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Abstract

Gas analyzers based on tunable diode-laser spectroscopy (TDLS) provide high sensitivity, fast response and highly specific in situ measure-
ments of several atmospheric trace gases simultaneously. Under optimum conditions even a shot noise limited performance can be obtained.
For field applications outside the laboratory practical limitations are important. At ambient mixing ratios below a few parts-per-billion
spectrometers become more and more sensitive towards noise, interference, drift effects and background changes associated with low level
signals. It is the purpose of this review to address some of the problems which are encountered at these low levels and to describe a signal
processing strategy for trace gas monitoring and a concept for in situ system calibration applicable for tunable diode-laser spectroscopy. To
meet the requirement of quality assurance for field measurements and monitoring applications, procedures to check the linearity according to
International Standard Organization regulations are described and some measurements of calibration functions are presented and discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Measurements of atmospheric trace gases impose high
demands on analytical instrumentation. The great number
of gaseous pollutants and their generally low and variable
concentrations with large local differences pose challenging
requirements to analytical techniques. Thus, sensitive, selec-
tive and mobile or even portable instruments with a large dy-
namic range are needed. Tunable diode-laser spectroscopy
(TDLS) is being frequently used for the measurement of
trace gases[1–10]and especially during the last years many
new applications have been reported. Most of them are
based on indium phosphide[11–30], antimonide[31–33]
and lead-salt diode-lasers[34–58] as well as quantum cas-
cade lasers[59–72]. The applications cover the fields of
fundamental spectroscopy, atmospheric chemistry, air mon-
itoring applications and field campaigns, airborne systems
for tropospheric and stratospheric research and industrial
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monitoring and process control. Since the recent advances
in semiconductor laser based gas monitors have been re-
viewed in a previous issue[9] and this paper focuses on
post-detection signal processing and calibration issues, the
TDLAS principles are only briefly summarized here.

In most tunable diode-laser spectrometers a single narrow
laser line is scanned over an isolated absorption line of the
target species (Fig. 1a–c). To achieve the highest selectivity,
analysis is made at low pressure, where the absorption lines
are not substantially broadened by pressure. This type of
measurement has developed into a very sensitive and general
technique for monitoring many atmospheric trace species.
The main requirement is that the molecule should have an in-
frared line-spectrum which is resolvable at the Doppler limit,
which in practice includes most molecules with up to five
atoms together with some larger molecules. Because TDLS
operates at reduced pressure it is not restricted in wavelength
to the atmospheric windows such as 3.4–5 and 8–13�m
that are free from H2O and CO2 [73]. Direct absorption
measurements have to resolve small changes in a large sig-
nal. For typical linestrengths an ambient concentration of
1 ppbv (1 ppbv= 10−9 volume mixing ratio) produces a
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Fig. 1. Experimental set-up for TDLS: a single-mode emission of a temperature stabilized diode-laser is tuned by variation of the injection current over
an absorption line of the gas under investigation in the absorption cell. The detector output signal of the transmitted intensity is amplified. Further signal
processing leads to the final gas concentration.

line center absorption of only 1 part in 107 or lower over a
10 cm pathlength. Therefore, conventional absorption spec-
troscopy will not be able to measure such a small absorption.
According to Beer’s law one of the most important applica-
tion of TDLS to atmospheric measurements has turned out
to be their use in combination with a multi-pass cell with
path lengths of 100 m or more. White[74] and Herriott and
coworkers[75–77]cells achieve the long path by using mir-
rors to fold the optical path, giving typically 100 passes of a
1 m base-length cell. Additional modulation techniques like
derivative spectroscopy using wavelength modulation in the
kHz range or high frequency (MHz, GHz) modulation tech-
niques based on single or two-tone modulation concepts are
used to reduce the laser noise[9,78]. Modulation techniques
produce a difference signal which is directly proportional
to the species concentration (zero baseline technique) and
allow the signal to be detected at a frequency at which the
laser noise is significantly reduced. In these systems the
diode-laser injection current is sinusoidally modulated as
the laser wavelength is tuned through an absorption line.
In general it is possible to monitor signals at all harmon-
ics of the modulation frequency, although usually only the
first and the second-harmonic signals are used. The normal
mode of operating a TDLS system is to scan the laser center
frequency through the absorption line repeatedly at about
0.1–1 kHz and use a computer-controlled signal averager
to accumulate the signal with an amplitude proportional to
the species concentration. Repetitive scanning over the line

gives increased confidence in the measurement because the
characteristic feature of the measured species improves the
signal-to-noise ratio (SNR) and unwanted spectral features
due to interfering species or étalon fringes can easily be
identified and sometimes can be reduced during the av-
eraging process. With these techniques, detection limits
of the order of 0.1 ppbv were achieved for many smaller
molecules in air. In terms of optical density TDLAS instru-
ments with a multipass absorption cell achieved detection
limits on the order of 10−6 with a 1 s integration time. The
principal setup of a diode-laser spectrometer is shown in
Fig. 1d. A prerequisite for a good signal-to-noise ratio is a
low noise current- and temperature-controller for the laser.
In many applications the atmospheric sample is pumped
through a multipass cell, while a reference cell contains a
constant high concentration of the target gas for line lock-
ing and diagnostic purposes. The signals from the sample
and the reference detector are fed into a preamplifier. Then
frequently a phase sensitive detection is applied and after
that both channels are digitized and further processed by
digital filters. This data post-processing also includes line
locking, normalization and calibration procedures.

In the next section (Section 2), a concept for post-detection
signal processing to deal with the influence of noise, jitter,
drifts and fringes is presented. A strategy for the quantita-
tive measurement of the system stability provides the basis
for optimizing the measurement cycle. This in turn helps to
obtain an improved system performance. The procedure for
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the determination of the system performance according to
the regulations of the International Standard Organization
is summarized inSection 3. Procedures for spectrometer
calibration based on standard gas mixtures and permeation
based systems are described and finally some measurements
of TDL calibration functions are discussed inSection 4.

2. Signal processing

2.1. Noise, jitter, drift and fringes

Trace gas measurements at ambient low levels are usu-
ally performed by measuring alternatively an ambient air
spectrum and the spectrum of zero air, i.e. ideally ambient
air devoid of the target substance, which often is referred
to as a background spectrum. A prerequisite for quantita-
tive measurements is a calibration spectrum recorded from
a known gas mixture of known concentration in the sample
cell. For monitoring of the laser amplitude and frequency
fluctuations, a part of the laser beam is directed through a
reference cell filled with a high concentration of the target
gas (Fig. 1d) and a clean signal is generated, which is re-
ferred to as a reference spectrum.

The calculation of the gas concentration from the detector
signal requires a clean structure and the signal-to-noise-ratio
(SNR) is a convenient way to describe the “cleanliness” of
a given signal level[79]. It is the signal voltage or power di-
vided by the rms noise voltage (or power). Some examples
of different SNRs are displayed inFig. 2a–c. A spectrum
obtained with a SNR of 100 or even more is a very clean pat-
tern, with negligible noise. A SNR of 10 is a uncertain, but
the pattern is still clear. At a SNR of 3, the signal is hardly
recognizable, and at 1 the signal is almost lost. Ambient
signals at low concentration levels generally have a poor
SNR and, therefore, signal averaging is required prior to
further signal processing. In addition, ambient, background
and calibration signals used for data processing should have
approximately the same signal-to-noise ratio. As noise,
spikes, discrete and broadband interference, and drifts super-
imposed on the actual desired laser current manifest them-
selves as variations in the laser frequency, it is important to
monitor these parameters. Typical tuning rates of lead-salt
semiconductors used in spectroscopic instrumentation vary
from several hundred MHz up to 2 GHz per mA. Therefore,
a fluctuation in the laser current of only a few mA can cause
laser wavelength fluctuations of some MHz. One approach
to cope with these problems is the improvement of the laser
current supply, e.g. by reducing the output bandwidth, but
there are practical limits set by the scan frequency of the
system. A different approach is to correct observed drifts
on-line during the averaging process. The higher the num-
ber of channels per spectrum the higher is the precision
which can be obtained by the correction algorithm. Discrete
frequency interference superimposed on the laser current
causes a jitter along thex-axis (wavelength). Co-averaging

