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ABSTRACT A new harmonic detection scheme for fully
digital, fast-scanning wavelength-modulation spectroscopy
(DFS-WMS) is presented. DFS-WMS is specially suited for
in situ absorption measurements in combustion environments
under fast fluctuating transmission conditions and is demonstrated for the first time by open-path monitoring of ambient
oxygen using a distributed-feedback diode laser, which is
doubly modulated with a fast linear 1 kHz-scan and a sinusoidal 300 kHz-modulation. After an analog high-pass filter,
the detector signal is digitized with a 5 megasample/s 12-bit
AD-converter card plugged into a PC and subsequently – unlike standard lock-ins – filtered further by co-adding 100 scans,
to generate a narrowband comb filter. All further filtering and
the demodulation are performed completely digitally on a PC
with the help of discrete Fourier transforms (DFT). Both 1 f and 2 f -signals, are simultaneously extracted from the detector
signal using one ADC input channel. For the 2 f -signal, a linearity of 2% and a minimum detectable absorption of 10−4
could be verified experimentally, with the sensitivity to date
being limited only by insufficient gain on the 2 f -frequency
channel. Using the offset in the 1 f signal as a transmission
‘probe’, we could show that the 2 f -signal can be transmissioncorrected by a simple division by the 1 f -background, proving
that DFS-WMS provides the possibility of compensating for
transmission fluctuations. With the inherent suppression of additive noise, DFS-WMS seems well suited for quantitative in
situ absorption spectroscopy in large combustion systems. This
assumption is supported by the first measurements of oxygen in
a high-pressure combustor at 12 bar.
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Introduction

High-resolution laser absorption spectroscopy
(LAS) is a well-known and robust diagnostic technique,
which is capable of providing species information with high
sensitivity, speed and selectivity. The advantages of this
technique have been demonstrated frequently in laboratory
environments. However, an affordable scale-up of such laserbased gas sensors to accommodate in situ measurements in
✉ Fax: +49-6221/545-050, E-mail:volker.ebert@pci.uni-heidelberg.de

