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Abstract. Tunable-diode-laser absorption spectroscopy fulfills the major
requirements for trace-gas analysis: sensitivity, specifity, high detection
speed, and the possibility of simultaneous in situ measurements. The
well-known limitations for low-concentration measurements become
more and more dominant at sub-part-per-billion levels, where sensitive
spectrometers are often influenced by noise, drift effects, and changes
in the spectral background structure. While many improvements in in-
strument development focus on optimizing electronics and optical com-
ponents, much less effort has been put into postdetection signal pro-
cessing and adaptive control. Therefore, a transputer-based platform has
been developed which allows control of most relevant parameters of a
diode-laser spectrometer. Fluctuations in the signal amplitude as well as
drift and jitter effects in the frequency domain can cause a significant
degradation of system performance and therefore determine the ultimate
detection limit. A signal-processing concept with novel aspects for tun-
able-diode-laser spectroscopy is presented and discussed.

Subject terms: diode laser spectroscopy; trace gas analysis; adaptive signal pro-
cessing.
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1 Introduction

The measurement of atmospheric trace gases imposes high
demands on instrumentation. Fast, accurate, and rugged in-
struments are needed for airborne applications and trace-gas
flux measurements. Ultrasensitive instruments are required
to measure free radicals and reactive species in the atmo-
sphere, where the measurements should be free of interfer-
ence from other atmospheric constituents. The great number
of gaseous pollutants and their generally low, variable con-
centrations with large local differences pose challenging re-
quirements for analytical techniques.' Thus, sensitive, selec-
tive, and mobile or even portable instruments with a large
dynamic range are needed. Modern research in atmospheric
chemistry requires highly sensitive techniques for the mea-
surement of concentrations of free radicals, which determine
the rate of photochemical destruction of most atmospheric
pollutants.

Tunable-diode-laser absorption spectroscopy (TDLAS) is
now frequently used for the measurement of trace-gas pol-
lutants in the atmosphere. These spectrometers use multipass
absorption cells to achieve high sensitivity.> To alleviate
problems of absorption-line overlap, these absorption cells
are usually operated at low pressure, where the linewidth is
Doppler limited. In most sensitive instruments the diode laser
is repetitively tuned across an absorption line of a target
molecule and the absorption spectra are averaged over a spec-
ified time interval. Additional modulation techniques are used
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to reduce the 1/f laser noise. With wavelength modulation,
detection limits of the order of, typically, 0.1 ppbv
(1 ppbv = 10~? volume mixing ratio) have been achieved for
many smaller molecules in the air with spectrum averaging
time of a few minutes. Although these detection limits are
sufficient for many applications, still better detection limits
are required by modern atmospheric research for the deter-
mination of concentrations of free radicals, which play a
decisive role in the destruction of almost all atmospheric
pollutants and in the formation of tropospheric ozone. The
required detection limits are of the order of a few pptv for
HO, and even lower for HO radicals.® Substantial improve-
ments in TDLAS detection limits have been obtained by
introducing high-frequency modulation techniques.*> A po-
tential sensitivity improvement of up to two orders of mag-
nitude in comparison with conventional derivative (2f) spec-
troscopy has been derived from wideband noise
characteristics of lead-salt diode lasers. This sensitivity im-
provement can be achieved by increasing the modulation
frequency from the 1/f~noise-dominated region (10 kHz) into
a shot-noise-limited domain (about 100 MHz). In terms of
optical density, the best detection limits obtained so far with
a high-frequency modulated TDLAS instrument with a mul-
tiple-pass absorption cell were of the order of 10~ ¢ with a
detection bandwidth®” of 1 Hz. From a theoretical point of
view, the signal from a perfectly stable system could be av-
eraged infinitely. Infinite averaging should lead to extremely
sensitive measurements if limitations on the dynamic range
of the system can be neglected. Unfortunately, real systems
are not stable indefinitely, and a fundamental question is how
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long signals can be averaged to achieve an optimum sensi-
tivity with a given spectrometer. It is obvious that every real
unstable system will have an optimum averaging time de-
termined by the drifts in the system, such as temperature
drifts, moving fringe structures, and other background
changes.” To achieve the best possible sensitivity, the in-
strument should be made as stable as possible and the mea-
suring time should be as short as possible. While many im-
provements in TDLAS focus on optimizing electronics and
optical components, much less effort has been put into post-
detection signal processing.® It is the purpose of this paper
to discuss signal-processing strategies for tunable-diode laser
spectroscopy and real-time signal analysis applications using
sophisticated data-processing techniques.