of these spectra leads to a degraded system performance
due to the broadening of the average spectrum. The imple-
mentation of a shift procedure eliminates or at least reduces
the disturbances introduced by interfering signals. Even
slow drifts can be eliminated with such an algorithm, and it
is obvious that the quality of the shift mechanism depends
on the number of channels in the ambient spectrum.Fig. 2d
shows some experimental data, when the shifter software is
implemented. Without the correction a significant jitter can
be observed when several subsequent scans of spectra are
plotted within the same graph, while the activated shifter
reduces substantially a drift or jitter. This can be seen more
clearly from the analysis inFig. 2e, where calculated con-
centration values (upper trace) from a calibration source are
plotted as a function of time. For this measurement a stable
supply of calibration gas has been used for calibration first
and then continuously as a sample. Therefore, the ratio of
the measured signal ratio to the calibration signal should be
1, the ‘true’ concentration and consequently any deviation
from 1 is not due to a concentration change, but refers to any
other error in the system or analysis. This analysis revealed
that without correction, the calculated concentration shows
significantly lower values with much higher associated er-
rors in the lower trace. The jitter correction is applied prior
to co-averaging of the spectra and when it is active, a stable
signal can be observed and the confidence range shown in
the lower trace is at a reasonable low level and does not show
changes with time.

While the laser is repetitively tuned across the absorp-
tion line under investigation, any wavelength drift has to
be compensated. This process is usually called line-locking
in TDLS. The most straight forward technique is to use a
derivative signal from a reference cell filled with the target
gas at a high concentration, which provides a clean signal.
The number of the channel of the zero crossing of the first
derivative as a characteristic feature can be used to determine
a time dependent drift. If, for example, at the beginning of
the measurements during a calibration the zero-crossing of
the signal occurs at channeln, and after some time during
a sample measurement has moved ton+∆, the quantity∆
can be used in a feedback loop to bring back the laser to
its initial center position by changing the injection current
or the laser temperature. In contrast to the jitter correction
described above, where the signal remains within an obser-
vation window, an actual feedback signal is applied to the
laser controller here to keep the laser within this window.
Fig. 2f shows a calibration signal in the center of the scan
(dashed) and an ambient signal recorded some time later.
The drift between calibration and ambient measurement is,
in this case, about 10% of the laser scan. An investigation of
the drift effect for an ambient signal with a signal amplitude
of 50% of the calibration signal is shown inFig. 2g. The
dependence of the calculated concentration as a function of
the drift is plotted for drifts up to 10% when the concentra-
tion is calculated by a linear regression. While the expected
‘true’ concentration is 0.5 for the 50% signal at zero drift
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Fig. 2. (a) A signal-to-noise ratio (SNR) of 100 corresponds to a clean signal, (b) a SNR of 10 requires further signal averaging and (c) a SNR of 1 is
noisy. (d) Fluctuations in the laser current translate into frequency jitter. (e) With active jitter suppression a significant increase in signal stability can be
obtained. (f) Any drift between a calibration and ambient measurements can lead to (g) a significant underestimation of the ‘true’ concentration.

the simulation shows an underestimation at increasing drifts
reaching even zero or negative concentrations.

Another frequently encountered limitation in diode-laser
spectroscopy are time dependent background changes,
which may originate from pressure broadened absorption
lines from interfering atmospheric gases superimposed on
the spectral feature of interest or from movement of opti-
cal fringes. Such fringes originate from optical resonators
generated between optical elements in the laser path. Many
resonators can be identified as potential sources, e.g. be-
tween the laser crystal and the detector crystal, any window
or beamsplitter, or many others. Depending on their origin
the superimposed fringe structure can be narrower, com-
parable or much broader than the spectral feature of the

target gas. For example, in the latter case we may observe
a signal as shown inFig. 2awith a time dependent slope
generated from a broad moving fringe. In general fringe
structure whose width is comparable to that from spectral
features of interest present the most difficulties for accurate
sample retrieval.

2.2. Adaptive signal processing

Signal processing concepts for fast scanning in situ
diode-laser spectrometers are used to improve the SNR
and to deal with time-dependent fringes. Therefore, they
require three basic elements as shown inFig. 3a. The first
element is signal averaging to improve the signal-to-noise
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Fig. 3. (a) The main TDLS signal processing elements are SNR improvement and jitter correction, intensity normalization and an adaptive algorithm
for the determination of the trace gas concentration under changing background conditions. (b) A linear regression scheme is the basic approach for
signal processing. (c) The multiple linear regression scheme provides more flexibility to handle time time-dependent background changes and can be
implemented in (d) matrix notation.

ratio and to smooth out the fast fluctuations in ambient
spectra. The smoothed output of the signal averager is then
fed into an adaptive digital filter. When a priori knowledge
of the influence of background and fringes to the spectra
is missing, adaptive algorithms are used, especially when
superimposed signals are time dependent, nonlinear and
have unknown dynamics with unknown disturbances acting
upon them. Finally, a normalization process is applied to
correct for amplitude variations and to determine the cor-
rect concentrations from ambient spectra. In addition a line
locking algorithm should actively control the laser position.

The essential property of an adaptive system is its
time-dependent, self-adjusting performance[79,80]. The
need for such a performance may readily be seen by re-
alizing that if the designer develops a system which he
considers optimal, the implications are all possible input
conditions are known. Specific criteria have to be defined to
evaluate the system performance, which can be the amount
of error between the output of the actual system and that
of some selected model or ideal system. In sensitive spec-
trometers for trace gas analysis the complete range of input
conditions may not be exactly known or the conditions may

change from time to time. In such circumstances, an adap-
tive system that continually seeks the optimum within an
allowed class of possibilities (e.g. filters) would give supe-
rior performance compared with a system of fixed design.
The generally available spectrometer data are the reference
signal (Ref), the background signal (Bgr), a background
corrected calibration signal (Cal) and the actual ambient
signal (Amb). All spectra should containn = 1, . . . , N data
points. Additionally a vector containing information about
the variancesσ2 of the averaged signals may be available.
The “desired” (synthetic) signalS should contain a fraction
of the calibration signal Cal, the background and some
possible other contributions, which have to be specified in
detail. We can write the general performance criterion

ξ =
N∑
n=1

(Ambn − Sn)2, (1)

and for the desired signal

Sn = f(Bgrn,Caln, . . . ) (2)
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Optimum conditions have been obtained when the desired
signal matches the ambient signal. A frequently used ap-
proach for the functionf is a linear combination of the ar-
guments, e.g.

Sn = Bgrn + cCaln (3)

which can be applied in diode-laser spectroscopy, where a
previously taken background (Bgr) spectrum is subtracted
from the actual ambient spectrum (Amb) and then refer-
enced to a calibration signal. This linear regression scheme
(Fig. 3b) is based on a least mean square algorithm and,
formally, we have to minimize the cost functionξ

ξ =
N∑
n=1

{(Ambn − Bgrn)− cCaln}2 → Min (4)

To determine the concentrationc, we have to solve

∂ξ

∂c
= 2

N∑
n=1

{−CalnAmbn + CalnBgrn + cCal2n} = 0 (5)

We can rewriteEq. (5)as

−γCA + γCB + cγCC = 0

γCA = ∑N
n=1CalnAmbn

γCB = ∑N
n=1CalnBgrn

γCC = ∑N
n=1Cal2n

(6)

and obtain for the concentrationc.

c = γCA − γCB

γCC
(7)

This algorithm is sensitive to a slope in the background
structure and extremely sensitive to even small drifts es-
pecially between calibration and ambient spectra (Fig. 2g).
Depending on the direction of the slope, the signal is ei-
ther under- or overestimated. Both effects can, under worst
case conditions, lead to wrong concentration values without
the possibility of a system operator or control software to
identify such errors.