‘real-world’ processes is hampered by many problems which
have to be solved in order to realize a widespread technical application, e.g. for active combustion control and optimization.
First of all, there is a need for a suitable laser source.
This problem can be solved by the use of near-infrared diode
lasers (NIR-DLs), which were initially developed for communication applications, and which have shown rapid improvement over the last decade. In comparison to alternative laser
sources, NIR-DLs offer a rather unique combination of excellent spectroscopic and technical properties. These are: narrow
linewidth for high spectral resolution, relatively high optical
cw output power – compared to MIR lasers – which can compensate for severe losses in in situ measurements, and excellent tunability, allowing efficient noise reduction techniques.
The excellent technical properties are: room-temperature operation, high wall plug efficiency, long life time, compactness,
compatibility with low-cost room-temperature detectors and
glass fibers and finally a rather low price.
Optical in situ sensors based on LAS offer many advantages (higher speed, no corrosion, no point measurement)
over extractive techniques, avoiding errors like adsorption,
condensation, chemical reaction and fractionation, which are
related to the gas sampling process. In contrast, it is much
more demanding to quantitatively evaluate a heavily disturbed
and weak in situ absorption signal, that is sometimes up to
two or three orders of magnitude weaker than competing disturbances, e.g. fast broadband transmission variations of the
measurement path or background radiation in the case of luminous (combustion) processes.
Over the last few years, we have developed various spectrometers based on direct tunable-diode-laser absorption
spectroscopy (direct TDLAS) and have realized simultaneous
species and temperature measurements in full-scale power
plants (incinerators, gas-fired and coal-fired power plants). Up
to four species (O2 , CH4 , H2 O, CO2 ) have been detected by
probing the same volume with a composite laser beam [1–5].
Even under the very low transmission conditions (total light
losses of 99.99%) found in coal-fired power plants, measurements of water and CO concentrations and gas temperatures
could be realized [1, 4]. The basic principle of measurement
is described in detail elsewhere [2, 5–7]. This takes advantage of the versatile tuning capabilities of diode lasers (slow
coarse tuning by temperature and fast fine tuning by current variation). Complete profiles of the absorption line are
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captured by rapidly scanning the laser wavelength with a linear current ramp over a suitable spectral interval. The laser
power transmitted through the measurement volume – governed by an extended Beer’s law [1, 2] – is detected directly
with a dc-coupled, optically filtered photodetector and digitized by a fast AD-converter. By scanning the laser much
faster (multi kHz) than the typical transmission or emission
fluctuations we ensured these effects were constant during the
scan. Additive contributions to the detected signal are then
determined and removed by turning the laser off for a short
period of time during the scan or by using the characterized
amplitude modulation (AM) of the laser [4]. In contrast, multiplicative transmission fluctuations are extracted from the
baseline of the scan (the baseline being the transmitted laser
power in the absence of a molecular absorption) by fitting
an absorption line model (e.g. Voigt or Lorentzian [8]) and
a low-order background polynomial to the offset corrected
scan data [2, 5]. By knowing the gas temperature, pressure,
absorption path length and spectroscopic data of the laser and
of the absorption line under investigation, we can – without
any calibration – convert the line area determined by the fitting
routine to an absolute absorber number density. With these
spectrometers, we achieved typical minimum detectable absorptions (MDAs) of the order of 10−3 to 10−4 optical density
(OD) at a response time of a few seconds using standard 12-bit
AD converters [2, 5].
Much better MDAs, up to 10−8 , and even close to the
theoretical shot noise limit for an absorption measurement [9,
10] have been reported for other modulation schemes involving dual-beam subtraction (DBS) [11, 12] or the very
common dual-frequency modulation/harmonic detection
techniques [termed wavelength-modulation spectroscopy
(WMS), frequency-modulation spectroscopy (FMS), singletone (ST) and two-tone (TT) FMS] [13–15]. All these techniques reject the large offset in the DC-coupled transmission
signal – thereby losing their transmission and emission information – to guarantee much better use of the dynamics of
the electronic system. This is done by severe additional narrowband filtering using lock-in amplifiers or scan averaging.
However, these techniques are mostly limited to conditions
with no or only mild transmission disturbances.
As most of these detection schemes are based on standard lock-in amplifiers, they cannot be used in environments
with strong transmission variations, since single-channel
harmonic-detection strategies can only suppress additive
noise. Multiplicative noise, e.g. transmission noise, on the
input signal has to be accounted for by simultaneous determination using a second independent measurement (e.g. two
spectral channels) in order to distinguish between changes
in the broadband absorption (transmissivity) and specific absorption.
Such a transmission-corrected dual-channel WMS technique was reported by us recently [16] and was successfully
applied to an in situ measurement of oxygen in a full-scale
waste incinerator. However, limitations were expected for
faster and stronger transmission fluctuations due to the low
scan frequency of 9 Hz.
In this paper, we present a new fast-scanning transmissioncorrected WMS (DFS-WMS) approach suitable for in situ
applications. It is based on a fast 12-bit AD converter plug-in

board and a PC. DFS-WMS completely avoids slow standard
analog lock-in amplifiers, and offers scanning frequencies in
the multi-kHz range. All mathematical operations are performed on a PC. We present results of the first experiments
for the detection of oxygen and tests on the linearity and
sensitivity.
2
2.1

Measurement principles
Harmonic detection

The basic principle of harmonic detection takes
advantage of the fact that a sinusoidal modulation of the argument of a non-linear transfer function produces an output
signal that contains higher harmonics of the fundamental frequency. If the argument is complex, these harmonics will be
proportional to the derivatives of the transfer function. For
real arguments, this will remain valid if the modulation amplitude is small and a first-order approximation can be applied.
The output signal can be calculated using the Taylor series of
the transfer function. The real modulation can be expressed
by two complex terms with positive and negative frequencies,
which produce cross terms given by the binomial formula:
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Here g(n) (ν) denotes the transfer function and its derivatives of
n th order, ν is the mean value of the argument and A and ω describe the modulation amplitude and frequency, respectively.
The summation can easily be rearranged with respect to
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It is more complicated to give an analytical expression for
a certain transfer function. The amplitudes of the harmonic
components for a normalized Lorentzian line profile were
given by Arndt [17]:
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Here, the modulation depth A and the center frequency ν are
scaled by the linewidth γ and the line center is chosen to be
zero. Also, c.c. means conjugated complex.
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2.2

