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a  b  s  t  r  a  c  t

A  method  for frequency-multiplexed  multi-sample  gas  sensing  is  presented.  It  enables  measuring  mul-
tiple samples  placed  simultaneously  in the  setup,  without  any  optical  or mechanical  switching.  Samples
are  measured  using  heterodyne  detection  and  signal  from  each  sensing  path is encoded  at  different  car-
rier frequency.  Subsequently,  a  signal  from  particular  sample  is retrieved  through  heterodyne  beatnote
eywords:
aser spectroscopy
eterodyne detection
ptical sensing

demodulation  at unique  frequency.  This  technique  is  particularly  suitable  for  real-time  calibration  of the
sensor  through  a  sequential  (or  simultaneous)  detection  of  three  signals:  from  unknown  sample,  refer-
ence  sample  and  baseline.  Basic  setup  is  demonstrated  and  proof-of-concept  experiments  are  presented.
Very  good  agreement  with  spectra  measured  using  standard  tunable  diode  absorption  spectroscopy  is
obtained.

© 2018  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
as sensing

. Introduction

Laser molecular spectroscopy is a powerful tool in chemical
nalysis with various applications, including fundamental studies
1,2], environmental monitoring in point [3–6] and path-integrated
7,8] arrangements, isotope ratio measurements [9–11], breath
nalysis [12–15], safety [16–18], or industrial process control
19–22]. Using standard absorption-based methods such as direct
unable diode laser absorption spectroscopy (TDLAS) [23–26] or
avelength modulation spectroscopy (WMS)  [27,28] high sensi-

ivity/precision can be obtained. However, in many applications
 more critical issue is the long-term stability of the system.
pto-mechanical alignment changes, beam pointing instabilities
r electrical drifts affect accuracy of the measurement and they
sually cannot be removed through signal averaging. In typical
pectroscopic instrumentation this issue is addressed by periodic
alibration of the system. This can be realized, e.g., using two  sep-
rate measuring paths, one for unknown sample and another for
alibration gas. Alternatively, the sample and calibration gas can be
easured in turns, using only one sensing path. Both approaches
ave advantages and drawbacks. Two separate paths require two
etectors which can be expensive, especially when sensing is per-
ormed in the mid-infrared spectral region. Detectors may  have
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different responsivities, offsets and drifts. On the other hand, single
path approach cannot be directly implemented, e.g., in open-path
sensing. Up to date several alternative methods for sensor cali-
bration has been proposed. In Ref. 29 a carbon monoxide sensor
was presented in which photodetector housing was  additionally
filled with methane as a reference gas. Methane transition near
2.3 �m was used for a wavelength scale calibration and for moni-
toring how laser parameters drift in time. Similar concept was  also
presented in Refs. 30 and 31 where an additional reference gas cell
was placed in-line with an open-path multi-pass cell to enable con-
tinuous, real-time calibration of the WMS-based measurement. In
Ref. 30 a cell was filled with ethylene that has absorption line in
the vicinity of a target transition of ammonia near 9.06 �m. In Ref.
31 a cell with acetylene was  used to calibrate open-path measure-
ment of nitrous oxide and carbon monoxide near 4.5 �m.  In both
cases multiple harmonic WMS  signals were used to separate spec-
tral features of target species from signals from reference gases. In
Ref. 32 a revolving cell was  used to measure unknown sample, cal-
ibration gas and zero-gas. This enabled a real-time calibration of a
WMS-based measurement of carbon dioxide near 4.23 �m.

Another group are techniques which enable simultaneous
detection of multiple samples through multiplexing of spec-
troscopic signals in frequency or time domain. In Refs. 33–35
frequency multiplexing of sensors placed in a ladder topology
was demonstrated. With an external triangular intensity modu-

lation of light from a tunable laser and with additional passive
delay lines with each gas sample, useful signals could be encoded
into different frequencies at the photodetector’s output. These sig-

B.V. All rights reserved.
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Fig. 2. Schematic diagram of a setup for frequency-multiplexed chirped laser spec-
troscopy. Due to (relatively small) differences in lengths of delay lines spectroscopic
ig. 1. Basic setup for chirped laser spectroscopy as demonstrated by Wysocki and
eidman in Ref. 38 (‘single frequency beam configuration’). LD – laser diode, PD –

hotodiode, CR – chirp rate, AOM – acousto-optical modulator/frequency shifter.