A more sophisticated approach is to apply a multiple
linear regression (MLR) scheme shown inFig. 3c. The
multiple linear regression is an extension of the linear re-
gression scheme and has more degrees of freedom for the
fit process. While the previously discussed linear regression
uses only information about the background and the struc-
ture of the calibration signal, the multiple linear regression
scheme allows to add more parameters. A typical situation
in diode-laser spectroscopy is the superposition of a more
or less pronounced fringe structure to the ambient signal.
If the free spectral range of the fringe is greater than the
ambient signal, the fringe can manifest itself as a slope or
another background structure with a curvature. A slowly
moving fringe structure therefore generates a time depen-
dent background structure which calls for adaptive signal
processing in the previously discussed sense and we can
write for the desired signal:

Sn =w1Bgrn + w2Caln + w3DCn

+w4Linn + · · · + wMO(n)n (8)

and for the performance function, which has to be minimized

ξ =
N∑
n=1

{Ambn − (w1Bgrn + w2Caln + w3DCn

+w4Linn + · · · + wMO(n)n)}2 (9)

where the variablew3 contains then the magnitude of a DC
offset. Background (Bgr), calibration (Cal), offset (DC), the
linear slope (Lin) and all other vectors (spectra) withN el-
ements appear as columns in theN ×M-matrixφ (Fig. 3d)
and theM coefficientswν, ν = 1, . . . ,M are the weights:

AmbN×1 = φN×MWM×1 (10)

If we calculate the elements of the weight vector(w1, . . . ,

wM) from the matrixφ and the ambient signal, Amb, we
obtain:

W = (φTφ)−1φTAmb (11)

The value ofw2 represents the ratio of the ambient signal
to the calibration signal and thus can be used to determine
the trace gas concentration. A prerequisite for these calcula-
tions is thatφT × φ can be inverted. The diagonal elements
covii in the covariance matrix Cov= (φTφ)−1 give the
confidence range�w for theM weightsw.

While the multiple linear regression scheme is a multi-
ple input filter with different signal sources, which uses the
adaptive synthesis technique for the signal, other approaches
are based on a single-input filter, which operates on sequen-
tial samples of the same signal[80]. A representative is the
‘adaptive linear combiner’ in the form of a single-input adap-
tive transversal filter. Some examples applying optimal fil-
tering techniques to TDLS based on the Wiener and Kalman
filter have been reported in the literature[81–85].

In spectroscopic measurements the detected signal is pro-
portional to the trace gas concentration and also depends on
the laser power. Intensity fluctuations of the laser or changes
in the optical system alignment can generate a variation in
the reported concentration data, which is not real. There-
fore, an intensity normalization has to be applied to mea-
sured data. The laser intensity impinging upon the detector
can be measured by coupling a certain amount of energy
from the main beam using a beam splitter and monitor the
laser power with a reference detector. A direct method is to
monitor the average detector current, which is (after dark
current subtraction) proportional to the number of photons
incident upon the detector[81].

2.3. Characterization of system stability

The detection limits of a TDLS instrument should im-
prove by averaging over a long time scale; but at optical den-
sities of the order of 10−6 the sensitivity is usually limited
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Fig. 4. The time dependence of (a) ambient measurement signals, (b) background signals and (c) the corrected signal is shown on a 1 h time scale. The
stable traces in (a and c) are related to the fixed position of the molecular absorption. Background fluctuations can be efficiently suppressed by a scan by
scan subtraction. (d) The optimum time for such a measurement cycle can be determined by an (e) Allan variance analysis. (f) After this optimization
the Allan plot should follow the dashed line representing Gaussian (‘white’) noise.

by fringes due to unwanted étalons, which we can observe
in Fig. 4a. In principle this limitation can be avoided by sub-
tracting the background spectra as shown inFig. 4bfrom the
spectrum of ambient air inFig. 4a. In these plots the tempo-
ral evolution of the spectral structure is shown with the hor-
izontal axis corresponding to the spectral region (analysis
window) and the vertical axis in each quadrant represent-

ing a time interval of about 1 h. The traces inFig. 4bhave
been recorded when the measurement cell has been flushed
with zero air. The stable vertical bar inFig. 4a and ccorre-
sponds to the peak of the absorption line from the ambient
signal, which shows only a slight variation in width. The
other non stationary structures are generated by background
drifts. As shown inFig. 4c, improvement can be obtained
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by measuring alternatively ambient and background spec-
tra for the subtraction scheme. This subtraction-procedure
inherently assumes that the instrument is stable during the
time needed for the acquisition of both spectra, i.e. that
the fringes do not move in the meantime. Practical mea-
surements consist of a sequence of sample and background
measurements. A typical measurement sequence is shown in
Fig. 4d. After a period of ambient measurements the air in
the sample cell has to be replaced by zero air to record back-
ground spectra. The exchange time for typical multipass
cells varies from less than hundred milliseconds up to sev-
eral seconds or even longer for sticky gases like ammonia or
HNO3. Therefore, the exchange time can limit spectrometer
performance due to a reduced duty cycle and drift effects.

The signal from a perfectly stable system could, in prin-
ciple, be averaged infinitely. Infinite averaging should lead
to extremely sensitive measurements, providing that limita-
tions of the dynamic range of the system could be neglected.
Unfortunately, real systems are stable only for a limited time,
and it is obvious that every real unstable system will have
an optimum averaging time given by the drifts in the system
such as temperature drifts, moving fringes, changes in back-
ground spectra, etc. Consequently, the quality of the spec-
trometer is given by its stability described using the Allan
variance[86]. The Allan variance as a function of the inte-
gration time,τ, is the time average of the sample variance of
two adjacent averagesAs(τ) andAs+1(τ) of time series data:

σ2
A(τ) = 1

2m

m∑
s=1

(As+1(τ)− As(τ))2 (12)

As(τ) = 1

k

k∑
l=1

x(s−1)k+l, s = 1, . . . , m

σ2
A(τ) can be calculated by a computer and if plotted versus

the integration time on a log–log plot gives the “Allan-plot”
(Fig. 4e). The decreasing dashed line shows the theoreti-
cally expected behavior of a drift free system containing
only white noise. Noise contributions encountered in most
systems are frequency independent “white noise” and fre-
quency dependent 1/f and 1/fα (α > 1) noise. The latter
noise encompasses a noise at very low frequencies which
can be considered as drift. The time domain stability,σ2

A(τ),
can be derived from the frequency domain stability and ne-
glecting duty cycle effects for a first interpretation the Al-
lan variance can be written in the following form as a time
domain approximation[86]:

σ2
A(τ) = cwhite noise

1

τ
+ c1/f +

∑
α

cdrift,ατ
α (13)

whereα characterizes the type of system drift. In the case
of a linear drift,As+1 − As = constτ, we haveα = 2.
This means that at short integration times,τ, within the
white noise dominated region, the Allan variance decreases
(proportional to 1/τ) with increasing integration time. As

the integration time increases, the Allan variance shifts from
this region into a drift dominated region where it again starts
to increase proportional to the measurement time. In the
white noise dominated region the square root of the Allan
variance is proportional to the detection limit and, therefore,
can be used to predict the detection limit of a given system
as a function of the integration time. The minimum in the
Allan variance corresponds to the optimum integration time,
τopt, which is indicated inFig. 4e. The optimum integration
time is a characteristic property for a given instrument: it
reflects the system stability (e.g. quality of line locking, drifts
of fringes, changing background, etc.). The experimentally
determined optimum integration time,τopt, represents the
time within which the sample and the background spectra
have to be acquired:

τopt ≥ τmeas(background)+ τexchange

+ τmeas(sample)+ τexchange (14)

where τexchange is the time required for the removal of
air from the absorption cell. For achieving the same
signal-to-noise ratio the times for background and sample
measurements should be set equal and therefore the actual
optimum spectra measurement time is

τmeas=
τopt − 2τexchange

2
(15)

If sample and background spectra are acquired subsequently
and the integration times are chosen to be smaller or equal
to τmeas, system drifts will not influence significantly the
quality of the data. After this first drift correction the data
can be stored again and analyzed in terms of the Allan
variance again to find the maximum possible system inte-
gration time after the background has been removed. The
Allan variance[86] can be used as a tool to characterize the
overall stability of the spectrometer or its individual com-
ponents (current controller, temperature controller, etc.) and
to determine the optimum integration time. If the optimum
integration time has been determined, the ambient and the
corresponding background spectra must be measured within
this time to make sure that no significant drift degrades the
systems performance. This procedure significantly reduces
drift effects. In principle, the observed drift effect should
be eliminated but, practically, residual drifts will occur.
It is important that the resulting data are again analyzed
in terms of the Allan variance. The expected minimum
resulting from this second Allan plot (Fig. 4f) gives an es-
timate for the ultimate sensitivity which can be achieved.
However, integration times of 10 s of minutes may not be
amenable for ambient measurements, particularly airborne
measurements where one may experience large ambient
concentration changes on time scales much faster than this.