Digital, phase-sensitive detection
∞

Diode-laser modulation

In diode-laser spectroscopy, the transfer function
is basically given by the molecular absorption of the sample, with the argument being the wavelength of the probing laser. The laser is usually driven with a doubly modulated injection current. A slow modulation (termed scan)
varies the center wavelength of the laser at a repetition rate
f while the harmonics of a fast sinusoidal modulation (frequency ω) can be detected with varying amplitude in the presence of an absorption feature. The laser current modulation
leads to a variation in the laser output power as well as in
the laser wavelength. One should note that the wavelength
modulation exhibits a strong dependence on the modulation
frequency and produces a phase shift, while the variation
of the output power can be treated as following the injection current instantaneously. See [18–22] for a detailed description. If additive noise is neglected, the detected signal
can be factorized to three terms for the laser output power
P , the transfer characteristic g, including the molecular absorption feature, and the broadband transmissivity T of the
sample:
Pdet (t) = P (I(t)) × g (ν(t)) × T(t),
I(t) = Iscan (t) + Iˆ cos ωt,

(7)

ν(t) = νscan (t) + kν Iˆ cos(ωt − ϕ).

(8)

(6)

Iˆ is the amplitude of the fast current modulation, kν denotes
the dynamic tuning coefficient of the laser wavelength (or
frequency) ν and ϕ is the phase shift between current and
wavelength modulation, which should range between 0◦ and
90◦ for purely relaxational processes.
The dependence of the output power on the injection current can usually be assumed to be linear with a slope k p . If
the transmissivity is constant or corrected, the detected signal
follows from (2):
Pdet (t)
= Pscan (t) + kp Iˆ cos ωt
T(t)
∞
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In this description, we completely neglect effects that can
be introduced by non-linear characteristics of the diode laser
or optical components. These background signals have been
analyzed in detail by Axner and Kluczynski [23–25].
2.3

Spectral representation

If both current modulations are periodic and the
transmissivity is constant, the spectrum of the detected signal will be discrete. Its principal structure is shown in Fig. 1.
The periodic scan of the center wavelength at frequency
f produces sidebands ±m × f at each harmonic frequency
n × ω of the fast modulation. These sidebands contain the
information on the varying amplitudes of the spectral components during the scan, reflecting the amplitude modulation
of the laser and the non-linearity of the transfer function.
If a lock-in amplifier is used to extract a harmonic channel
n × ω, its bandwidth must cover the complete sideband of the
specific channel. Otherwise, the absorption feature will be
distorted or suppressed. Accordingly, it is necessary to keep
the scan frequency very low in order to achieve a high signalto-noise ratio by using a narrow detection bandwidth, i.e.,
a long lock-in integration time.

(9)

n=0

The amplitude modulation leads to a superposition of neighboring harmonic terms because the mixing product contains the sum and difference frequencies. Therefore, each
harmonic channel contains not only the corresponding Hn term but also contributions from its successor and its predecessor. Arranging the terms accordingly leads to the
following summation. The terms for the first two channels, i.e. the 0ω- and 1ω-signals, require special treatment, because there are no negative frequencies in real
signals.
kp Iˆ
Pdet (t)
0
1
= Pscan (t) × Hscan
(t) +
× Hscan
(t) cos(ϕ)
T(t)
2
∞

n
+
Pscan (t) × Hscan
(t) cos (n(ωt − ϕ))
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FIGURE 1 Schematic diagram for the spectral representation of the detected signal. If the transmissivity is fluctuating, the spectrum will be given
by a convolution of the frequency characteristics of the fluctuations (inset)
and the unperturbed discrete spectrum. See text for details