als were subsequently retrieved using an electrical mixer and a
and-pass filter. Similar approach was demonstrated in Ref. 36
sing a chirped laser dispersion spectroscopy (CLaDS). Unfortu-
ately, in all four examples relatively long delay lines must be
sed, thus a straightforward transfer of this idea into a mid-infrared
pectral region would be challenging. Another interesting idea for
imultaneous analyzing of two samples was recently demonstrated
n Ref. 37. Differential Optical Dispersion Spectroscopy (DODiS)
nables simultaneous detection of molecular absorption and dis-
ersion in the setup. Furthermore, when a proper configuration is
sed, a detected absorption signal corresponds to the cumulative
bsorption from two analyzed samples, and the measured disper-
ion signal corresponds to the differential dispersion. These can
e used to retrieve the sum and the difference of concentrations,
onsequently providing all information about both individual con-
entrations of gas molecules in the samples. DODiS has potential to
ecome a useful tool in applications where exactly two  samples
ave to be measured and cross-compared, ideally with a single
easurement process (e.g., isotopic ratiometery). Unfortunately,

sing it in setups with more than two samples requires additional
cousto-optical modulators, increasing costs and complexity.

In this paper we present a frequency-multiplexed multi-sample
as detection approach that grows upon CLaDS and DODiS tech-
iques. It enables measuring multiple samples placed in a ladder
opology (similar to [33–35]) using only relatively short delay lines
in the orders of meters). Thus, it can be implemented in both
ear- and mid-infrared spectral regions. It may  be easily scaled up
increasing number of sensing paths does not require any additional
ctive optical components) and enables detection of both molecular
bsorption and dispersion. In this work a basic setup is demon-
trated and proof-of-concept experiments are presented. Switching
etween three independent measurements is performed without
ny opto-mechanical changes in the setup, it only requires chang-
ng demodulation frequency. Very good agreement with spectra

easured using standard tunable diode absorption spectroscopy is
btained.

. Chirped laser spectroscopy: principle

A basic setup for chirped laser spectroscopy as demonstrated
y Wysocki and Weidman [38] is presented in Fig. 1. It consists
f a single-frequency laser source (typically a DFB laser diode),
nd a Mach-Zehnder interferometer with an acousto-optical mod-
lator/frequency shifter (AOM) in one arm and a gas sample
n the other. Output of the interferometer is focused onto a
ast photodiode that records a heterodyne beatnote. As the laser
s frequency scanned (chirped) across target transition spectro-
copic information about molecular absorption and dispersion is
information from each sample is encoded at different carrier frequency �k. Infor-
mation on particular sample can be retrieved through demodulation at specific
frequency, without the need of any optical or mechanical switching within the setup.

encoded into amplitude and frequency of the beatnote. It can
be retrieved through AM and FM demodulation (respectively) at
� = |�0 + �L·CR|, where �0 is AOM’s frequency, �L is the unbalance
of the interferometer, and CR is the chirp rate.

3. Frequency-multiplexed spectroscopy of multiple
sampleS

An optical arrangement for a frequency-multiplexed chirped
laser spectroscopy is shown in Fig. 2. It is a modified version of
the setup shown previously. Multiple samples can be placed in it
using fiber-based couplers/splitters. Optical path for each sample
has to have unique length (short delay lines can be used if neces-
sary). As a result, the signal from a sample k (k = 1, 2, . . . N, where
N is the number of samples) is encoded into RF frequency that can
be expressed as �k = |�0 + �Lk·CR|. Consequently, all N samples are
probed simultaneously within single laser scan, producing N signals
which can be conveniently separated in the RF domain. Detecting
signal from particular sample can be accomplished by selecting an
appropriate demodulation frequency, in a similar way as stations
are selected in AM or FM radio.

