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Abstract: We report new approaches for signal generation in Chirped Laser 
Dispersion Spectroscopy (CLaDS). Two optical arrangements based on 
electro-optical modulators significantly reduce CLaDS system complexity 
and enable optimum performance when applied to detection of GHz-wide 
molecular transitions. Proof-of-principle experiments in the near-infrared 
spectral range are presented and potential strategies for application in the 
mid-infrared are discussed. 
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1. Introduction 

Laser spectroscopy is a powerful tool for sensitive and selective trace gas detection in a large 
number of applications including environmental monitoring, medical diagnostic, industrial 
process control, and many others [1–8]. Majority of spectroscopic techniques currently in use 
rely on measurement of light that is absorbed by the target analyte. However, detection of the 
absorbed light, a measurement that is relatively simple to perform, has some shortcomings 
that limit its use especially in more challenging applications. These include measurements of 
strongly absorbing samples (absorption larger than 10-20%) that require correction of the 
nonlinear (exponential) dependence of the Beer-Lamberts law, or measurements with large 
baseline (transmitted power) fluctuations that require reliable normalization of the power 
received by the photodetector to assure accuracy of the concentration retrieval process [5]. 
These limitations can be mitigated by applying a chirped laser dispersion spectroscopy 
(CLaDS) [9]. In CLaDS, the molecular concentration is retrieved from the measurement of 
optical dispersion related to the refractive index changes in the vicinity of the target 
absorption line (information about optical absorption is also available, but will not be 
discussed in the context of the work presented here). Immunity of the CLaDS signal to 
intensity variations and/or amplitude noise, as well as its linear response within the full range 
of accessible concentration levels (from the minimum detection limit up to above 99% of 
absorption) make CLaDS an interesting alternative to absorption-based techniques. A 
prototype remote sensing instrument based on CLaDS has already been tested in the field 
[10], where the unique capabilities of this technology have been successfully verified. 
However, due to some technological limitations the performance of the open-path CLaDS 
systems presented to-date was far from optimal. In this paper we present new optical 
arrangements that simplify CLaDS optical setup, and enable optimal performance of CLaDS 
spectrometers targeting molecules at ambient conditions that typically exhibit transition 
linewidths of a few GHz. These new approaches are tested in the near-IR with hydrogen 
cyanide (HCN) used as a test analyte. Applications of these new CLaDS configurations in the 
mid-IR, a spectral region particularly suitable for sensitive molecular spectroscopy, are 
briefly discussed. 

2. New optical configurations for CLaDS 

The signal in previously reported CLaDS systems [9–12] was produced through interaction of 
two co-propagating electromagnetic waves with the gas sample. The frequencies of the two 
waves are separated by Ω and after transmission through the sample both waves are focused 
onto a square-law photodetector, which allows for detection of a heterodyne beatnote 
produced by the wave interference. The two waves can be conveniently produced using a 
single laser source and an optical frequency shifter. A molecular dispersion in the sample 
results in different propagation velocities for the two waves which affects phase/frequency of 
the heterodyne beatnote. By applying a fast chirp to the laser frequency, these changes in 
heterodyne beatnote frequency are significantly enhanced and the molecular dispersion 
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spectrum can be retrieved through straightforward frequency demodulation performed at the 
carrier frequency Ω (details on CLaDS signal generation and its comparison with other 
techniques, including FM-spectroscopy [13, 14], can be found in [9] and [12] respectively). 

In order to maximize CLaDS signal amplitude the frequency shift Ω should equal the 
linewidth of the target absorption line, which is typically around 3 GHz for gases at 
atmospheric conditions. In the first CLaDS experiments the two frequency-shifted waves 
were created using an acousto-optical modulator (AOM) that provided frequency-shifts of 50 
to 100 MHz, causing instrument performance to be far from optimal for measurements at 
atmospheric pressure [10]. Commercially available AOM frequency shifters are generally 
limited to frequency shifts of up to 1GHz achievable only at shorter wavelengths (i.e. in the 
near-IR), and their performance (especially diffraction efficiency) deteriorates at high 
modulation frequencies. Moreover, the two beams (the fundamental and the frequency-shifted 
one) emerge from the AOM at different angles, thus an additional optical setup is needed to 
combine them into a single dual-color beam that is used for CLaDS sensing. This increases 
complexity of the instrument and can reduce its opto-mechanical stability. 