2.4

Fast fluctuating transmissivity

If the transmissivity of the optical path fluctuates
during the measurement, the complete spectrum of the detector signal will be given by a convolution of the discrete
frequencies with the frequency characteristics of the transmission noise. This is due to the multiplicative character of the
transmission disturbances. If the scan frequency is low compared to the transmission fluctuations, the continuous side-
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bands, which are due to the varying transmissivity, will overlap and completely cover the unperturbed signal.
Recently, we reported experiments in which we simultaneously recorded two harmonic channels using two standard
lock-in amplifiers. The instant transmissivity was extracted
from the background in the amplitude of the first harmonic
(1ω-signal) [16]. The major contribution to the 1ω-signal is
generated by the inherent amplitude modulation (AM) of the
laser when modulating the current. If contributions of molecular absorption features to the 1ω-signal can be separated, the
spectrum can be deconvoluted by dividing the 2ω-signal by
the 1ω-background in the time domain, thereby using the laser
AM as a transmission ‘probe’. The separation was achieved
by a least-squares fit to the 1ω-signal with a model that includes the specific absorption features and a slowly varying
background. However, this approach will only be feasible if
the transmission-related fluctuations are small enough so that
the absorption feature can be separated clearly from the background, and if their frequency characteristics are totally different from those of the scan.
In direct absorption spectroscopy (baseband detection) the
absorption signal can be recovered from the disturbed signal when a relatively fast scan frequency ( f ) in the kilohertz
range is used. The harmonics of the scan frequency spread and
the overlap of the continuous transmissivity sidebands will
be minimized. Typically, the signal will be digitized and synchronously averaged over a certain number of scan periods.
In the frequency domain, this can be described by applying
a comb filter to the signal. The free spectral range of the filter
is given by the scan frequency while its bandwidth is limited
by the length of the averaging time interval. In the ideal case of
non-overlapping transmission sidebands and infinitely small
bandwidth, the recovered signal differs from the unperturbed
signal only by a constant factor and a constant offset, which
represent the mean transmissivity and the mean background
signal. The signal can then be evaluated by means of a leastsquares fit [1–4].
Here, we apply the same principle to the harmonic detection scheme. The discrete sidebands ±m × f of each harmonic channel n × ω spread widely when a scan frequency
f in the kilohertz range is used. Instead of filtering the harmonic channel with a RC-filter we reduce the bandwidth of
the detected signal by applying a comb filter. This is done by
digitizing the doubly modulated signal and synchronously averaging it over several scans. All components of the signal
which are not periodic with the scan rate will be averaged out.
The origin of the equivalent comb filter is always at frequency
zero. Hence, the fast modulation frequency ω must be an exact multiple of the scan frequency f to match the position of
the harmonic channels, the scanning frequency side bands and
the notches of the comb filter. The phase-sensitive demodulation of the signal is performed by the following procedure:
A discrete Fourier transform (DFT) yields the spectral representation of the signal. The complete amplitude and phase
information could be obtained using sine and cosine transforms. It is mathematically equivalent to perform a complex
transform ignoring the negative frequency components. A single harmonic channel, i.e. a frequency window of limited
width centered on a harmonic frequency n × ω, is separated
by digitally filtering it. This could also be done electronically

before digitizing the signal. The demodulation itself is done
by transforming the signal back to the time domain after shifting the spectrum such that the center frequency of the selected
harmonic channel becomes zero. This has the same effect as
dividing the complex signal in the time domain by a complex
harmonic function whose frequency is given by the center frequency of the desired channel.
The result of the whole operation gives the time evolution
of the amplitude and phase of the respective channel. As in the
case of direct absorption spectroscopy, the ideally recovered
signal differs from the unperturbed signal only by a constant
factor which represents the mean transmissivity.
The digital procedure is equivalent to mixing the signal
with a local oscillator and demodulating it, as is used for
heterodyne detection in a common FM-radio. One could of
course perform analog mixing before digitizing the signal.
However, if the detected signal is transformed down to frequency zero, only one phase component can be recorded on
one digital channel. This is because with real signals the images of the positive and negative frequency components will
recombine.
2.5

Signal recovery

By using the scheme presented above, the fluctuations of transmissivity can be corrected as already mentioned.
A least-squares fit to the 1ω-signal can be used to extract the
instant transmissivity, which gives the correction factor for
any other harmonic channel.
The fitting procedure will become obsolete, if the scan
covers the absorption feature completely, if the distortion of
the signal due to the varying laser output power can be neglected and if the absorption is small (a few percent). In this
case, the 1ω-signal will be almost symmetric with respect to
its mean value, which will be proportional to the transmissivity. Since the scan frequency in this case is much higher than
in our earlier experiments [16], the transmissivity can be assumed to be constant over the scan and hence a much better
transmission correction can be achieved.
3

