
with respect to the width of the measured absorption line.
In CM-CLaDS choosing the best modulation parameters is
more complex. CLaDS signals are proportional to the chirp
rate which is the time derivative of the wavelength modula-
tion. Because the wavelength modulation depth of the chirp-
modulating signal should be chosen to match the width of
the probed dispersion profile, modulation of the laser fre-
quency should be as fast as possible in order to increase the
chirp rate and enhance CLaDS signal amplitude. Another
complexity of CM-CLaDS with respect to WMS is related
to dispersion profile width that depends not only on the sam-
ple pressure, but also on the frequency difference of the two
superimposed waves. This must be taken into account in the
optimization process.

The simulation algorithm presented in the previous sec-
tion (Fig. 4) has been used to analyze and optimize these
various parameters. Figure 5 shows the effect of modula-
tion depth on the shape and amplitude of a 2f CM-CLaDS
dispersion spectrum. The simulation parameters correspond

Fig. 5 Simulation of 2f CM-CLaDS spectra for different frequency
modulation depths. The calculation was performed for a N2O transi-
tion at 2209.5 cm−1,151 ppm of N2O in N2 at 300 Torr total pressure,
and an AOM frequency of 50 MHz. The inset shows comparison of 2f
CM-CLaDS peak signal amplitude as a function of modulation depth
for 50 MHz and 900 MHz AOM frequency shift (the latter being opti-
mal for these experimental conditions)

Fig. 6 2f CM-CLaDS signals measured for different frequency mod-
ulation depths. Experimental conditions were identical to the parame-
ters used in the simulations shown in Fig. 5

to those of the experimental demonstration shown in Fig. 6
(i.e. 50 MHz frequency spacing provided by the AOM, the
N2O transition at 2209.5 cm−1, 10 cm long sample cell, and
151 ppm of N2O in N2 at a total pressure of 300 Torr). In-
set in Fig. 5 also shows the CM-CLaDS signal amplitude vs.
modulation depth for the optimal AOM frequency shift of
Ω = 900 MHz compared to Ω = 50 MHz that was actually
used in the experiment. The optimum frequency shift ap-
proximately corresponds to the linewidth of the dispersion
profile, and yields significantly higher CLaDS signal ampli-
tude (see Ref. [11] for details). The experimental results in
Fig. 6 show good agreement with the simulation in Fig. 5.
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Fig. 7 2f CM-CLaDS dispersion spectra; (a) signals recorded for three different beatnote powers (−15, −25 and −35 dBm); (b) signals recorded
with balanced and imbalanced (�L = 1 mm) interferometer. Experimental conditions were identical to those given in Fig. 5

4.2 Immunity to optical power variations

One of the key properties of CLaDS is the high immunity of
dispersion signals to changes in the optical power collected
by the photodetector [11]. An analysis of the CLaDS SNR
as a function of the received optical power was performed
in Ref. [12]. This immunity also holds for CM-CLaDS. Ev-
idence is shown in the experimental traces of Fig. 7a. Three
spectra obtained at three different RF powers are shown to
overlap perfectly (no dependence of CM-CLaDS signal am-
plitude on the received power). Moreover, despite a 20 dB
change in RF signal power there is no noticeable deteriora-
tion in SNR.

4.3 Suppression of baseline effects

The theoretical baseline-free nature of the 2f CM-CLaDS
signals has been highlighted in the previous section. The
experimental validation has been carried out and is shown
in Fig. 7b. For comparison, the experimental conditions are
identical to the conventional CLaDS spectra presented in
Fig. 2 where the �L = 1 mm imbalance of the optical arms
of the interferometer resulted in a large offset of the sig-
nal baseline. With 2f CM-CLaDS, despite similar �L, the
spectrum is baseline-free.

4.4 Detection limit

As shown above, CM-CLaDS offers a robust immunity to
baseline effects caused by �L �= 0. It should be noted that
optical fringes represent an optical phase structure and can
result in generation of parasitic CLaDS signal. However,
if the spurious optical fringing is minimized (for exam-
ple, through selection of system components such as AOM

with well-designed AR-coatings), CLaDS can be consid-
ered free of any baseline effects. This creates the opportu-
nity to use 2f CM-CLaDS system in a line-locked mode
that actively sets the laser wavelength onto a desired tran-
sition and enables continuous monitoring of the gas sam-
ple concentration. Providing a calibration of the system has
been performed, the 2f signal amplitude gives a direct
measurement of the target gas concentration with no need
of time-consuming spectral fitting. Moreover, contrary to
WMS, CLaDS is immune to optical power fluctuations and
power-normalization of detected signals becomes unneces-
sary [17–19].

