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Analysis of Random Noise and Long-Term Drift for
Tunable Diode Laser Absorption Spectroscopy
System at Atmospheric Pressure
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Abstract—The random noise and the slow drift, which
respectively limit the signal-to-noise ratio and the long-term
stability, of a wavelength modulated tunable diode laser absorp-
tion spectroscopy system, are critically analyzed and evaluated
experimentally. The noise sources considered in detail include
the noise contributions from the lock-in amplifier, detector-
preamplifier combination noise, excess noise from the DFB laser,
and detection cell instabilities, especially in multiple reflection
long-path cells. We also analyze contributions to long-term drift
and find that the drift may be significantly compensated by the
use of an optical reference path. We find experimentally that a
white cell with a path length of 17.5 m introduces excess noise
resulting in its having a performance equivalent to 6-m single
pass absorption path. The experimental system optimized using
the results of this analysis and using the 17.5-m white cell is
found to operate at a sensitivity of 1.5-ppmv carbon monoxide
in a bandwidth of 4 Hz. The long-term zero offset drift levels
measured over 8 h are found to be ~120 ppmv without the
reference optical path and are reduced to 20 ppmv using the
balance path technique.

Index Terms— Remote sensing, gas absorption spectroscopy,
noise analysis, stability analysis.

I. INTRODUCTION

AVELENGTH modulated tunable diode Laser
Wabsorption spectroscopy (WM-TDLAS), which is
referred to as wavelength modulation spectroscopy (WMS),
has been widely used in many applications, such as air
pollution monitoring, remote leak detection and isotope
fraction determination, because of its high target gas
selectivity and sensitivity [1]-[7].
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Fig. 1. Schematic diagram of a typical WMS system.

In WMS, a saw-tooth current is applied to the narrow
linewidth diode laser to scan the laser wavelength, through
a well characterized absorption line for the gas in question.
At the same time, a high frequency sine-wave modulation
current is added on the laser and a lock-in amplifier (LIA) is
used to monitor the absorption signal at the second harmonic
frequency (referred to as 2f-detection). By using 2f-detection
to increase the detection frequency, the higher measurement
signal-to-noise ratio (SNR) can be achieved due to the effective
elimination of low frequency excess noises from the diode
laser and detector.

In this paper, two kinds of interference factors in a
WMS system are discussed. Random noise, which can be
decreased by finite averaging, induces short term fluctuation
in the detected gas concentration. Sources include the random
noises from the electric circuit, the DFB laser and the photon
detector, and the noise induced by the multi-pass cell.
In contrast, long term drift which cannot be reduced by digital
averaging is caused by slowly changing effects in the laser
and the optical components. A detailed analysis of them is
presented in next sections. We also show some methods to
overcome those challenges in theory and experiments. Finally,
an improved CO detection instrument is designed and its
performance is compared with the original setup.

II. THE BAsic WMS SETUP

The basic setup of a WMS system is shown in Fig. 1,
the marked region 1 will be described in detail as
required. The system uses a fiber pigtailed DFB laser
source (Agilecom, SN60001912), operating at a wavelength
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Fig. 2. The schematic diagram of the RC filter in the LIA (z = 2 ms,
contributes the envelope of the filter) and 20 times data averaging (contributes
the comb filter).

of 1566.639 nm, where the absorption coefficient of
CO is 2.034e-23 cm~!/cm ™2 per molecule and the Full-Width
at Half-Maximum (FWHM) is around 4 GHz, according to
HITRANI12 [8]. The saw-tooth sweep signal is 30 Hz, 40 mA
(peak-to-peak, corresponding to sweep range of 30 GHz). The
sine-wave modulation current is 10 kHz, 11 mA (peak-to-
peak, corresponding to frequency modulation depth of around
8.25 GHz). The optical path length of the White cell is
17.5 meters (base length is 25 centimeters). The photon
detector (CETC44, GT3552T InGaAs PD, Active Area C
0.8 mm, Responsivity 0.9 A/W, Max Linear Power 10mW at
1550 nm) receives the transmitted light and the photocurrent is
sent to the current-to-voltage convertor. In a lock-in-amplifier
(LIA, analog, customized), the detector output is mixed with
the reference (20 kHz) to obtain the 2f spectral signal. In this
system, the 2f signal is simultaneously processed by the
RC low-pass filter which is in the LIA board, and the digital
averaging which produces a comb filter [9]. The longest
integration time of the low-pass filter depends on the saw-tooth
frequency, since the 2f spectral signal will be distorted if the
integration time is too long. In contrast, the digital averaging
provides a comb filter, making it very effective to depress the
low-frequency noise. In our system, the integration time of
RC filter is 2 ms (cut-off frequency of 80 Hz). In addition,
a 20 times digital averaging is carried out, thus the final
bandwidth is about 4 Hz, as shown in Fig. 2.