3. Determination of the system performance

The application of modulation techniques does not al-
low a simple straightforward calculation of the measured
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concentration from the measured signal. Additionally, for an
accurate calculation of the concentration from the modulated
absorption signal from first principles a precise knowledge
of the line parameters (line strength, line width, pressure and
temperature dependence) along with the modulation wave-
form and amplitude is necessary. Although many molecules
have been carefully investigated, some data, e.g. in the HI-
TRAN database[73] are known with an accuracy of only
about 10–20%. Therefore, most instruments encompass a
calibration system which offers the possibility to generate
the necessary reference samples in the absorption cell as well
as calibrate the entire inlet/sampling cell system. The usual
way is to record spectra of zero-air or background, which
is air devoid of the target substance, then a calibration gas
at a known concentration level, and finally ambient air. The
determination of the concentration of the target substance
in ambient air is usually done by a regression analysis as it
has been discussed inSection 2.2.

For an inter-comparison of system performance[87–90]
it is necessary to give an international accepted description
of the figure of merit of instruments, because most differ-
ences or discrepancies arise in the use of the associated
terms like sensitivity, detection limit, determination limit,
accuracy, and precision. Published detection limits differ
quite a lot in the way they are obtained: for instance, it
is done by analyzing the variation of the calibration gas
or zero air over a certain time interval[86], by extrapo-
lating to a signal-to-noise ratio of 1 at a certain electronic
bandwidth or integration time[11,12], or by fitting the
calibration spectrum to the difference of two background
spectra[13], or sometimes the obtained values are mul-
tiplied by a factor of two or three to yield a specified
statistical significance. All these methods assume a lin-
ear response of the instrument. Therefore, the linearity is
checked by adding standards of varying concentrations
[14,15]. The variety of methods makes it difficult to obtain
a strictly rigorous comparison of different instruments. As
the performance of diode laser systems is dynamic and
each of the methods has unique advantages and disadvan-
tages, ideally one should employ a variety of techniques. In
field applications, one should employ these as frequently as
possible.

Due to their high specificity, TDLAS instruments are used
in air quality monitoring networks or in industrial process
control. Consequently international accepted procedures
have to be applied in order to determine the performance
characteristics of the measurement method that is used.
This paragraph follows the International Organization for
Standardization ISO/DIS 9169[91] regulation and related
publications[92–95]: first of all, the steps of a measurement
method (sampling, analysis, post-processing, calibration)
have to be described. Thus, the test conditions must be
representative of the intended operational measurements.
All output signals evaluated throughout these tests must
have been obtained after the measuring system has reached
stable conditions.

The range of allowable averaging times is constrained
by the requirements that the differences of subsequent out-
put signals should be mutually statistically independent. By
convention the minimum averaging time equals four times
the response time (response time: time, when output signal
reaches 90% after abruptly changing the value of the concen-
tration). This has to be confirmed by an appropriate number
of repetitions. After a instantaneous change of concentration
the continuous mixing in the absorption cell shows an ex-
ponential behavior; a 1/e – time of 1 s is equal to a response
time of 2.3 s (Fig. 4d) and so the minimum averaging time
is about 9 s. This time represents a 99.98% exchange of the
gas.

A calibration experiment for the evaluation of perfor-
mance characteristics consists of at least ten repeated mea-
surements at a minimum of five different concentrations of
the air sample. Throughout the remainder of this paper the
following variables are used (seeFig. 5a): i varies from 1,
. . . , M and counts the sample number(M ≥ 5), j varies
from 1, . . . , Ni and counts the repeated measurements at one
level (Ni ≥ 10); N = ΣNi, ci represents the concentrationc
in the ith sample, generated from reference material andxij
is thejth output signal atci. The required tabulated data for
different tests can be found in the literature[96–98]. A cal-
ibration experiment requires six steps. Beginning with the
elimination of outliers we estimate the standard deviationsi
at ci by

s2i =




∑
j

x2
ij −


∑

j

xij




2

/Ni


 /(Ni − 1) (16)

Then the test characteristic TC can be derived with the group
averagēxi at ci

TC =
∣∣∣∣x(i,j;extr) − x̄i

si

∣∣∣∣ , x̄i = 1

Ni

∑
j

xij (17)

wherexi,j;extr is the output signal with the highest absolute
distance from the mean output signal. The test characteristic
TC has to be compared with tabulated values, and if it ex-
ceeds the critical value,xi,j;extr has to be eliminated, (only)
if operational reasons can be found (but no more than 5%
of data should be eliminated), e.g. forNi = 20 the critical
value is 2.709. The dependence ofs2i on c is modeled using:

log
ŝ2

s20

= a0 + a1

√
c

c0
+ a2

(√
c

c0

)2

(18)

and consequently a smoothed variance functionŝ2 with
weighting factorw at c is obtained:

ŝ2(c) = s20 exp

(
a0 + a1

√
c

c0
+ a2

c

c0

)
,

w(c) = s20

ŝ2(c)
(19)
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Fig. 5. (a) A set of calibration concentrations is used to record a calibration function. (b) Estimation of the variance function. (c) Estimation of the
calibration function and position of the centroid in weighted and unweighted regression. (d) Uncertainty of the calibration function. (e) Different confidence
limits derived from the calibration curve.

s20 andc0 are normalization factors with magnitude 1, e.g.
[ppbv], a0, a1, a2 are regression values[91]. This calcu-
lation of the variance function assumes a concentration-
dependence of the variance (Fig. 5b). In a next step the
calibration function is calculated. A linear calibration func-
tion can be estimated by

x̂ = b0 + b1c (20)

b0 = x̄w − b1c̄w, b1 =
∑
i

∑
j wixij(ci − c̄w)∑

i Niwi(ci − c̄w)2
(21)

with slope b1 and offset b2 and weighted average of
calibration valuesc and weighted average of measured

valuesx:

c̄w =
∑
i Niwici∑
i Niwi

, x̄w =
∑
i

∑
j wixij∑

i Niwi
(22)

The calculated line inFig. 5egoes through the (weighted
or unweighted) centroid of the data. An additional valuesxc
can be calculated:

sxc =
√∑

i wi
∑
j (xij − x̂i)2∑

i (Ni)− 2
(23)

x̂i is the estimate of the output signal atci, sxc describes
the scatter attributed to the estimation process outlined as
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a whole. Without the weighting factors these formulas are
identical to those in text books[96], where the following
equations are used for calculation by computers. Using

Qc = ∑
(c − c̄)2 = ∑

c2 − (
∑
c)2

N

Qx = ∑
(x− x̄)2 = ∑

x2 − (
∑
x)2

N

Qcx = ∑
(c − c̄)(x− x̄) = ∑

cx −
∑
c
∑
x

N

(24)

one obtains:

b1 = Qcx

Qc
, sxc =

√
Qx − (Qcx)2/Qc

N − 2
(25)

The hypothesis of linearity of the calibration function is
tested using the statisticF-value which is defined as

F = {∑i Niwi(x̄i − x̂i)2}/(M − 2)

{∑i

∑
j wi(xij − x̄i)2}/

∑
i (Ni − 1)

(26)

If F does not exceed the tabulated valueF(M−2,N−M,1−α)
of theF-distribution[96] for the one-sided test for the spec-
ified significance levelα, non-linearity is negligible, e.g.
F(3;45;0.95) = 2.81. If F does exceed, then the subsequent
performance characteristics can be calculated as an approx-
imation provided the following inequality criterion holds:

M

Max
i=1

{ |x̄i − x̂i|
2si

}
< 1 (27)

or else the running procedure of determining performance
characteristics must be aborted. (Tested is the ratio of ‘de-
viation of measured values from calculated values’ to ‘de-
viation of measured values from their group average’.)