Trace-gas measurements near to the detection limit are
usually performed by measuring alternately the ambient air
spectrum, and the spectrum of zero air, i.e., air devoid of the
target substance, which we will refer to as the background
spectrum. A prerequisite for quantitative measurements is a
calibration spectrum, which for example can be obtained
from a permeation-based calibration system. From time to
time such a spectrum is recorded and stored in the computer
memory for signal processing. Finally, a reference spectrum
is used for online monitoring of the laser amplitude and fre-
quency fluctuations. Therefore a fraction of the total laser
intensity is coupled out of the laser beam by a beam splitter,
and after it passes through a reference cell filled with a high
concentration of the trace gas under investigation, a strong
signal with a high signal-to-noise ratio is generated. As noise,
spikes, interferences, and drifts superimposed on the desired
laser current manifest themselves as variations in the laser
frequency, it is important to monitor these parameters. Typ-
ical tuning rates of lead-salt semiconductors used in spectro-
scopic instrumentation? vary from several hundred megahertz
up to 2 GHz/mA. Therefore, a fluctuation in the laser current
of only a few microamperes can cause frequency fluctuations
of several megahertz.

Due to the high modulation frequencies (megahertz) and
fast demodulation in FM spectrometers, the laser can be tuned
across the spectral feature of interest with frequencies in the
kilohertz range with these instruments. We preferred high
scanning frequencies to discriminate against low-frequency
drifts and vibrations. Scanning frequencies of the order of
kilohertz, however, result in a data acquisition rate of the
order of several hundred kilohertz. To cope with the high
data acquisition rate, the spectral data are acquired and av-
eraged by a transputer, and the real-time signal analysis is
made by an additional processor. The instrument automati-
cally provides signal, background, and calibration spectra
consisting of up to 4096 channels and allows online averaging
of more than 10* individual spectra. The integrated laser
control system is based on flexible hardware using parallel
data processing for each channel.

System stability has been investigated by monitoring sev-
eral parameters during measurements with the FM TDLAS
system.” The analysis of such measurements reveals a good
correlation between the deviation from the line center and
the confidence range obtained from a fit. The confidence
range under ‘‘locked’’ conditions was less than 50 parts per
trillion (ppt), and it may degrade by up to a factor of 10 when
the deviation is large.” This finding illustrates the importance
of a highly stable, transient-free laser current source and calls
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for improved line-locking schemes and advanced post-
detection signal processing.

At low ambient trace-gas levels, the demodulated signal
usually has no clean structure and a correct calculation of the
gas concentration is impossible. The signal-to-noise ratio
(SNR) is a convenient way to describe the ‘‘cleanliness’’ of
a given signal level. It is simply the signal voltage (or power)
divided by the rms noise voltage (or power). A spectrum
obtained with a SNR of 100 or more has a very clean pattern,
with negligible noise. At a SNR of 10 the pattern is still very
clear, but a little fuzzy. At a ratio of 3 the pattern is bad, and
at aratio of 1 the signal is nearly lost. A set of typical spectra
is shown in Fig. 1. The dotted traces show a downscaled
calibration spectrum. The raw spectra show no fringe struc-
ture, but a positive and a negative slope are shown super-
imposed on the upper two traces. This slope can be interpreted
as part of a fringe with a broad free spectral range, which
generates a linear background structure on this scale. Back-
ground changes can, at least in part, be attributed to fringe
movements. In many cases a more or less pronounced cur-
vature has been observed. Such varying slopes can also be
generated from pressure broadened atmospheric absorption
lines. Such an uncertain situation, where an a priori knowl-
edge of the spectra and its background is necessary, calls for
the introduction of ‘‘adaptivity.”” A need for self-adaptive
algorithms having some learning capabilities arises in the
control of such processes, which are time varying, are non-
linear, and have unknown dynamics with unknown distur-
bances acting on them. For such a complex problem, no
analytical solution can be found. Although a potential a priori
control structure and some performance criteria can be de-
fined, it is generally not possible to specify, in advance, the
parameters within this structure.

The general structure of a signal-processing unit for diode-
laser spectroscopy is shown in Fig. 2. It can be divided into
three main elements. The first element is a signal averager,
which is required for SNR improvement and online correction
of fast frequency fluctuations in the ambient spectra. The
smoothed output of the signal averager is fed into an adaptive
digital filter, where either a signal-synthesis adaptive tech-
nique (SSAT) or a parameter adaptive technique (PAT) can
be applied. The fundamental difference between these ap-
proaches is that the first results in the generation of a signal,
whereas the second is based on the alteration of controller
parameters. In general both mechanisms yield the same sys-
tem, and mostly they are based on the concept of minimizing
a performance feedback criterion. Finally, a normalization
process is required to correct for amplitude variations and to
determine the concentration values from ambient spectra. In
the next sections, novel signal-processing aspects suited to
TDLAS will be discussed.