Experimental

A simple experiment demonstrates the principle of
operation under laboratory conditions and allows us to derive
values for the quality of the signals that can be expected under
in situ conditions.
3.1

Set-up

The experimental set-up is shown in Fig. 2. A distributed-feedback diode laser (Sensors Unlimited, DFBSU2054) was used to detect a single absorption line of oxygen
in air at a wavelength of λvac = 761 nm, b1 Σg+ ← X 3 Σg−
transition, (v = 0 ← v = 0) A band, R7R7 [26]. The absorption length was varied between 30 and 70 cm, which led
to a maximum peak absorption of 1.5%. The Peltier-cooled
laser was powered and modulated via a combined diode-laser
driver/temperature controller (Melles Griot, 06DLD103).
Two function generators (Stanford Research Systems, DS345)
supplied a triangular scanning modulation (1 kHz) and a sinusoidal modulation (300 kHz), which were added using
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FIGURE 2 Experimental set-up: A diode laser beam is directed onto a photodetector through ambient air with varying absorption path length. The laser
is driven with a doubly modulated injection current. The amplified, high-pass filtered signal is recorded using an analog-to-digital converter board (ADC).
A double frequency clock is used to synchronize the two function generators and the A/D converter

a voltage amplifier (Stanford Research Systems, SR560).
The signal from a biased photodiode (silicon, ∅3 mm, 5 V)
was high-pass filtered (10 kHz) and amplified by a low-noise
current pre-amplifier (3-dB-bandwidth 500 kHz, Stanford Research Systems, SR570). A personal computer with a fast
AD-converter plug-in card (National Instruments, 6110E,
5 megasamples/s) was used to record the signal and to perform the calculations. A third function generator (SRS,
DS345) provided 10 and 5 MHz clocks for the modulation and
the data acquisition in order to achieve full timing control.
3.2

Timing

Proper timing and synchronization is crucial for the
given set-up as we perform phase-locked scan averaging. If
the modulation frequency ω is not an exact multiple of the
scan frequency f or if there is jitter, the comb filter will not
cover the modulation frequency, its harmonics and all their
sidebands, i.e. most of the arising frequencies will be averaged
out.
Since a discrete Fourier transform (DFT) is used in the
calculations, it is important to sample an integer number of
modulation periods. This is because a periodic input signal
is assumed for the DFT-algorithm. In other words, the algorithm expands the input signal into a linear superposition of
orthonormal sine and cosine functions that are periodic with
the sampling interval. If the algorithm is fed with a fractional
number of modulation periods, the modulation frequency and
its harmonics will not be projected onto δ-functions and the
harmonic channels cannot be separated clearly. This requirement will be fulfilled for all arising frequencies, including the
sidebands, only if complete scanning periods are sampled and
if the sampling frequency is again an exact multiple of the scan
frequency. If it is desired to use the scan period only partially,
the sampling rate of the ADC should be chosen to be an integer multiple of the modulation frequency. This allows for
the sampling of an arbitrary but integer number of modulation
periods.
4

Results

In Fig. 3, the result of a discrete Fourier transform
of the input signal sampled at 5 megasamples/s is presented.
The signal was averaged over 100 scan periods equivalent to
an integration time of 100 ms. We want to emphasize that the
comb structure of the equivalent analog signal is lost in the
digital spectrum because only integer multiples of the scan
frequency are represented. The same effective channel bandwidth could have been achieved with an analog lock-in amplifier only with a low scan frequency of 10 Hz. The analog sig-