The coefficients of the calibration function are estimates
from a limited number of measurements. They will deviate
from the true values which would be obtained with an un-
limited set. The uncertainty of a deliberate measured value,
c, under the calibration experiment, may be described by the
estimatesĉx (Fig. 5c)

sĉx = sĉx(c) = sxc

b1

√
1∑
i Niwi

+ (c − c̄w)2∑
i Niwi(ci − c̄w)2

(28)

The repeatability is calculated using

r = r(c) = tν;1−α/2

√
ŝ2(c)

b1

√
2 (29)

where t is the two-sided Student-t-factor, e.g.t = 2.262
at ν = 9, α = 0.05 whereν are the degrees of freedom:
ν = min(Ni − 1). As r refers to the difference between two
single measurements the factor

√
2 has to be included. The

term reproducibility is used for inter-laboratory experiments
(ISO 5725)[95]. The results are obtained with the same
method on identical test material in different laboratories
with different operators using different equipment.

The lower detection limit (LDL) atc = 0 is defined as:

LDL = tν;1−α
√
s2r + s2

ĉx
with sr =

√
ŝ2(0)

b1
(30)

where again the one-sided Student-t-factor is used, e.g.t =
1.833 atν = 9, α = 0.05.

The precision parameters depend strongly on the calcula-
tion of the variance function and the detection limit addition-
ally on the uncertainty of the calibration function. The upper
limit of measurement is approximated by the value of the air
quality characteristic corresponding to the maximum mea-
sured value confirmed by the calibration process. It has to
be noted that no extrapolations are allowed. ISO/DIS 5725/1
[95] defines a set of parameters which are related to preci-
sion parameters: accuracy is the closeness of agreement be-
tween test result and the accepted reference value. Trueness
is the closeness of agreement between the average value ob-
tained from a large series of test results and an accepted ref-
erence value. Bias is the difference between the expectation
of the test results and an accepted reference value. Precision
is the closeness of agreement between independent test re-
sults obtained under prescribed conditions. Furthermore, in
ISO 9169[91] the term sensitivity is used for the slope of
the calibration function and in VDI 2449[92–94] the deter-
mination limit is distinguished from the detection limit by
another factor of 2. It is worth mentioning that in the liter-
ature different confidence ranges can be found[92,96,100].
Fig. 5eshows the confidence limit for the total regression
line crtot, the confidence range for the expectation value〈x〉
at c and the prediction interval for a single measurement at
c:

crtot = ±√
2F2,N−2;1−α/2sĉ

¯crmean= ±tN−2;αsĉ
¯crsingle = ±tN−2;αsĉ.

(31)

where

sĉ
¯

= sxc

√
1

N
+ (c − c̄)2

Qc
,

sĉ = sxc

√
1 + 1

N
+ (c − c̄)2

Qc
(32)

In many text books the calculation of the correlation co-
efficient is recommended as a quality statement. But ex-
periments will show that the correlation coefficient can be
no more than a guide in making a decision[99] and addi-
tional criteria are needed. The linearity test described above
is much more stringent.

4. Calibration procedures

4.1. Standard gas mixtures and permeation devices

Gas analyzers need to be calibrated and periodically
checked to ensure system integrity and sensor accuracy. It
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is important to install stationary sensors in monitoring net-
works in locations where the calibration can be performed
easily. The intervals between calibration can be different
from sensor to sensor. Generally, the minimum time in-
terval between calibrations has to be determined for each
sensor. However, it is good practice to carefully check the
sensor during the first time after installation in order to
observe how well the sensor is adapting to its environment
and to investigate system stability and the required calibra-
tion intervals. Also, factors that were not accounted for in
the design of the system might surface and can affect the
sensor performance. If the sensor works properly for say
30 days, this provides a good degree of confidence about
the installation. Any possible problems can be identified
and corrected during this time. Experience indicates that a
sensor surviving 30 days after the initial installation will
have a good chance of good performance for the dura-
tion expected. Most problems – such as an inappropriate
sensor location, interference from other gases, or the loss
of sensitivity – will surface during this time. Afterwards,
a maintenance schedule, including calibration intervals,
should be established. The calibration procedure should be
simple, straightforward, and easily executed by unskilled
personnel. Calibration of routine and monitoring systems
is simply a check, while research trace gas analyzers re-
quire a high degree of accuracy. For air quality and safety
gas monitors, the calibration procedures need to be repeat-
able, economical, consistent, traceable and should be robust
enough for field conditions. However, it is most important to
keep the calibration methods standardized and easily trace-
able. Recent standardization deals with issues of gaseous
ambient air measurement, indoor air pollution measure-
ments and calibration procedures as a measure for quality
assurance[101].

Calibration of a gas sensor involves two steps. First the
“zero” must be determined and then the “span” must be set.
There is no established standard that defines zero air. Many
analytical procedures, including some specific analyzer pro-
cedures such as Environmental Protection Agency methods,
use pure nitrogen or pure synthetic air to establish the zero
point. The reason for this is that nitrogen and pure synthetic
air in high pressure cylinders are readily available. As a re-
sult, it is believed that using bottled nitrogen or synthetic
air is a good method to zero a sensor. Unfortunately, this is
frequently not correct. Normal air contains traces of differ-
ent gases besides nitrogen and oxygen and is usually humid.
Therefore, it is much more realistic and practical to zero the
sensor using the ambient air when it is considered to be un-
polluted. For a specific target gas this reference point can
be difficult to establish. Therefore, a good reference point
can be in an area, where air is considered clean (e.g. in the
mountains). This will give a more realistic representation of
the zero point because it will be representative of the lo-
cal ambient air condition. Compressed air has the advantage
that it is easy to control and can be transported around in a
cylinder, but may contain small concentrations of hydrocar-

bons, carbon monoxide, carbon dioxide, and possibly other
interference gases. A solution to this is that the air can be
filtered through activated charcoal to remove most of the
unwanted gases and after this conditioning, compressed air
can be used to calibrate most types of sensors. However, it
is important to note that carbon monoxide is not removed by
charcoal filters. It is therefore imperative to make sure that
the CO concentration in the cylinder is the same as in the
ambient air. Furthermore, a soda ash filter should be used
as a scrubber to remove carbon dioxide. This is also a very
good way to zero carbon dioxide sensors since placing a
soda ash scrubber in-line with the sampling system will re-
move all carbon dioxide, thus providing an easily obtainable
zero baseline.