2 A Digital Signal Averager with On-Line Drift
Correction

It has been mentioned in the previous section that ambient
signals at low concentration levels have a poor SNR, and
therefore signal averaging is necessary prior to further signal
processing. Input parameters for such an averager are the
number S of spectra that have to be block averaged, the
number N of channels per spectrum, and the data x; from the
analog-to-digital converter (ADC). As output the averager
calculates the mean X and the variance o of the input time-
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Fig. 1 Typical FM signal at different SNRs with a superposition of a positive and a negative linear

slope.

series data. The duty cycle has a significant influence on the
system performance,7 and, within certain limits, this perfor-
mance does not depend on the total data acquisition rate.
Therefore this averaging process runs continuously, parallel
to the subsequent analysis, and dead-time effects are mini-
mized, i.e., while the averaging of a data block is running,
the averaged spectrum from the previous block is analyzed.
Another important requirement is that all signals should
have approximately the same SNR. Therefore, the averager
performs the same process with all input data, regardless of
their nature. Digital averaging reduces the electronic system
bandwidth Af;  within certain limits,” according to

A
Afeff= _szy_s ’

where S is the number of averaged spectra. As background
and calibration spectra are required for the signal processing,
they are temporarily stored in the computer memory, where
they are updated at certain time intervals. These time intervals
are determined by measuring the system stability, using cal-
culations of the Allan variance to derive the optimum inte-
gration time and the resulting interval for ambient and back-
ground measurements.’

It has already been mentioned that variations in the laser
current due to noise, spikes, drifts, 50- or 60-Hz hum, and
other interfering signals have a dramatic influence on the
system performance, especially on the confidence range of

the measurement and therefore on the detection limit of the
system.” An order of magnitude in performance can easily
be gained or lost, depending on the stability of the laser. One
approach to these problems is the improvement of the laser
current supply (e.g., by reducing the output bandwidth), but
practical limits are set by the scan frequency of the system.
A different approach, which we propose, is to correct ob-
served drifts on line during the averaging process.

The principle function of the online shifter’ with a single-
tone FM signal is illustrated in Fig. 3. A fixed trigger initiates
each scan. Discrete frequency interferences superimposed on
the laser current cause a signal drift or jitter along the x axis,
which is synchronous in the sample and in the reference
channel. Coaveraging of these spectra leads to a degraded
system performance due to the broadening of the averaged
spectrum and an offset, indicated by the two arrows in Fig. 3.
The application of the on-line shift procedure eliminates or
at least corrects the disturbances introduced by interfering
signals. Therefore, a latch pulse is generated in the reference
channel, which has to have a high SNR for stable trigger
generation. This is easy to obtain by using a reference ab-
sorption cell with a high concentration of the trace gas under
investigation. Discrete frequency interferences in the laser
current supply and even slow drifts can be suppressed, and
an active line-locking mechanism only has to prevent the
signal from drifting out of the monitoring window. While
the averaged spectrum should be centered on the dashed line,
discrete frequency interference or spikes generate a shift in
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Fig. 2 A general signal-processing concept for tunable-diode-laser spectroscopy that allows correction
of variations in the frequency scale (on-line shifter) and in the signal amplitude (normalization).
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Fig. 3 Principle operation of the on-line shifter mechanism.

the averaged spectrum, which degrades the system perfor-
mance; this will be discussed in the next section.

A general implementation of the on-line shift process is
illustrated in Fig. 4. To minimize dead-time effects’ a double
buffer system should be applied. While a currently digitized
spectrum is stored in buffer 1, buffer 2 can be added in parallel
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to the average memory. To determine the amount of shift
required for the online correction, all registers and variables
have to be set to zero. A register has to be loaded with a
certain channel (say 64). If we assume 128 channels for the
spectrum, the preset value is at the center of the spectrum.
The start pulse enables an address counter to increment with
each clock pulse. The address counter points to the current
buffer address where the digitized on-line signals are stored.
With the occurrence of the latch signal, which can be derived
from the reference signal, the current buffer address is stored
in the index register (say 65). In the first scan nothing happens
in the parallel process operating on buffer 2, because only
operations of the type 0+0 will be carried out. The next
cycle is initiated again by a start impulse, which simulta-
neously changes the sign of the contents of the index register
(65) and shifts into the index’ register. Summing of the index’
register (— 65) and the preset register (64) generates the jitter-
induced offset (— 1). As the buffers are swapped with the
start signal, the on-line data will now be written into buffer
2. While the address counter points to the current buffer
address (CBA), the current memory address (CMA) for the
averaging process can be calculated by adding an offset (— 1)
and CBA, and the shift (in this example 1 channel) can be
corrected. It is obvious that the quality of the shift mechanism
depends on the number of channels in the ambient spectrum.
With 100 channels a shift resolution of 1% is available. For
a given number S of averages, S+ 1 buffers have to be pro-
cessed, due to the use of a dual buffer system. For a large
number of averages the dead time can be neglected and the
averaged signal is available in real time.