FIGURE 3 Logarithmic plot of the amplitude spectrum of the recorded signal. The inset shows the low-frequency part of the spectrum. See text for
details

nal was high-pass filtered with a cut-off frequency of 10 kHz,
which suppressed most of the triangular amplitude modulation caused by the scanning (0ω-signal). The inset shows the
low-frequency part of the spectrum, which produces significant amplitudes at odd multiples of the scan frequency due
to the symmetric character of the scan. The spectrum clearly
shows four harmonics of the modulation frequency (n × ω).
Each harmonic channel is spread over roughly 100 kHz. The
fundamental channel (1ω) produces a strong carrier, which
results from the inherent amplitude modulation of the laser
output power. The noise level is −90 dB, compared to a maximum signal amplitude of 1 V, which perfectly reflects the
theoretical value of −92 dB when averaging over 100 scan
periods at an A/D resolution of 12 bit [28].
The demodulated signals of the first two channels (1ω
and 2ω) are shown in Figs. 4 and 5. The modulation depth
was chosen such that the relative 2ω-signal was maximized
(2ω-to-1ω-ratio). According to (10), three terms with different phases contribute to each of the signals. Here, we neglect
the Hn+1-contributions because for small modulation depths
and a narrow scan width they should be weak compared to
the other terms. We use the phase-plot of the 1ω-signal to approximately determine the phase shift between amplitude and
frequency modulation of the diode laser. The overall phase
introduced by the electronics [27] is taken from the mean
value of the signal, which is almost only dependent on the H0contribution for the following reasons: The scan covers the
absorption line completely and symmetry will lead to a vanishing mean value of the H2 -term if no further non-linearity
is present and if the frequency scanning can be assumed to
be linear. In contrast, the H1-term exhibits a slight asymme-
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FIGURE 4 Recorded 1ω-signal: phase-plot
(left) and time evolution of the two components (right). The angle α1 denotes the overall
phase shift. The phase shift ϕ between amplitude and frequency modulation is given by β1 −
α1 = 33.1◦ . The injection current was scanned
with a triangular function and is lowest at the
center of the scan. See text for details

FIGURE 5 Recorded 2ω-signal: phase plot
(left) and time evolution of the two components
(right). The angles α2 and β2 denote the absolute phases of the two contributing components.
They differ by ϕ = 33.1◦ . The injection current
was scanned with a triangular function and is
lowest at the center of the scan. The timescale
refers to a single scan period. See text for details

try due to the power modulation of the laser. However, this
can be neglected because the linewidth is less than 10% of the
scan width. After removing the mean value of the 1ω-signal
and correcting for the overall phase, the major contribution
to the remaining signal exhibits a rotation that is due to the
phase shift of the frequency modulation (ϕ = 33.1◦ ). In order
to separate the signal contributions correctly, we apply the
following transformation after taking the real and imaginary
parts:



 

1
a(t)
sin β1 − cos β1
Re(t)
=
·
.
b(t)
Im(t)
sin (β1 − α1 ) − sin α1 cos α1

(13)
The angles α1 = 6.2◦ and β1 = −26.9◦ are given by the absolute phases of the amplitude and frequency modulations,
respectively. The phase shift ϕ is given by the difference
α1 − β1 .
The phases of the two major components of the 2ω-signal
are identified by taking the difference between the signal at
the line center (maximum modulus) and its mean value. The
result yields the angle α2 = 156.7◦ . The angle β2 is given by
α2 − ϕ = 123.6◦ . In principle, the angle α2 should equal β1 ,
but for the 2ω-signal the overall phase shift introduced by the
electronics differs from that of the 1ω-signal. The mean value

of the signal is not zero because there is a slight overall nonlinearity in the output power modulation of the diode laser.
In both graphs, the b(t)-signals ( Hn -contribution) slightly
differ in amplitude on the two sides of the scan. This is
due to the frequency dependence of the tuning coefficient
of the laser, which also affects the low-frequency components. While the scanning of the injection current Iscan (t) is
triangular, the frequency scanning νscan (t) is not and always
lags behind the output power modulation. The relative wavelength calibration was done by recording fringes produced by
a 10-cm air-spaced Fabry–Perot-interferometer and a single
triangular modulation of the laser at 1 kHz.
The procedure for correcting variations in transmissivity
was checked by changing the length of the absorption path
without proper beam alignment. At each position of the detector the laser was poorly adjusted to produce an arbitrary change in the amount of detected intensity. In Fig. 6,
the magnitudes of the corrected and uncorrected 2ω-signals
are plotted against the absorption path length. After correction, the dependence is perfectly linear, showing residuals of
only 2%.
In principle, it should be possible to derive optical densities and absolute oxygen concentrations from the recorded
data, if the characteristic coefficients of the diode laser are
known. However, in contrast to direct TDLAS, an uncertainty
in the actual width of the absorption feature introduces a large
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FIGURE 6 Test of linearity and noise of the presented fast-scanning digital
lock-in scheme applied to the detection of oxygen in ambient air. In the upper
part the magnitude of the 2ω-signals (maximum to mean shoulder) is plotted
against the absorption path length under varying transmission of laser power.
The graph shows uncorrected (crosses) and transmission-corrected (squares)
data. The lower part shows the deviation of the corrected data from the fitted
straight line