To characterize the detection limit of the CM-CLaDS in-
strument in a line-locked mode, the laser wavelength was
tuned to the center of N2O line at 2209.52 cm−1 and the
amplitude of the 2f CM-CLaDS signal was recorded. The
maximal continuous acquisition time was limited to approx-
imately 60 seconds due to hardware limitation of the RF
spectrum analyzer. From the temporal record, Allan vari-
ance was calculated and is shown in Fig. 8 (black line). An
averaging time of 1 s results in an SNR of ∼214, which cor-
responds to a minimum detection limit of 71 ppb m/Hz1/2.
To overcome the spectrum analyzer buffer size limitation
and perform a stability test over a period longer than 1
minute, the data acquisition method had to be modified. The
signal was acquired continuously for 50 ms with 1 s intervals
between the consecutive acquisitions. The 950 ms between
the acquisitions were needed for data processing. As a re-
sult, the duty cycle (and thus the effective integration time)
has been reduced 20 times, but the system stability could be
studied over longer periods. As shown in Fig. 8 (blue line)
the instrument is stable up to hundreds of seconds before
the system drift becomes dominant. Because of the duty cy-
cle reduced by a factor of 20, the SNR was expected to drop
by a factor of approximately

√
20 compared to the signal
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Fig. 8 The Allan variance analysis of CM-CLaDS system with the
laser wavelength locked at the transition peak. Experimental conditions
were identical to those given in Fig. 5. Black—continuous acquisition,
blue—data acquired with 5 % duty cycle. Inset: signal recorded under
the same conditions using a conventional CLaDS (red dots) showed
together with the corresponding simulation (black dotted line)

acquired continuously. This is indeed observed in Fig. 8 as
a ∼4.5 offset between the plotted curves.

To compare the detection sensitivity of CM-CLaDS with
that obtained without CM, a conventional CLaDS trace was
recorded under the same conditions and it is shown in the
inset of Fig. 8. For this measurements the optical fringes
induced by the AOM were suppressed by acquiring 10000
scans (100 μs/scan) while the AOM temperature was var-
ied. This approach for fringe scrambling has been reported
in Ref. [12]. Due to thermal expansion of the AOM crys-
tal the free-spectral range of fringes changes, which en-
ables efficient signal averaging with fringes significantly
suppressed. Using this method, the SNR achieved by con-
ventional CLaDS was 17, which yields a detection limit of
only ∼ 900 ppb m/Hz1/2.

5 Conclusions

A novel detection scheme relevant to the chirped laser dis-
persion spectroscopy was introduced. CM-CLaDS is shown
to overcome the major limitations of conventional CLaDS.
The novel approach produces signals that are baseline-free
even in the presence of opto-mechanical drift of the setup.
This represents a significant improvement over the conven-
tional CLaDS approach. Additionally, CM-CLaDS allows
significant reduction of the RF detection bandwidth required
to resolve the spectrum. As a result, the SNR can be im-
proved by more than one order of magnitude compared to
the non-CM version. Also, a small demodulation bandwidth
required by CM-CLaDS facilitates application of low-cost

electronics used in FM radio receivers for demodulation of
the molecular dispersion signals from the heterodyne beat-
note. CM-CLaDS was also shown to preserve the immu-
nity of conventional CLaDS to variations in received optical
power. If compared with standard absorption-based WMS
techniques this property has the added benefit that power
normalization of the detected CM-CLaDS signals becomes
unnecessary. That makes the CM-CLaDS particularly suit-
able for open-path long-distance sensing applications where
transmission fluctuations are likely to occur. The current
CM-CLaDS instrument has demonstrated a minimum de-
tection limit of 71 ppb m/Hz1/2 for N2O, and hence enables
sub-ppbv sensitivity when optical paths of ∼100 meters are
used. Further improvements are expected by using more ef-
ficient AR coatings on the AOM facets to reduce spurious
etalon, and by incorporating a frequency shifter capable of
larger (∼1 GHz) frequency shifts.
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