Figure 5(a) shows some experimental data, where the im-
plemented shifter acts on an on-line two-tone FM signal.
Without the on-line shifter a significant jitter can be observed
when several spectra are plotted on the same graph, while
with the activated shifter, drift or jitter reduction is significant.
This can be seen more clearly in Fig. 5(b), where calculated
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Fig. 4 On-line shifter implementation with a double buffer for optimum duty cycle.

concentration values from a calibration source are plotted as
a function of time, with the shifter on and off. When the
shifter is active, a stable signal can be observed, and the
confidence range shown in the lower trace is at a reasonably
low level and does not change with time. When the on-line
shifter is turned off, the calculated concentration gives sig-
nificantly lower values, and much higher associated errors
are seen in the lower trace. It should be noted that the true
concentration value of 1 may not be within the confidence
range of the calculated concentration value. These data dem-
onstrate the significance of the correlation between signal
stability in frequency space and system performance, and this
calls for increased stability in the laser power supply and
advanced signal-processing strategies.

3 Adaptive Signal Processing Techniques

The essential and principal property of an adaptive system
is its time-varying, self-adjusting performance. The need for
such performance may readily be seen by realizing that if the

designer develops a system with a fixed design that he con-
siders optimal, the implications are that the designer has fore-
seen all possible input conditions and knows what the system
should do under each of those conditions. The designer has
then chosen a specific criterion whereby performance is to
be judged, such as the amount of error between the output
to the actual system and that of some selected model or
‘‘ideal’’ system. Finally, the designer has chosen the system
that appears best according to the performance criterion se-
lected. In many systems, the complete range of input con-
ditions may not be known exactly, or the conditions may
change from time to time. In such circumstances, an adaptive
system that continually seeks the optimum within an allowed
class of possibilities (e.g., filters) would give better perfor-
mance than a system of fixed design.

The adaptive linear combiner, or nonrecursive adaptive
filter, is fundamental to adaptive signal processing.'® It ap-
pears, in one form or another, in most adaptive filters and
systems, and is the single most important element in ‘learn-
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Fig. 5 (a) On-line shifter operation on two-tone FM spectra. (b) System performance with and without

the on-line shifter.

ing’’ systems and adaptive processes in general. Because of
its nonrecursive structure, the adaptive linear combiner is
relatively easy to understand and analyze. In essence it is a
time-varying, nonrecursive digital filter where, for specific
applications, criteria exist to define the ‘‘best’’ performance.
A diagram of the general form of the adaptive linear combiner
is shown in Fig. 6. The input signal vector x;,,, X5, --» Xpzs
a corresponding set of adjustable weights w,,,w,,, ..., Wy,
a summing unit, and a single output signal y, are defined,
where n is the time index. A procedure for adjusting or adapt-
ing the weights is called a ‘‘weight adjustment’’ or ‘‘adap-
tation’’ procedure. The combiner is called ‘‘linear’’ because,
for a fixed setting of the weights, the output is a linear com-
bination of the input components. However, when the weights
are in the process of being adjusted, they too are a function
of the input components; then the output of the combiner is
no longer a linear function of the input. There are two im-
portant ways to interpret physically the elements of the input
vector. First they may be considered to be simultaneous inputs
from M different signal sources (multiple input) or they may
be interpreted as M sequential samples from the same signal
source (single input). In the single-input case the adaptive
processor can be implemented with an adaptive linear com-
biner and unit delay elements, and is called an adaptive trans-
versal filter. In some multiple-input systems, a bias weight
is needed that simply adds a variable bias (e.g., a dc offset)
to the sum y,. We obtain this easily by setting the first input
element x,,, permanently to 1. For a multiple input signal we
obtain the input-output relationship

M
Vo= 2 WoXon = WX, (multiple input) .
1

v=

For a single input system, the relationship is

M
Yn= 2 Workn—y =W, * X, (single input) ,

v=1

where an asterisk denotes convolution and x,,_,, represents
a replica of the signal x,, shifted to the left along the time
axis by the amount v. With an input vector X,=
(X1, Xom > Xagm] | @nd a weight vector W, =[w,, Wa,, ..,
 WynlT we can write y, = WTX,, where T stands for ‘‘trans-

n“tn’
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Fig. 6 General form of a multiple-input adaptive linear combiner with
desired response and error signal.

pose’’; X, is actually a column vector. With closed-loop or
performance feedback systems the weight vector depends on
the output signal as well as on other data. Generally, the other
data for the adaptive linear combiner include a *‘desired re-
sponse’’ or a ‘‘training signal.”’ In the adaptation process
with performance feedback, the weight vector of the linear
combiner is adjusted to cause the output y, to agree as closely
as possible with the desired response signal. This is accom-
plished by comparing the output with the desired response
to obtain an ‘‘error’’ signal and then adjusting or optimizing
the weight vector to minimize this signal. In most practical
instances the adaptive process is oriented toward minimizing
the mean square value or average power of the error signal.
Although several ways of defining a performance index
have evolved, the quadratic performance criterion has been
chosen as the most satisfactory because of its attractive math-
ematical properties. We can write for the error signal

€,=5,— Yn
or
g, =s,—WIX .