In this paper we demonstrate a new approach to perform CLaDS. The method uses 
telecom-based electro-optical modulators (EOMs) and mitigates the technical limitations of 
AOM-based CLaDS. Two experimental arrangements have been developed and successfully 
tested with CLaDS: 1) a single side-band (SSB) modulation based on a dual-parallel Mach-
Zehnder modulator (DPMZM), as well as 2) a conventional dual side-band (DSB) intensity 
modulation performed with a standard Mach-Zehnder modulator (MZM). The optical 
configurations of both approaches are shown in Fig. 1(a) and Fig. 1(b), respectively. 

 

 

Fig. 1. a) CLaDS system with DPMZM for dual-color beam (SSB spectrum) generation. 3dB 
hybrid coupler is used to drive modulator with two orthogonal signals; b) CLaDS system with 
MZM for triple-color beam (DSB spectrum) generation (LD – laser diode, SG – signal 
generator, PC – polarization controller, PD – photodetector, OS – optical spectrum). 

CLaDS with SSB modulator 

DPMZM consists of two Mach-Zehnder modulators embedded into parallel branches of the 
third Mach-Zehnder structure (shown in Fig. 1(a)). SSB optical spectrum (carrier + 
frequency-shifted side-band) is created when modulators are driven with orthogonal signals 
and when appropriate bias levels are applied [15]. DPMZM generating the SSB spectrum can 
simply replace the AOM in CLaDS setup, while providing an enhanced performance because: 
1) the dual-color beam is created directly at the output of the DPMZM, which reduces the 
complexity of the optical setup, and 2) EOMs can deliver frequency-shifts up to tens of 
gigahertz, which provides optimal conditions for the CLaDS signal generation with broad 
absorption lines (e.g. collisionally broadened lines at elevated pressures). 

Figure 2(b) shows an example optical spectrum of the light emerging from the output of 
the DPMZM used in this proof-of-concept experiment. The optical spectrum is a quasi SSB 
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spectrum with two distinct frequencies (a carrier and a side-band with ~17dB or 50 × 
suppression of other sidebands). Due to limitations in the available RF power from the signal 
generator, side-band suppression better than 17dB below the carrier and/or the primary 
sideband could not be achieved (typically, suppression of >25 dB is desired). Nevertheless 
this performance was sufficient to reliably generate CLaDS signals and to perform initial 
studies. CLaDS spectra were acquired by chirping the laser frequency across the P15 
transition at 1553.755 nm in the 2ν3 ro-vibrational band of HCN (see [16], Swann et al. for 
details) with the rate of approximately S = 250 MHz/μs. This was accomplished by applying 
10 kHz triangular modulation to the injection current. A dual-color beam generated by the 
DPMZM was directed through a 5.5-cm-long gas cell containing pure HCN (transmission of 
the gas cell in the vicinity of the target transition is shown in Fig. 2(a). The CLaDS spectrum 
acquired at Ω = 1.45 GHz is presented in Fig. 2(c). Its shape agrees well with the numerical 
model (Eq. (1) and Eq. (16) from [9] and HCN line parameters from [16], Swann et al. were 
used in this simulation). A dependence of the CLaDS signal amplitude on Ω was also 
measured and it is shown in Fig. 3(b). For the conditions used in this experiment (pressure in 
the cell of 25 Torr and room temperature) the spectral linewidth of the transition is 
approximately 1.5 GHz. The optimum frequency shift Ω = ~1.46 GHz has been estimated 
from the measured data, which agrees very well with the numerical model (also shown in Fig. 
3(b). It should be noted that despite the reduced pressure in the cell the Doppler linewidth of 
the target transition is >1 GHz, which is reasonably close to pressure broadened linewidths 
observed at atmospheric conditions (typically 3 to 6 GHz). Thus, conditions used in the 
present work serve as an acceptable simulator for the spectral lines typically observed at 
ambient pressures (different lineshape, Gaussian vs. Lorentzian, has no fundamental impact 
on this proof-of-principle experiment). 
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Fig. 2. a) Normalized transmission spectrum of the target HCN transition and b) a quasi SSB 
spectrum at the output of DPMZM when driven at 1.5 GHz, both measured with high-
resolution spectrum analyzer; c) CLaDS spectrum of the P15 transition of HCN recorded using 
SSB modulation with spacing of Ω = 1.45 GHz. Frequency axes show detuning of the laser 
frequency from the center of the P15 transition at 1553.755 nm (~193.86 THz). Spectrum in c) 
is normalized by the chirp rate to facilitate comparison with DSB-based signals recorded at 
different chirp rate. 