The next step is span calibration, which can be easy or
complicated and costly, depending on the gas type and con-
centration range. In principle, to achieve the best accuracy,
a well defined mixture of the target gas in the ambient air is
the best calibration gas. However, although the preparation
of standard gas mixtures can be done, but it usually re-
quires highly qualified personal. Therefore, most calibration
gases are purchased from commercial suppliers. Premixed
gas mixtures are the most common way to calibrate gas
sensors. The mixture is compressed and stored under pres-
sure in a gas cylinder. The cylinders are available in many
sizes but most field calibrators employ smaller, lightweight
cylinders. These small portable cylinders come in two dif-
ferent categories: a low-pressure and a high-pressure ver-
sion. The low-pressure bottles are thin-walled, light-weight
cylinders that are usually non-returnable and disposable.
High-pressure cylinders are normally made of thick-walled
aluminum which has a service pressure of 2000 psi and
need to deliver the gas mixture through a regulator assembly
[101]. This assembly consists of a pressure regulator, a pres-
sure gauge, and an orifice flow restrictor. The orifice flow
restrictor is a fitting with a hairline hole that allows a con-
stant air flow at a given pressure difference. In operation, the
high pressure from the bottle is reduced to a lower pressure
of only a few psi, which provides a constant air flow through
the orifice. Flow rates between 600 and 1000 cm3 min−1 are
most common and can be adjusted using a pressure regula-
tor. Many gases can be premixed with air and stored under
pressure, but some gases can only be stored in an inert gas
matrix, such as nitrogen. Some mixtures can only be stored
in cylinders that are specially passivated or otherwise con-
ditioned. Each type of mixture will have a different date
of expiration. Detailed information about storage and shelf
life can be obtained from the manufacturer. Generally, high
vapor pressure gases with low reactivity, such as methane,
carbon monoxide and carbon dioxide, can be mixed with
air and stored under high pressure. Low vapor pressure
gases, such as liquid hydrocarbon solvents, can only be
mixed with air and stored under low pressure. Most highly
reactive chemicals such as NO2 are mixed with nitrogen.
Gas standards in pressurized cylinders can be used as a gas
source for subsequent dilution in a calibration gas system
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or used directly when the concentration is within the op-
erating range of the analyzer. Cylinders can be prepared in
the laboratory or obtained commercially in various concen-
trations with or without certificate based on reference meth-
ods [102]. Such gas standards should be re-standardized
against the reference method at a minimum of once every
six months. The estimated volume of a pressurized gas in a
cylinder is the total pressure (P) divided by the atmospheric
pressure (Pa) multiplied by the volume,V, of the cylinder:

Vmix = V
(
P

Pa

)
(33)

For example, a given lecture bottle has a 440 cm3 volume
(V). Assume the bottle has a 1200 psi pressure. The esti-
mated volume of the premixed gas at atmospheric pressure
is: (440 cm3)(1200/14.7) = 35,918 cm3. If the flow rate of
the calibration gas is 1000 cm3 min−1 and it takes approx-
imately 1 min per sensor to calibrate, a single cylinder can
be used to calibrate approximately 30 times.

Polar compounds, such as HNO3, NH3, alcohols and alde-
hydes, usually stick to surfaces and consequently, these mix-
tures are not stable when pressurized. For these compounds,
permeation based systems are frequently used to calibrate
gas analyzers[103–109]. Permeation devices are small, in-
ert capsules containing a pure chemical compound in a two
phase equilibrium between its gas phase and its liquid or
solid phase (Fig. 6a). At a constant temperature, the de-
vice emits the compound through its permeable portion at
a constant rate. Devices are typically inserted into a car-

Fig. 6. (a) Schematic drawing of a permeation device for a typical emission of 100 ng NO2 min−1. (b) Measurement of the NO2 permeation rate during
3 years by periodical weighings of the tubes on a precision microbalance.

rier flow to generate test atmospheres for calibrating gas
analyzer systems. The tubular device is a sealed perme-
able cylinder containing the desired permeant gas and is the
most widely used of the various permeation devices. The
target compound permeates through the wall of the Teflon
tube for the entire length between the impermeable plugs.
A wide range of rates can be achieved by varying the length
and thickness of the tube, with typical rates ranging from 5
to 50,000 ng min−1. Tubular permeation devices with active
lengths (the length of the permeable section) ranging from
0.5 to 20 cm are available. Coupling of a standard tubular
device to an impermeable stainless steel reservoir offers a
range of permeation rates corresponding to a tubular de-
vice, but with up to ten times enhanced lifetime. Wafer de-
vices have only a small permeable window, so permeation
rates are typically lower than rates for tubular devices by an
order of magnitude. Since permeation occurs only through
the polymeric wafer, the permeation rate is controlled by
varying the wafer material, the thickness of the wafer, the
diameter of the permeation opening and the length of the
permeable section. Gases whose high vapor pressure at nor-
mal permeation temperatures prevent their containment in
a tubular device can be contained in a wafer device. Wafer
devices are available in different types matching the calibra-
tors made by various manufacturers. A permeation device,
based on the diffusion of a gas through a semi-permeable
membrane, can also be used as a gas source in a calibra-
tion gas system. The diffusion rate is a function of tempera-
ture and therefore constant temperature must be maintained
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throughout the calibration. Certified permeation devices are
usually standardized gravimetrically or against the accepted
reference method at a minimum of once every six months.
Precautions to be taken with permeation devices include: (i)
storage of the device in a dry nitrogen atmosphere, prefer-
ably between 20 and 25◦C, (ii) use of a dry, analyte-free
carrier gas and (iii) allowance of a minimum of 24 h for a
permeation device to establish temperature equilibrium be-
fore use. The permeation rate of a wafer has to be gravimet-
rically determined by periodically weighing as indicated in
Fig. 6b. However, the accuracy should be checked by other
techniques, as can cite many examples where the additional
gases permeating through the membrane will give rise to
systematic calibration errors. The carbonyl sulfide perme-
ation studies by Fried et al.[110] is one such example. The
used of a calibrated microbalance gives an imprecision of
50�g, leading to a precision of about 1 ng min−1 within a 6
week interval. For all wafers the first measurement showed
a significant higher value due to the wall saturation effects
at the time of installation. Two wafers show a higher fluctu-
ation than expected on the basis of gravimetrical calibration;
one reason seems to be the instability of the temperature
control, because fluctuations of less than 1% of the emis-
sion rate are expected at a temperature stability of 0.1 K. As
a rule of thumb each 1◦C increase in temperature increases
the permeation rate by 10%. For a precise calculation the
following equation can be used:

log(Q1) = log(Q0)+ α(T1 − T0) (34)

where Q0 is the permeation rate atT0 (◦C), Q1 the new
rate atT1 (◦C) and α the temperature coefficient. As an
estimate one may useα = 0.030 for high emission tubes
andα = 0.034 for standard emission tubes. However, these
values are not universal for every gas since they will not
only depend upon the permeating material but also on the
gas itself. Concentrations are expressed in mass per unit
volume and parts per unit volume. Since the volume of gas
varies with the temperature and pressure, standard conditions
must be used in the computation and comparison of gases.
Reference conditions are defined as 25◦C or sometimes 0◦C
and 760 mmHg (1013 mbar). However, it does not matter
what reference conditions are used as long as one uses the
same conditions for the flow determination into which the
permeating gas is mixed. The concentration of a calibration
gas generated by a permeation tube in a dynamic carrier
flow is calculated using the following equation:

c = Q

Fc

(
24.46

m

)
(35)

wherec is the concentration in ppm by volume,Q the per-
meation rate in ng min−1, m the molecular weight of the
gas,Fc the flow of the calibration mixture in cm3 min−1.
The constant 24.46 is the molar volume at the reference con-
ditions. To calculate parts per million concentration when
using a pressurized gas standard for dilution the following

equation

c = Fcc

F0 + Fc
(36)

is applied, whereF0 is diluent air flow in cm3 min−1, Fc
calibration gas flow in cm3 min−1 andc concentration of the
calibration gas in ppm. All parameters have to be corrected
to the reference conditions according to

Fc = Fm

( p

760

) (
298

t + 273

)
(37)

wheret is temperature in◦C, Fm the measured flow rate and
Fc the flow rate at reference conditions.

4.2. Dynamic calibration

A dynamic calibration is a performance test of the entire
analyzer system under simulated operating conditions. The
system includes the analyzer, recorder and/or data transmis-
sion system, and the sampling system with its sample lines
and sample filters. A first step for a dynamic calibration is
to sample a zero air to establish an analyzer zero response
(baseline). In a next step sample test-gas mixtures of known
concentration from a calibration gas system are used to es-
tablish a response. A test-gas mixture with concentration ap-
proximately equal to mid-scale of the analyzer range should
be used. The final analyzer response is obtained by subtract-
ing the zero response (baseline) from the response to the
test gas. The analyzer should be adjusted to make its re-
sponse conform to the known test-gas concentration. After
adjustments are made, it is necessary to repeat the sampling
process to reestablish both the zero and analyzer response.
Linearity and low level response are determined by varying
the ratios of diluent air to calibration gas to provide test gas
concentrations throughout the entire range of the analyzer.
Zero air is used to establish a baseline point of reference
and as a diluent in preparation of test gas mixtures. This air
must be free of any substances which can alter the test gas
mixtures or can affect the analyzer response or the reference
method. A typical dynamic dilution system for the produc-
tion of sub-ppb concentrations of reactive species has been
described for example by Goldan et al.[111].