To develop an adaptive algorithm it is necessary to minimize
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the mean square error (MSE) &, which is the expectation value
E[ ] of the squared error signal €2:

N
MSE=¢£=E[e2]= >, (s,— WIX,)? .

n=1

It turns out that the performance surface of the MSE is an
upward concave hyperparaboloid. In the case of two weights,
the point at the bottom of the paraboloid gives the optimal
weight vector W* and the minimum mean square error
(MMSE). Many useful adaptive processes that cause the
weight vector to seek the minimum in the performance sur-
face do so by gradient methods. If we use the gradient (V)
to find the MMSE by calculating the derivative

a
V =—>=
mEoow,
and solving the M resulting simultaneous equations, we can
adjust the elements of the weight vector for optimum per-
formance.

We now turn to the description of some digital filters that
can be used for spectroscopic applications. The input vectors
that are available are the reference signal (Ref), the back-
ground signal (Bgr), a background corrected calibration sig-
nal (Cal), and the actual ambient signal (Amb). Additionally,
a vector containing information about the variances o of the
averaged signals may be available. Such a general adaptive
filter is shown in Fig. 7. The output parameters are the filtered
signal (Sig), which serves as a ‘‘desired signal,’’ the calcu-
lated concentration value ¢, and the corresponding error Ac,
as well as performance criteria such as £ and the time AT
required for calculation. The desired signal S should contain
a fraction of the calibration signal, the background, and some
possible other contributions, which have to be specified in
detail.

Therefore, in general, we can write S, =f(Bgr,,Cal,...),
and for the performance criterion

N
£=> (Amb,—S,)? .
n=1

An adaptive digital filter should be able to ‘‘learn’’ to syn-
thesize the optimum signal by using a performance criterion

and a strategy to minimize the cost function. The function f,
for example, can be a linear combination of the arguments;
then S, =Bgr, +¢-Cal,. This frequently used approach for
adaptive signal processing is the linear regression scheme,
which is a least-mean-square (LMS) algorithm (Fig. 8). This
is the conventional approach in diode laser spectroscopy,
where a previously taken background spectrum (Bgr) is sub-
tracted from the actual ambient spectrum (Amb) and then
fitted to a calibration spectrum. Formally, we have to mini-
mize the performance function

N
£= > [(Amb, —Bgr,) — c-Cal,]>-Min ,

n=1

where S, =Bgr, + c-Cal, is the desired signal. To determine
the concentration we have to find the minimum of &(c), i.e.,
set the partial derivative of & equal to zero:

N
§§= 2 > {-Cal,-Amb, + Cal,-Bgr, +c-Cal2=0 ,
C n=1

N
Yea= Z Cal,,-Amb,,,

n=1

N
YeB= E Caln’Bgrn ’

n=1

N
Yec= E Cal; .

n=1

The calibration factor ¢ = (Yo, — Ycg)/ Yec 1S the ratio of the
background-corrected ambient signal to the calibration sig-
nal, and therefore reflects the concentration of the gas. This
algorithm is insufficient, because it is sensitive to any slope
and curvature in the background structure and extremely sen-
sitive to even small drifts with time, especially between cal-
ibration and ambient spectra. Depending on the direction of
the slope, the signal is either under- or overestimated. It even
can happened that the true value 0.5 does not lie within the
confidence range reported from the fit, as indicated in Fig.
9(a), where results of a linear regression routine are plotted
as a function of the slope added to the spectrometer signal
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Fig. 8 A widely used linear regression scheme drawn as a basic
adaptive filter.
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Fig. 9 (a) Calculated “concentration” as a function of the signal-to-
linear-ramp (SLR) ratio. (b) Calculated “concentration” as a function
of the drift between ambient and calibration signal.

with a high SNR. The dependence of the calculated concen-
tration as a function of the drift is plotted for drifts up to
10% in Fig. 9(b). In both figures the ambient signal was
assumed to be 50% of the calibration signal, and therefore
the ‘‘true’’ concentration is 0.5. Both effects can, under
worst-case conditions, lead to completely wrong concentra-
tion values. A remarkable result of this analysis is that the
errors reported from the fit algorithm remain constant when

3100 / OPTICAL ENGINEERING / September 1994 / Vol. 33 No. 9

Ambient
Signal

Error

sg,meﬁc Signal
ignal

@)
Amb, Bgr, Cal, DC - w,
Amb, | Bgr, ( Cal, DC - w,
Amb Bgr, / Cal, DC --- Wy
(b)

Fig. 10 (a) Multiple linear regression scheme based on a linear
combiner implemented for the signal synthesis adaptive technique.
(b) lllustration of matrix elements for MLR scheme.

drift values are above 2 to 3%. Therefore, a system operator
or control software cannot identify bad data due to an in-
creasing error.