error to the derived values as the signals strongly depend on
the ratio of modulation depth to linewidth. Therefore, wavelength modulation spectroscopy will usually be calibrated
with a known sample.
The absorption in this experiment was of the order of
10−2 optical density (OD). This can also be seen in the H0contribution to the 1ω-signal, which almost reflects the directabsorption signal. With the accuracy given above, the minimum detectable absorption is 10−4 OD. With regard to the
sensitivity, the same value can be derived from the signalto-noise ratio in the recorded spectra (40 dB) [28]. However,
it should be noted that the signal level of the 2ω-signal is
−50 dB. It can be increased by using a second channel with
a higher gain and an analog filter that suppresses the 1ωsignal.
From these data it can be expected that the relative accuracy under in situ conditions will be at least 2%, if the spectral
components of the transmission noise stay below 1 kHz. With
improved analog filtering and by detecting the 2ω-signal with
a separate filter channel with higher gain, it should be possible
to reach sensitivities in the 10−6 range.
5

Conclusions

A new harmonic detection scheme for fully digital fast-scanning wavelength-modulation spectroscopy (DFSWMS), suitable for in situ absorption measurements, has been
presented. The signals produced by DFS-WMS are mathematically fully equivalent to signals from related techniques
that incorporate standard lock-in amplifiers. In contrast to
standard techniques, DFS-WMS provides the possibility of
compensating for fast transmission fluctuations. By co-adding
the doubly modulated scans (a fast triangular scan and a faster
sinusoidal modulation) a comb filter is generated, which provides the same narrow bandwidth filtering as the standard
lock-in techniques, and the same fast scanning frequencies as
direct TDLAS. The low-frequency contributions caused by

FIGURE 7 Second-harmonic signals from a strongly pressure-broadened
oxygen absorption line detected in situ with a preliminary version of the
new fast-scanning digital lock-in scheme in the flue gas duct of a 1 MW
high-pressure coal combustor. Signals for different modulation depths are
shown

the transmission fluctuations are removed by using the large
background in the 1ω-signal generated by the laser amplitude
modulation as a transmission ‘probe’. The transmission correction of the 2ω-signal is performed by a simple division by
the 1ω-background. First measurements with slowly varying
transmission have been presented and show that DFS-WMS is
applicable. A sensitivity of 10−4 OD and a deviation from linearity of 2% was experimentally demonstrated by monitoring
oxygen in air at 761 nm. A sensitivity of 10−6 OD seems to be
feasible with a more dedicated electronics set-up.
At an earlier stage of our work, we also performed preliminary tests of DFS-WMS under in situ conditions. These
tests were carried out at a high-pressure 1-MW coal combustion test facility using a vertical-cavity surface-emitting laser
(VCSEL) at 770 nm (CSEM), which has also been used to
monitor potassium concentrations [29]. We recorded second
harmonic signals (2ω) of strongly pressure-broadened oxygen absorption lines at 12 bar in the flue gas duct approximately 2 m downstream from the combustion chamber. The
laser light was subject to strong and fast transmission variations of transmissivity.
Figure 7 depicts several absorption profiles of an in situ O2
line (P33Q32) for different amplitudes of fast ω-modulation.
Due to the high scanning frequency, it was obviously possible to suppress all transmission fluctuations within the scan.
However, the lack of proper synchronization between signal
generation and A/D-conversion generated some modulating
artifacts at the borders of the scans that spoiled the sensitivity. Further tests to determine the performance of DFS-WMS
under ‘real world’ in situ conditions are underway.
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