3.1. Experimental setup

For experimental demonstration of frequency-multiplexed
multi-sample spectroscopy an optical setup with three sens-
ing arms was  built. A DFB laser diode operating near 1651 nm
(NTT Electronics, model NLK1U5EAAA; maximum injection cur-
rent ≈120 mA)  was used to target R4 transition in the 2�3 band of
methane. It was  driven and temperature-stabilized at ∼20 ◦C using
commercial laser diode controller (Arroyo Instruments, model
6305). No sample was placed in arm #1, therefore it enabled
recording a baseline signal (a ‘zero gas’ measurement). In arms
#2 and #3 two  samples were placed, both were 25 mm long cells
with methane balanced with nitrogen at 740 Torr, with concen-
trations of 20% and 4%, respectively. Gas cells were manufactured
by Wavelength References. Their windows were tilted and had
anti-reflective coating to prevent reflections that can lead to
unwanted fringes. Setup was  built using several standard fiber
couplers/splitters which were chosen so that heterodyne signals
from all three arms had similar amplitudes (between −25 dBm and
−35 dBm). Short pieces of a standard single-mode fiber SMF-28

were used to guarantee that the lengths of all arms are different
(�L1 ≈ 1.5 m,  �L2 ≈ 6.4 m,  �L3 ≈ 11.7 m).  A fiber-coupled acousto-
optical modulator (AA Opto-electronic, model MA40-IIR120) was
used to provides frequency shift of �0 = 40 MHz. It was driven with
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Fig. 3. a) instantaneous chirp rate (CR) measured during ‘up scan’ and ‘down scan’.
RF  bandwidth was set to 5 MHz. Modulation signal was optimized to provide a linear
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Fig. 4. a) three signals recorded using proposed frequency multiplexed detection
and RF power demodulation (‘zero gas’ and ’20% CH4

′ signals were vertically shifted
by +/− 0.05 for viewing purposes). Three measurements were taken by changing
demodulation frequency. After subtracting ‘zero gas’ signal, absorption spectra of
R  during ‘up scan’; b) RF spectrum at the output of the photodiode (a’ and a” –
pectrum of signal of ‘zero gas’ sample; b’ and b” – 4% of methane, c’ and c” – 20% of
ethane).

edicated driver with an output power of approximately 200 mW.
he output light was focused onto a fast photodiode (Thorlabs,
odel DET08CFC) and the detected signal was  analyzed using an

F spectrum analyzer (Rohde&Schwarz, model FSV7). Wavelength
f the laser was modulated using 5 kHz signal from an arbitrary
unction generator (Tektronix, model AFG3022C). Chirp rate char-
cteristics was measured when small unbalance of the setup was
ntroduced (�L /= 0) and the frequency of the beatnote signal was
emodulated. Injection current modulation was than adjusted to
he obtained linear frequency chirp during an ‘up scan’ (i.e., when
aser current is reduced and emitted frequency goes up). Measured
nstantaneous chirp rate is shown in Fig. 3, together with an RF spec-
rum at the output of the photodiode when all three sensing arms
ere probed. Six peaks correspond to signals measured during ‘up

can’ and ‘down scan’. Because chirp rate linearity was optimized
or ‘up scan’ these three signals occupy narrower bandwidth than
heir ‘down scan’ counterparts.

.2. Absorption spectroscopy

In the presented technique, in order to obtain standard absorp-
ion spectrum of chosen sample, one has to use amplitude/power
emodulation of the beatnote, select correct demodulation fre-
uency and appropriate bandwidth. Figure 4 a) shows three signals
etrieved using RF power demodulation at 41.6 MHz  (‘zero gas),
6.8 MHz  (4% CH4) and 52.3 MHz  (20% CH4) with bandwidth set to
00 kHz. All were acquired without changing the optical layout:
esired signal was selected by changing the demodulation fre-
uency only. All three spectra shown in Fig. 4a) are normalized with
espect to RF power measured at the beginning of the scan. Signal
rom arm #1 (a “zero gas” measurement) was subsequently used

o remove baseline from the two other signals (without any base-
ine fitting). In Fig. 4b) resulting absorption spectra of two  methane
amples are presented. These spectra are in very good agreement
ith signals obtained using standard tunable diode absorption
two methane samples (20% and 4% of CH4) were obtained [shown in b)]. Spec-
tra recorded individually using TDLAS are also presented (with baseline removed
through fitting with 3rd order polynomial).

spectroscopy (in TDLAS each sample was  measured independently
and baseline was removed through fitting background signal using
3rd order polynomial). No cross-interference between signals from
neighbouring sensing arms is visible when the presented method
is used.