A calibration system for TDLS field applications requires
a source of diluent air, a source of calibration gas, a mixing
chamber and a delivery manifold from which analyzers and
reference sampling trains can sample the test gas. The test
gas is prepared by thoroughly mixing the calibration gas and
diluent air in various known proportions. The calibration gas
can be obtained from either from a set of permeation devices
or from a pressurized cylinder containing a suitable con-
centration of the calibration gas. The calibration gas system
should be positioned as close to the analyzer and reference
sampling apparatus as is practical to minimize losses in the
tubing. Sample lines, flow metering devices, mixing cham-
bers, all other parts of the calibration system, as well as the
analyzer system should be made of materials which will not
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affect the test gas concentration. All components used in the
calibration procedure should be allowed sufficient time to
stabilize before reference samples are taken and before an-
alyzer response is determined. Calibration records shall be
maintained containing the information necessary to deter-
mine test gas concentrations and to determine the percent
deviation of an analyzer’s response to known test-gas con-
centrations. In airborne systems one has to contend with a
variable ambient pressure into which the permeation stan-
dard is added. As a result, one must keep the permeation tube
at constant pressure, using for example a pressure controller
upstream of the permeation chamber and a glass capillary
downstream, to avoid large instantaneous wall conditioning
effects of the permeation device. The study by Fried et al.
[112] is one such example of this behavior.

In order to provide the necessary air samples in the ab-
sorption cell, the calibration system inFig. 7 shows a four
chamber oven for permeation devices (operating temperature
20–40◦C, stability<0.1 K), a mixing chamber, the valves
and flow controllers for gas flow handling, and a commer-
cial closed loop pressure control unit for a White cell. The
system can be operated in manual mode as well as under re-
mote control of the host computer.Fig. 7shows the gas flow
of the system, when a special calibration cycle is selected.

Fig. 7. A permeation based calibration system with two ovens (1/2) for independent temperature adjustments with two chambers (A and B) each. In this
example, the flow through ovens 1A/2A is diluted with zero air in the mixing chamber and then directed into the measurement cell.

In this configuration flow controller FC A provides up to
1 l min−1 of the carrier gas(X1 + X3) for the permeation
oven chamber 1A and 2A. Oven 1B and 2B are supported
by the main line and the flow X2+ X4 is controlled by the
capillary (flow is about 20 ml min−1) in front of each cham-
ber and goes to the exhaust. By adjusting the set point of
FC A higher than the sum of all four capillaries, always the
same amount of gas – independent of the number of perme-
ation chambers selected – flows into the mixing chamber,
where a second dilution by the zero air flow controller FC E
takes place (up to 20 l min−1). Mixing is an essential feature
of any process for preparing a standard gas mixture. Great
care must be exercised with flow systems, because laminar
flow and stratification may lead to imperfect mixing. At flow
rates of about 50 l min−1 mixing through at-connection can
be satisfactory, but usually mixing chambers are inserted in
dynamical systems. However, two convenient methods for
ensuring mixing are to allow two flows to impinge on each
other at right angles or to let the major component flow at
high velocity past the tip of a jet from which the minor
constituent emerges, both flows being in the same direc-
tion. With the two valves following the mixing chamber it
is possible to provide the gas (ambient/sample, background,
calibration) for the absorption cell, and additionally, to add
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calibration gas to the sample gas flow. The mixing chamber
has additional input ports for other calibration gas sources
(e.g. compressed gas mixtures or another four chamber per-
meation oven). Sometimes it is necessary to add another di-
lution stage before the mixing chamber, in order to get the
lower mixing ratio of the calibration gas. Consequently the
system is designed (not shown in the picture) to dump a
fraction of the first stage flow of FC A before it enters the
mixing chamber. The design is similar to the system of Fried
et al. [89]. A needle valve at the inlet of the absorption cell
restricts the amount of gas in such a way that an excess flow
is guaranteed. This system fulfills the requirements of the
ISO regulations even for a multi-component spectrometer.

4.3. Determination of a calibration function

Many applications in atmospheric research, medical di-
agnostics or industrial process control use compressed gas
mixtures either as agents or as secondary reference stan-
dards for routine calibration of instruments. Therefore, ex-
act knowledge of the quality of these gases is required, not
only with respect to accuracy and precision of the specified
concentration level of the components of interest, but also
with respect to purity when considering gaseous contami-
nants. Since TDLS in the mid-infrared spectral region oper-
ates with high selectivity and sensitivity, this technique was
chosen to control the quality of some selected pressurized
gas mixtures at a concentration of the sensitive component
specified to be below 200 ppbv. A description of the spec-
trometer – designed for ambient air measurements – can be
found in[86]. For a sensitive and selective detection of NO2,
a lead-salt diode-laser has been tuned to a strong absorption
line at 1604.16 cm−1 at an optical pathlength of 30 m in the
multipass cell. The cell pressure is kept constant with an
active pressure control loop typically at 50 mbar. The cali-
bration of the spectrometer is done using the setup shown in
Fig. 8 with the gas flow from the ambient inlet through the

Fig. 8. Integration of the calibration system into a TDLS system. The pressure is typically below 100 mbar in the optical multipass cell and kept constant by
an active pressure control loop. Besides the permeation based calibration gases, industrial gas mixtures from steel cylinders or lecture bottles can be added.

optical multipass cell. The calibration system described in
the previous section provides variable concentration levels in
the range 3–40 ppbv NO2 together with zero air and allows
calibration with premixed calibration gas and additional di-
lution in the range 20–260 ppbv. All flow controllers were
calibrated by two mercury sealed piston cylinders (Brooks
Vol-U-Meter) in the range 1 ml min−1 up to 15 l min−1 with
an accuracy of 0.1%. All flow values have been determined
for standard conditions in temperature and pressure (STP).
For the calculation of the concentration of the gas of inter-
est three different spectra have to be recorded: background,
calibration and sample. After subtraction of the background
spectrum from the calibration and sample spectra the sam-
ple concentration is determined by a multi-linear regression
analysis. For an improved sensitivity, jitter suppression, sig-
nal averaging and a normalization have been applied.

The calibration function for NO2 measurements has been
recorded after the flow controller calibration. A constant
flow of zero air was used and the calibration signal gen-
erated by four permeation devices corresponds to 37 ppbv
NO2. 50 measurement values for each concentration level
were recorded and calibration and background measure-
ments were repeated before changing to the next concentra-
tion. At the end of the measurement cycle also the sum of
the two low permeation rate wafers were added to the di-
lution flow in order to obtain a value at a small concentra-
tion (1.3 ppbv). In this manner the calibration function was
recorded using 18 concentration levels, but due to two nearly
identical wafers only 13 widely spaced concentration levels
can be seen inFig. 9a. The corresponding calibration func-
tion is shown inFig. 9b. A single concentration level was
found to be an outlier due to incorrect operation during cali-
bration, where a sudden change in the background structure
occurred resulting in an offset of about 3 ppbv. This con-
centration level has been removed from the data set for fur-
ther analysis. The hypothesis of linearity has to be rejected
when the number of values per concentration level exceeds
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15; this is due to drift effects of the background structure,
as also confirmed by Allan variance tests. In the following
discussion the relevant precision parameters are evaluated
using 10 values for each concentration level. Therefore, for
future measurements with an identical system this measure-
ment cycle is mandatory when specifying precision parame-
ters. The LDL was found to be 325 pptv and the repeatability
changes from 0.565 to 1.07 ppbv, depending on the number
of samples taken. As a next step a calibration experiment
in the range 20–260 ppbv NO2 has been performed, using a
pressurized gas mixture of 260 ppbv NO2 (±5%) in synthetic
air as the test sample and different dilution flows of nitrogen
were provided by a calibrated flow controller (Fig. 9c). The
instrument was calibrated with a concentration of 20 ppbv
NO2, provided by the calibration system shown inFigs. 7
and 8. Since the high concentration values are extrapolated
from the calibration signal, the reproducibility at 250 ppbv
NO2 is about 1 ppbv. The measured values and the calculated
linear regression lines are shown inFig. 9d. A linear behav-
ior is expected for an absorption below 1% in terms of op-
tical density, which corresponds in our set-up to∼150 ppbv
NO2. At higher absorption levels the non-linearity of the ex-
ponential function in the Lambert–Beer-law has to be con-
sidered (e.g. at 260 ppbv the relative error is 0.75%). From
Fig. 9d it can be seen that the specified concentration level
of 260 ppbv± 5% (manufactured by a 100 times dilution of