For the sake of random noise and slow drift analysis,
the calibration CO is pumped into the multi-pass cell and
recorded at first. The 2f spectral signal is normalized by light
intensity [10] to reduce the intensity fluctuation effects. The
random noises and long term drifts are represented in the form
of ppmv.m or the equivalent absorbance.

III. NOISE ANALYSIS

The noise contribution from each system component is mea-
sured in the experiments. According to the noise distribution,
the best SNR can be achieved by optimizing the system in
specific applications.

The random noise contribution from LIA board is measured
by using two LIA boards, shown in Fig. 3 (detailed description
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Fig. 3. (a) Shows the experimental setup of LIA noise measurement and
(b) shows the schematic diagram of data processing.

of region 1 in Fig. 1). It is noted that we use the subtraction
scheme instead of measuring the non-loaded LIA, since the
noise contribution is dependent on the load.

In Fig. 3 (a), the light power on the photon detector is
attenuated to around 1mW, which is the typical value in the
system. The detector output is processed by two LIA boards
which have same signal responses and noise properties. There-
fore, only the noises from LIA boards can survive from the
subtraction of two outputs, since these noises are uncorrelated.
The power of the final noise is twice the single board’s,
according to property of the equipartition of energy. The
schematic diagram of data processing is shown in Fig. 3 (b).
One hundred groups of signals from two LIA boards are
recorded, which are represented as S;1~S,100 and Sp1~Sp100-
Therefore, S;1—Sp1~Sa100-Sp100 are the differences of two
LIAs’ outputs and the average of them is represented as Sgpe-
In addition, the differences between S;1—Sp1~Sa100—Sp»100 and
Save can be assumed as the summation of two LIAS’ noises,
which is equivalent to absorbance of 1.26- 107>, Hence, each
LIA board contributes random noise of 1.26-107/+/2//4 =
4.46 - 10~°Hz~1/2 (noise equivalent absorbance, NEA).

Besides of the LIA noise, the detector-preamplifier noise is
measured using the arrangement shown in Fig. 4.

As described in Fig. 4 (a), a 50/50 fiber optical splitter
divides the light into two equal parts, which both pass
through a free optical path and be received by two detectors.
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Fig. 4. (a) The balance path which is used to measure the detector-
preamplifier combination noise and (b) the schematic diagram of data process-
ing.

The spectral signals in two paths are strictly identical.
This kind of scheme is called as balance detection [11].
One optical path is called as reference path, contrast
to the target path. By using a low noise subtraction
circuit, the difference of two outputs is obtained, which
comprise the random noises from detector-preamplifier
combinations and LIA board. According to [10], one detector
is shadowed at first for the light intensity correction, since
the power at modulation frequency is eliminated in the
subtraction processing. The data demonstrates the noise
equivalent absorbance of 1.33- 10~ with bandwidth of 4 Hz,
corresponding to 1.33 - 107 /3/4 = 6.7 - 10°Hz~1/2 (NEA).
After subtracting the LIA noise, the random noise from
detectors is (6.72 — 4.46%)"/2. 1070 = 5.10-Hz~/2 (NEA).
Therefore, each detector-preamplifier combination contributes
anoise of 5-107°/4/2 = 3.54.10"°Hz~!/2 (NEA). In addition,
by removing a LIA board from Fig. 3 (a), the total noise
in a single pass system of 2.52 - 107°Hz~ /2 (NEA) is
recorded. Hence, by subtracting the detector and
LIA noises, we demonstrate the DFB laser noise of

(25224462 —3.54%)"/2.1076 = 2.45.10-5Hz~!/2 (NEA).