3.3. Dispersion spectroscopy

Presented technique enables recording not only absorption sig-
nal, but also molecular dispersion spectrum. It can be retrieved
through a frequency demodulation of the beatnote. Access to this
additional information can be very valuable, for example dis-
persion spectrum recorded this way is highly immune to power
fluctuations [38], and molecular dispersion grows linearly with
the concentration providing extended dynamic range of concen-
tration measurements [39]. Unfortunately, we have found that
this signal is far more sensitive to the unbalance of the setup
(comparing to absorption-based signal). Figure 5 shows disper-
sion profiles recorded for four different values of �L.  Good quality
signal is obtained only when �L  is set to zero. Even small unbal-
ance (�L /= 0) results in noisy spectrum which may  be due to
phase/frequency noise of the laser source during the wavelength
scanning.
4. Discussion

Detecting signals from multiple samples with one instrument
is highly desired in various applications. In particularly, it can be
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Fig. 5. Dispersion spectra acquired during ‘up scan’ using setup shown in Fig. 1.
Glass cell (25 mm)  containing 20% of CH4 balanced with nitrogen at 740 Torr was
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sed as gas sample. Spectra were vertically shifted for viewing purposes. Demodu-
ation frequencies were (in MHz): �0cm = 40.06, �9cm = 40.154, �13cm = 40.198 and

26cm = 40.332.

sed to improve the measurement accuracy (e.g., through a direct
omparison of the signal from an unknown sample with the signal
rom a known gas mixture) or enable removing unwanted base-
ine (e.g., created by spectral features of some other compounds
resent in the gas sample). Here we demonstrated a very simple and
ost-efficient approach to a multi-sample detection through sig-
al multiplexing in the radio frequency domain. Application of this
ethod to the baseline removal in absorption-based spectroscopy
as demonstrated. With three measurement arms it can be used

or real-time calibration of the sensor through sequential detection
f unknown sample, reference sample and baseline. Appropriate
ystem settings guarantee that samples are investigated with no
ross-interferences, and without any mechanical or optical switch-
ng in the setup. Increasing the number of samples requires only

inimal changes in the optical layout. Moreover, multiplexing in
he RF domain makes this approach compatible with standard radio
echnology, where various components such as demodulators and
and-pass filters are available and relatively inexpensive.

Important issue in the presented method is a chirp rate and its
inearity during wavelength tuning. The more linear scanning rate
s, the less bandwidth is occupied by the signal. This results in a
maller noise level and a better signal-to-noise ratio. Moreover,
ith narrower signal bandwidth the smaller path length differ-

nces �Lk can be used. Nonlinearities in the chirp rate can be
educed through application of an appropriate laser diode injection
urrent modulation. Fortunately, when the presented technique is
sed in a dispersion detection mode (i.e., with FM demodulation),
rofile of the frequency scan can be conveniently obtained [Fig. 3a)]
nd it can be used as a feedback for a chirp linearity optimization.
hirp rate value has less significant impact on the performance of
he method. Increasing CR will result in larger separation of signals
n an RF frequency domain but it will also increase the bandwidth
hat they occupy. In practice, the maximum value of CR is deter-

ined by �0 (i.e., frequency shift provided by AOM) and unbalance
f arms in the setup: one has to make sure that spectra are down-
hifted by less than 2 × �0 to prevent overlapping with up-shifted
ignals.

. Conclusions
In conclusion, a new approach to multi-sample gas detection
as proposed and demonstrated. It allows for placing a multiple

as sample in the setup and multiplexing spectroscopic signals in

[
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radio frequency domain. Subsequently, information about a par-
ticular sample is retrieved through the signal demodulation at its
unique carrier frequency. The setup is simple, flexible and does
not require any mechanical or optical switching. Proof-of-concept
experiments were demonstrated. We  have shown that retrieved
absorption spectra are in good agreement with signals measured
using the standard tunable diode absorption spectroscopy. This
configuration can be used, e.g., for a real-time calibration of the
sensor through a sequential or simultaneous detection of unknown
sample, reference sample and baseline.
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