Fig. 9. (a) Example of a TDLS calibration by adding different concentrations from NO2 permeation devices from cascaded ovens and the (b) corresponding
calibration function. (c) As an alternative, pressurized industrial calibration gases from steel cylinders can be diluted to (d) record a calibration function.

an original calibration mixture, which has been measured
by a chemiluminescence instrument) could not be verified,
because the slope from the linear regression analysis indi-
cates a value of 242 ppbv NO2 ± 0.4%, i.e. 7% smaller or
2% outside the specified range.

For performance tests of a formaldehyde sensor H2CO an
“aqueous solution” has been used as a permeation source.
Wafers are commercially available for many molecules; they
have the advantage that calibration of these devices is trace-
able to the mass loss, which can be determined from peri-
odic weighings as shown for NO2 in Fig. 6, and the dilution
flow determined by calibrated mass flow controller. This is
true when the wafer contains only one substance. In contrast,
the “aqueous solution” device consists of a bottle contain-
ing a solution of the target substance with a polyethylene
tubing submerged in the solution. The target substance then
permeates from the solution outside into the tubing and is
flushed out by the carrier gas. These solution permeation de-
vices have to be calibrated by other measurement techniques,
because the weight loss cannot be attributed to the target
substance. In our system we used a solution permeation
device for H2CO, calibrated by an enzymatic-fluorometric
method[113] – We also checked a direct absorption mea-
surement at 3.5�m where line parameters are known. Al-
ternatively wafers with paraformaldehyde are available for
H2CO, but they require a temperature of 80◦C, which cannot
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Fig. 10. (a) A variable dilution flow from a formaldehyde calibration source has been used to record a (b) linear calibration function for H2CO
measurements by subsequent measurements of 20 values for each sample. (c) In an other experiment the sequence was changed to rapid changes in the
concentration levels and again a (d) linear calibration function has been recorded.

be provided by our oven system. The calibration function for
H2CO measurements was determined using only one per-
meation device, and different concentration levels were pre-
pared by a changing the dilution flow. The calibration signal
was adjusted to 10 ppbv at a dilution flow of 4.51 l min−1

(FC E: 3.98 l min−1 and FC A: 0.53 l min−1). There were 20
measurement values for each concentration level with cal-
ibration and background measurements before each group
(Fig. 10a). During the analysis no outliers have been found,
and the hypothesis of linearity is accepted. The LDL was
determined as 110 pptv and the repeatability as 186 pptv.
Finally, a calibration function has been recorded using an
additional flow controller which dumps out a part of the
calibration gas flow before entering the mixing chamber.
When we reduced the delay times after switching valves in
the system, the different calibration levels could be reached
faster, which resulted in a linear calibration function, shown
in Fig. 10c and d. During the analysis no outliers have been
found and the hypothesis of linearity was accepted. The LDL
was 188 pptv and the repeatability 298 pptv.

5. Summary and conclusions

Tunable diode-laser spectroscopy is a powerful tool for
analytical applications where high sensitivity, detection
speed and the possibility of highly specific and simulta-
neous in situ measurements of atmospheric trace gases
is required. While many improvements in modern TDLS
system development focus on optimizing electronics and

optical components, much less effort has been put into post
detection signal processing and adaptive control. It was
the purpose of this paper to discuss post-detection signal
processing strategies for tunable diode-laser spectroscopy.
Spectroscopic signals may vary in frequency due to fluctua-
tions or transients in the laser current and in amplitude due
to changing background structures such as moving fringes.
Broad fringes can appear as a linear slope superimposed on
the desired TDLAS signal. The conventionally used linear
regression scheme may report wrong concentration data
when the signal is distorted, which is especially critical at
low ambient concentrations. Depending on the direction of
the slope of the background the linear regression tends to
over- or underestimate the concentration of the ambient gas.
Much more critical is the impact of drifts of ambient spec-
tra relative to the calibration spectrum. These drift effects
can lead to a significant underestimation of concentration
values. A spectrometer with critical drifts can provide ex-
tremely low concentration values which result from the
drift effects rather than from changes in ambient trace gas
concentrations. To address these problems, a online shift or
software correction improves the confidence range of the
data significantly. To reduce the sensitivity towards changes
in the background structure, the multiple linear regression
has been found to be useful, because it allows one to ac-
count for linear, quadratic and even higher order residual
structures due to changes in the background signal. The
sensitivity of an TDLS instrument can be improved by av-
eraging over a long time scale, but at optical densities of the
order of 10−6 the sensitivity is usually limited by fringes
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due to unwanted étalons. In principle, this limitation can be
avoided by subtracting the background (zero air) absorption
spectra from the spectrum of ambient air. This procedure
inherently assumes that the instrument is stable during the
time needed for the acquisition of both spectra, i.e. that the
fringes do not move in the meantime. The stability and the
resulting detection limits of the instrument can conveniently
be described by the Allan variance. The Allan plot provides
information about the optimum averaging time for the spec-
tra and so allows the prediction of the ultimate detection
limits of the spectrometer. If the optimum integration time
has already been determined for a instrument, it may be
necessary to check its value for time to time, especially
under field operating conditions or in monitoring stations
system where parameters could change and so degrade the
system performance. An automated spectrometer can run
the stability tests under computer control by analyzing a
time series of low level calibration data. The system can
then adopt automatically the newly determined averaging
time constant to collect background and ambient spectra.

System audits and intercomparisons of system perfor-
mance require internationally accepted definitions of the
figures of merit characterizing the instrument. Many differ-
ences found in the literature arise from different definitions
of the terms such as sensitivity, detection limit, determina-
tion limit, accuracy, and precision. The performance of the
system has to be routinely checked using calibration gases
of varying concentrations and a zero gas. The best zero gas
is the air sample from which the target compound was taken
out by some sort of a scrubber. Such zero gas can account for
spectral interferences by other trace compounds in the air.
If this is not possible, synthetic air or pure nitrogen can be
used. Calibration gases are usually procured as premixed gas
mixtures in high pressure passivated cylinders of a known,
certified concentration. For linearity tests these gases are
diluted to the desired concentration or used directly without
dilution. This method is suitable for most unpolar and some
slightly polar compounds such as methane, carbon monox-
ide, nitrous oxide, most of the hydrocarbons and halocar-
bons. Since polar compounds are usually adsorbed by the
walls of the high pressure cylinders, their concentrations
would be too unstable for calibration purposes. Calibration
mixtures of polar compounds such as nitric acid, ammonia,
aldehydes, alcohols, organic acids, are usually generated by
permeation or other diffusion devices and the concentrations
are adjusted by the flow of the carrier gas or by additional
dilution stages. The certified concentration of calibration
mixtures in high pressure cylinders is usually traceable to
gravimetric procedures. The permeation rate of the perme-
ation devices is also determined gravimetrically as well.

For quality assurance the application of the ISO regu-
lation for the determination of performance characteristics
of measurement methods has been discussed in the context
of TDLS. A calibration scheme for TDLS instruments has
been presented which meets ISO requirements and allows
multi-point and multi component calibration in an automated

operating environment designed for field applications. The
linearity of TDLS measurements over a wide concentration
range has been shown for NO2 and formaldehyde. Terms
like detection limit and repeatability have been used accord-
ing with ISO standards and the lower detection limit has
been derived from a calibration function.
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