A promising approach is the use of a multiple linear regres-
sion (MLR) scheme.!"!? This is an extension of the linear
regression scheme and offers more degrees of freedom for
the fit process [Fig. 10(a)]. While the linear regression dis-
cussed previously uses only information about the back-
ground and the structure of the calibration signal, the multiple
linear regression scheme allows more parameters to be added.
A typical situation in diode-laser spectroscopy is one where
a more or less strong fringe structure is superimposed on 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-
varying background structure, which calls for adaptive signal
processing in the sense previously discussed, and we can
write for the desired signal

S,=w;-Bgr, +w,-Cal, +w;-DC,
+wy-Lin, + - +w,,-O(n),, ,

and for the performance function, which has to be minimized,

N
g= > {Amb, — [w,-Bgr, +w,-Cal,

n=1
+w3DC, +wyLin, + -+ wy,,0m), 1P ,

where DC can be set to unity and the variable w, then contains
the magnitude of the filter DC offset. The background (Bgr),
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calibration (Cal), offset (DC), linear slope (Lin), and all other
vectors (spectra) with N elements can be interpreted as col-
umns in the N X M matrix ¢, where the M coefficients w, are
the weights, v=1,....M (Fig. 10b):

Amby, = by nWhx -

If we calculate the elements of the weight vector (w,...,w,,)
from the matrix ¢ and the ambient signal (Amb), we obtain

W=($"dp)" " $"-Amb .

The value of w, represents, in this notation, the ratio of the
ambient signal to the calibration signal and therefore can be
used to determine the trace-gas concentration. The diagonal
elements Cov,, in the covariance matrix Cov = (¢"d) ™! give
the confidence range Aw, for the M weights w,,.

This section describes a single-input filter that operates
on sequential samples of the same signal. In contrast, the
multiple linear regression scheme is a multiple-input filter
with different signal sources, which uses the adaptive syn-
thesis technique for the signal S,. A representative of our
scheme is the adaptive linear combiner in the form of a single-
input adaptive transversal filter. This filter has only two input
parameters, the ambient spectrum and the calibration spec-
trum. The example in Fig. 11 is a representation of the SSAT.
An example for the PAT would involve exchanging the two
spectra. The adaptive Wiener filter'>'* uses a MMSE al-
gorithm to determine the optimum set of filter coefficients
for a finite-impulse-response (FIR) filter. For each ambient
spectrum a calculation of the filter coefficents is performed,
and therefore the filter is able to adapt to changing conditions
such as signal drift and changing background structures. For
the Wiener filter a synthetic signal is calculated from the
convolution of the calibration signal (Cal) and the M =2m + 1
filter coefficients w:

m

Sn= E wv'Caln+v ’

v=-—m

where N=M, i.e., the number of filter coefficients should be
less than the number of channels in the input vector. Then
the performance function is

n=1 v=—m

N m 2
§= 2 (Ambn_ E wv'Caln+v) .

Taking the partial derivates of £ with respect to the 2m+ 1
filter coefficients w,,, solution for the minimum in the per-
formance surface leads to

3 N m
—§=22 <Amb,,— > wv-Cal,,H) (—Cal,,,)=0,

aWM n=1 v=—m

or

N m N
2 Amb,-Cal, = 2 w, 2 Cal,, Cal

n+p
n=1 v=—m n=1

If we define the input autocorrelation matrix

T T —— +

Wiener Filter /'5 \
wio Background Subtraction ;o \ ]
------- Cal @47.7 ppb HCHO ol

| | - Amb 7.35 +/-0.151 ppb N J
——Sig 7.28 +/- 0.014 ppb P

Signal

Residuals (x2)

Channel
(b)

Fig. 11 (a) Adaptive linear combiner as single-input adaptive trans-
versal filter. Time-varying coefficients represent an implementation
of the Wiener filter. (b) Application of a Wiener filter to ambient sig-
nals.

n—+ W

N
®,,= > Cal,, ,Cal
n=1
and the cross-correlation vector

N
Y, = 2, Amb,Cal

n+w
n=1

we obtain 2m+ 1 simultaneous equations, which are an
expression of the Wiener-Hopf equation

m

"/u= 2 qu)vp. .

v=-—m

The optimal weight vector W*, which is sometimes called
the Wiener weight vector, is

W =(@TP)~'PTy .