CLaDS with DSB modulator 

The second configuration studied in this work is based on a standard Mach-Zehnder 
modulator that can produce pure intensity modulation of the optical carrier. Therefore, an 
optical spectrum that consists of a carrier and two side-bands with equal amplitudes is 
generated. An approximation of the generated CLaDS signal can be performed with the 
following assumptions: a pure intensity modulation with no phase difference between 
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sidebands, and negligible absorption effects introduced by the gas sample. With these 
assumptions the retrieved CLaDS dispersion spectrum (after FM-demodulation at Ω) 
generated with a triple-color beam can be approximately analyzed as a superposition of two 
CLaDS signals generated by the two pairs of frequency components: 1) the carrier and the + 
1st side-band and 2) the carrier and the −1st side-band. In this idealized case, the 
superposition of the two co-existent heterodyne beatnote signals at frequency Ω that have 
equal amplitudes but different phases (differences are related to molecular dispersion 
experienced by all DSB frequency components) can be interpreted as a signal at Ω with its 
phase being an average of the individual beatnote signals phases. As a result, while the laser 
frequency is chirped the instantaneous frequency determined by the FM detector will be an 
average of the instantaneous frequencies expected for the two individual beatnotes. Hence, 
using Eq. (16) in [9], we can express the CLaDS signal measured with a DSB modulator as: 

 
1 1

( ) ( )
2 2DSB

SL dn dn SL dn dn
f

c d d c d dω ω ω ω

ω ω ω
ω ω ω ω+Ω −Ω

   
= Ω + ⋅ ⋅ − + − Ω ⋅ ⋅ −   

   
 (1) 

where ω is the optical frequency, S is the chirp rate, n is the sample’s refractive index, and L 
is the sample/light interaction length. Assuming ω >> Ω we obtain: 

 
1

( )
2DSB

SL dn dn
f

c d dω ω

ωω
ω ω+Ω −Ω

 
= Ω + ⋅ − 

 
 (2) 

Equation (2) indicates that CLaDS signal recorded using DSB modulation at Ω has the same 
shape with one half of the magnitude of the signal measured using SSB modulation [9] at 2 × 
Ω. To confirm this property a series of measurements were performed at different Ω and for S 
= 400 MHz/μs. Figure 3(a) shows sample CLaDS spectra recorded using triple-color beam 
generated by MZM at three different Ω. A very good agreement between model (Eq. (2)) and 
experimental data is observed. The dependence of the DSB CLaDS signal amplitude on 
modulation frequency Ω varied between 100 MHz and 2.3 GHz is compared with similar plot 
for SSB in Fig. 3(b). As expected from Eq. (2) for DSB the maximum amplitude is obtained 
for Ω ≈0.73 GHz which is half of the 1.46 GHz obtained for SSB spectrum. 

-15 -10 -5 0 5 10 15
-2x10-11

-1x10-11

0

1x10-11

a)

1600MHz

750MHz

100MHz

  measurement
  simulation

 

C
L
aD

S
 s

ig
na

l /
 C

hi
rp

 r
at

e

Frequency - 193.86e12 (GHz)

   

 

 DSB
 simulation
 SSB
 simulation

0.0 0.5 1.0 1.5 2.0 2.5
0.0

5.0x10-12

1.0x10-11

1.5x10-11

b)

max@1.46GHz

max@0.73GHzC
La

D
S

 s
ig

na
l /

 C
hi

rp
 r

at
e

Modulation frequency (GHz)  

Fig. 3. a) Experimental CLaDS spectra recorded using setup shown in Fig. 1(b) for three 
different modulation frequencies (spectra are shifted vertically and horizontally for viewing 
purposes only) shown together with simulations calculated using Eq. (2). The changes of the 
CLaDS signal shape at different Ω is in good agreement with the prediction shown in Fig. 7 of 
Ref [9]; b) The amplitude of the CLaDS signal as a function of modulation frequencies Ω 
obtained with SSB modulator shown in Fig. 1(a) and DSB modulator in Fig. 1(b). Excellent 
agreement with the model is observed. 