The structure of the solution is the same as with the multiple
linear regression scheme, but, due to the auto- and cross-
correlation terms, this filter is able to handle signal drifts
using sequential delays of z ! [Fig. 11(a)]. Therefore, it can
be interpreted as an efficient combination of the previously
discussed on-line shifter with a subsequent regression when
applied to low-pass filtered signals on a scan-by-scan basis.
If, for practical reasons, the Wiener filter is applied to coav-
eraged spectra, only the overall drift on the integrated spectra
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can be eliminated. The selection of the optimum procedure
depends for example on the number of channels per spectrum
and the number of filter coefficients, which determine the
signal-processing time and the resulting duty cycle.

An application of a Wiener filter to ambient signals with-
out background subtraction prior to signal processing is
shown in Fig. 11(b). The spectrometer has been calibrated at
47.7 ppb formaldehyde from a stable permeation device. The
synthetic ~sample showed a concentration of
7.35+0.151 ppb. After the Wiener filter algorithm had been
applied to the raw spectra, the data analysis reported a con-
centration of 7.28 ppb with an error of only 14 ppt. This
indicates a significant improvement of about one order of
magnitude in the confidence range of the data by adapting
the ambient signal to the calibration signature. The resulting
residuals, which have been derived from the filtered and the
unfiltered spectra, show a periodic structure, as would be
expected from a residual fringe structure. This filter has the
interesting feature that besides ambient and calibration spec-
tra no further information is, in principle, needed.

4 Signal Normalization

In most spectroscopic measurements the detected signal,
which is proportional to the trace-gas concentration, depends
on the laser power. Intensity fluctuations of the laser or
changes in the optical-system alignment can generate a var-
iation in the reported concentration data that is not real. There-
fore, an intensity normalization has to be applied to measured
data.

The principal spectroscopic setup for absorption mea-
surements is shown in Fig. 12. The laser intensity ;, can be
measured by coupling a certain amount of energy from the
main beam, using a beam splitter, and monitoring the laser
power drift with a reference detector. A more direct method
is to monitor the average detector current i, which is (after
dark-current subtraction) proportional to the number of pho-
tons incident on the detector. Figure 13 shows time-series
data from 10-ppb formaldehyde as the calibration gas from
a permeation source, and the associated errors from the fit.
An Allan variance’ analysis of these raw data predicts a
detection limit of 45 ppt and a maximum integration time of
about 70 s. As the detector bias current was recorded si-
multaneously, the raw data have been normalized to the de-
tector bias current (Fig. 14). The corresponding Allan plot
indicates a lower maximum integration time than without
normalization. This is due to the well-known fact that the
deviation in the detector bias can be attributed to changes in
the background radiation (i.e., sunset during these measure-
ments) rather than changes in laser intensity or alignment.

A prerequisite for an improved normalization scheme,
which will be described in this section, is the application of
a modulation technique. The general idea is based on the
measurement of the average modulation signal amplitude as
shown in Fig. 15. Especially in the case of high-frequency
modulation techniques, the rf power level at the detector
ideally represents variations in laser power and system align-
ment changes due to slow drifts or vibrations.

When high-frequency modulation techniques are applied
to a semiconductor diode laser, modulation frequencies
around 100 MHz are usually used. At a typical FM modu-
lation index, B=1, a dominating upper and lower sideband
with opposite phase are generated, which are separated by
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Fig. 12 Absorption spectroscopy with tunable diode lasers. Intensity
normalization can be performed by using a reference channel or the
background corrected detector bias current ip.

T T Y T - -r10.010

T T
1 1 L
o o
888
Confidence Range

0.004
0.000
10 ppb HCHO calibration gas -1
- 101 | 7
=) ]
§ I ‘ ]
E 100 [ RN SRR A SRR [ 1 ]
§ |
c
g i
o
0,99 r ]
2118 2121 21224 21:27  21:30 21:33  21:36
Time
(a)
‘0-‘ T 1 +—+ i
70 ppb HCHO calibration gas [—]
L
° A
g 10° _,/ =
© T
8 ;
9 o RN A
5 Gagon = 45 ppt \.} \ At
= ‘Allan = A
T g0 @35 sec A LAY
[top= 70 s€C ~
107
1 10 100

Measurement Time [sec]
(b)

Fig. 13 Raw data from a 10-ppb formaldehyde permeation source
with confidence range calculated by the fitting algorithm. The cor-
responding Allan variance analysis indicates a detection limit of
about 45 ppt and an optimum integration time of 70 s.