#189314 - $15.00 USD Received 23 Apr 2013; revised 3 Jun 2013; accepted 5 Jun 2013; published 13 Jun 2013
(C) 2013 OSA 17 June 2013 | Vol. 21,  No. 12 | DOI:10.1364/OE.21.014649 | OPTICS EXPRESS  14653



3. Discussion 

Both configurations presented in this paper are capable of CLaDS signal detection. 
Application of DPMZM allows for straightforward generation of a dual-color beam (SSB 
spectrum). The molecular dispersion is encoded in the frequency of the heterodyne beatnote 
between these two frequency-shifted waves. Thus this configuration can be considered as an 
equivalent version of the previously demonstrated prototype that used SSB generation with an 
AOM [9–12]. The EOM based configuration allows for achieving much larger frequency 
spacing between the two frequency components (up to 40 GHz using standard telecom 
devices) which allows for optimal CLaDS performance even for significantly broader 
transitions (>1 GHz). Moreover, DPMZM generates a dual-color beam directly at its fiber 
coupled output, which significantly reduces the complexity of the optical system and allows 
for improved stability and robustness needed in field applications. The second approach 
generates CLaDS signals using DSB modulation based on a simple MZM. In this technique 
molecular dispersion is encoded into instantaneous frequencies of not two, but three waves 
transmitted through the sample. The most important benefit of using DSB spectrum for 
CLaDS is that modulation frequency and photodetector bandwidth that guarantee optimum 
performance are only half of what is needed when SSB modulator is applied. The amplitude 
of the DSB-CLaDS signal is half of the SSB-CLaDS signal amplitude, but given the 
simplicity of DSB spectrum generation that requires only one MZM instead of the complex 
DPMZM, such a signal reduction represents a reasonable compromise. 

The CLaDS systems demonstrated in this paper are based on standard telecom-based 
modulators for which specified operating wavelength range is typically from 1530 to 1580 
nm. Nonetheless, these instruments can be used also at longer wavelengths e.g. we have 
tested operation of the presented configurations at ~1650 nm and no significant reduction in 
performance was observed. This shows clear potential for methane or carbon dioxide 
detection around 1650nm. However, since the strongest ro-vibrational transitions can be 
targeted in the mid-IR spectral region (3-12 µm), it would be desired to perform EOM-based 
CLaDS in this spectral range. Unfortunately, due to lack of commercially available mid-IR 
EOM technology, implementations of the developed techniques at longer wavelengths 
represents a true technological challenge. Therefore an immediate approach that could be 
implemented in the mid-IR is through application of a nonlinear frequency-conversion 
process such as differential frequency generation (DFG) [17]. Such implementation would 
allow the optical SSB or DSB spectrum to be generated in the near-IR followed by a 
frequency-conversion to the mid IR using DFG. This would allow application of the near-IR 
modulator and waveguide technology, while targeting the strongest molecular transitions in 
the mid-IR [18]. We are also investigating possibilities of generation of a DSB spectrum 
through direct modulation of mid-IR laser sources. Among potentially promising approaches 
that are being currently studied is a fast (>500 MHz) direct modulation of an injection current 
in quantum cascade lasers that would result in further reduction of the complexity of CLaDS 
system [19]. 

4. Conclusions 

Two new CLaDS signal generation techniques were demonstrated. As compared to the 
previous work, the new approaches enable optimal CLaDS performance for pressure-
broadened transitions (linewidth >1 GHz), and allow for significant simplification of the 
optical setup. The systems under study use telecom-based components and their applications 
are limited to the near-IR spectral range, in which several chemical species can be targeted 
(e.g. acetylene, carbon dioxide, water vapor, or methane). The implementation of this 
technology can be extended to the mid-IR and potential strategies have been briefly 
discussed. 
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