+ w,, from the laser carrier. At a square-law detector with a
high bandwidth, harmonic mixing products of the modulation
frequency will be generated, and due to the above-mentioned
opposite phase of the upper and lower sidebands, the cor-
responding detector currents at the modulation frequency
show a phase shift of 180 deg, so that the two currents cancel
each other out. If the laser is tuned across a molecular ab-
sorption line, the sideband that overlaps the absorption line
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Fig. 14 Normalization of raw data from Fig. 13 to detector bias cur-
rent and the corresponding Allan plot of normalized relative concen-
tration data. Due to dominating changes in the background radiation,
a significant degradation of system performance can be observed.
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Fig. 15 Implementation of the rf intensity normalization in modula-
tion spectroscopy.

will be attenuated, and therefore the a priori perfect balance
is disturbed and a nonzero signal will be observed. Generally
a coupling between amplitude and frequency modulation can
be observed with semiconductor diode lasers.'® If carriers
are injected periodically into the pn junction of the laser, the
carrier density (amplitude modulation) and the index of re-
fraction (frequency modulation) in the laser resonator change
with the injection current. The degree of coupling of the two
modulations depends on the laser operating point and struc-
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Fig. 16 Normalization of raw data to the change in the rf power level
measured at the detector output, and the corresponding Allan plot
of the corrected relative concentration data.

ture, and manifests itself as the so-called residual amplitude
modulation.'®

With pure amplitude modulation the upper and lower
sidebands are always in phase, and therefore the perfect can-
cellation of the zero signal, as mentioned above, cannot be
attained. There will always be a residual rf current at the
modulation frequency. This rf current is strictly proportional
to the laser power incident upon the detector and accounts
for changes in the laser intensity as well as for changes in
the optical system alignment. As is shown in Fig. 15, a frac-
tion of this current can be coupled out and used for intensity
normalization. A normalization of the raw spectrometer data
to the simultaneously recorded rf level at the detector
(Fig. 16) leads to a significant improvement in system sta-
bility, and an optimum integration time of more than 100 s
can be obtained, as can be seen from the corresponding Allan
plot. In contrast to the conventional normalization techniques,
the rf-normalization technique is insensitive to changes in
the background radiation.

5 Summary and Conclusions

While many improvements in modern TDLAS systems focus
on optimizing electronics and optical components, much less
effort has been put into postdetection signal processing and
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adaptive control. It is the purpose of this paper to discuss a
signal-processing concept for applications of tunable-diode-
laser spectroscopy and real-time signal analysis using so-
phisticated data-processing techniques.

It has been shown that spectroscopic signals vary in fre-
quency due to fluctuations or transients in the laser current,
and they vary in amplitude due to changes in background
radiation and structures such as moving fringes. Broad fringes
can appear as a linear slope superimposed on the desired
TDLAS signal. The linear regression scheme conventionally
used has been shown to report incorrect concentrations 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 effect of drifts on the ambient spectra
relative to the calibration spectrum. It is very important to
note that these drift effects can lead to a significant under-
estimation of concentration values, i.e., a spectrometer that
shows critical drifts can report extremely low concentration
values, and so possible variations in calculated data may refer
to drift effects rather than to changes in ambient trace-gas
concentrations. Drift and slope effects have been investigated
for symmetric signals (2f, two-tone FM) and for asymmetric
signals (1f, single-tone FM). While the sensitivity towards
drift is the same for both types of signals, it can be shown
that perfectly symmetric signals are less susceptible to
changes in the slope of the background.

To cope with the problems mentioned above, a signal
shifter has been presented, which performs an on-line shift
correction and thereby improves significantly the confidence
range of the data. To reduce the sensitivity to changes in the
background structure, multiple linear regression has been
found to be useful, because linear, quadratic, and even higher-
order residual structures due to changes in the background
signal can be accounted for. Variations in the signal amplitude
can be corrected by selection of a proper normalization
scheme. A novel rf-normalization technique has been de-
scribed, which accounts for changes in the laser intensity and
changes in the optical alignment due to drifts and vibrations.
In contrast to other normalization schemes, this technique is
also completely independent of changes in the background
radiation.

An adaptive control structure that has proved to be ex-
tremely useful is the adaptive Wiener filter. It has many ap-
plications in geophysics,!” multispectral imaging,'® and tar-
get detection.'” Usually targets must be detected against a
spatially and temporally structured background. Often this
background clutter®® represents the noise source that limits
the detectability of the target. To minimize the effect of clut-
ter, complicated detection techniques must be utilized. The
problem of clutter suppression in target recognition systems
or infrared search-and-track (IRST) systems, where a target
is within a time-varying background structure, is closely re-
lated to the problems in ultrasensitive spectroscopy, where
a weak signal is covered by noise and interfering signals such
as moving fringes. The purpose of an optimal filter is to
recover the desired signal from the actually recorded signal.
While the multiple linear regression scheme has no time de-
lays, the Wiener filter is able to detect signal drifts and there-
fore has the ‘shift option’’ as an integral part. The most
exciting feature of the Wiener filter is that, in principle, no
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background spectrum is required and therefore background
spectra could probably be omitted. Current work is focused
on the implementation of on-line, adaptive Wiener and
Kalman?!+?? filters to improve system performance.

The application of modern filter and signal processing is
a promising prospect and can help to improve precision and
accuracy in tunable-diode-laser spectroscopy. This is of great
importance in the context of quality control and quality as-
surance (QA/QC) for trace-gas measurements.
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