The data shows the dominance of laser noise in a single pass
WMS system. It means that the diode laser noise should be
eliminated prior to the others.

In all random noises discussed above, the effect of the
multi-pass cell has not been mentioned. Due to its large
number of reflections and probable blemishes in the mirrors,
there are numerous noises generating mechanisms, such
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Fig. 5. The WMS arrangements with different noise properties.

TABLE I
RANDOM NOISE DISTRIBUTION OF THE SYSTEM

Corresponding
NPT NEA concentration.length
Noise distribution (Hz=/?)  (CO, ppmv.m, 4 Hz
bandwidth)
Noise in cell-enhanced single 10S
optical path (see the detail in Fig. 5) 3.2310 250
LIA noise 4.46-10° 34
Detector-amplifier combination noise ~ 3.54-10° 27
DFB Laser noise (RIN) 245107 189
Cell-induced noise 2:10° 155
Lowest noise in single pass balance 6.7-10° 52
optical path (see the detail in Fig. 5) ’
Lowest noise in cell-enhanced balance 21-10° 162

optical path (see the detail in Fig. 5)

as random laser speckle and etalon fringe which vary in
response to changing ambient temperature and mechanical
stress [12], [13]. Actually, the WMS detection limit depends
on these interferences beside of laser noises, especially for the
systems working in the field condition. Several methods such
as purposed mechanical vibration [14], the double-modulation
methods [15], [16] and data processing [11], [17]-[21] are
reported to reduce the cell-induced interferences. In our
system, the cell-induced noise is measured by using a 17.5 m
White cell in Fig. 1. The recorded random noise is 6.46-107>
with bandwidth of 4 Hz, which indicates a cell-induced noise
2 1/2
of ((6.46/+/4)" —2.52%) " .1075 =2.107°Hz" /2 (NEA).

As a summary, the noise distribution of our WMS system
is shown in Fig. 5 and Table 1.

According to the random noises in different arrangements,
one can optimize the setup for specific applications. For
instance, the balance detection is preferable in a single pass
scheme due to the strong excess noise from the DFB laser.
Besides, by comparing the lowest noises in balance path
schemes with and without multi-pass cell, the single pass
scheme with a path length of 17.5/(2.1/0.67) = 5.6 m
is equivalent to the cell-enhanced system. It means that com-
paring to our 17.5 m White type cell, one should use the
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single pass scheme to achieve better SNR when the single
pass optical length longer than 5.6 m is acceptable. It is noted
that this result depends on the instruments in the system. New
measurements are needed for different cell or diode laser, since
the reference path may be unnecessary if the laser noise is
relatively small.

IV. SIGNAL DRIFT ANALYSIS

In addition to the random noise which affects the SNR,
slow signal drift is the major limit of long term precision due
to its large amplitude. Many factors including the wavelength
drift, the etalon fringe drift, and the change of self-mixing
interference in the laser [22] can produce signal drift.

Firstly, the etalon fringe caused by the multi-pass cell is
considered. Whilst vibration and double-modulation will result
in rapid fringe change, it can be reduced by using longer
integration time. In contrast, temperature fluctuation results in
slow fringe change, especially when the fringe has large free
spectral range (FSR). A number of technologies are reported
to minimize these drift effects, such as rapid background
subtraction or data processing [23], [24]. However, it is too
expensive to implement the rapid background subtraction
in field condition. In addition, it is difficult to deliver a
stability improvement in the data processing when the signal
drift has spectral range similar to the absorption linewidth.
Furthermore, nonlinear tuning curves of the diode laser and
several fringes with different FSRs also make the digital filters
inefficient [24].

In [22], D. Masiyano et al. introduced self-mixing induced
signal drift. For different types of lasers such as the
Fabry-Perot laser, the DFB laser and vertical-cavity surface
emitting laser (VCSEL), self-mixing interference can be
caused by returned light from a flat mirror or a rough surface.
In a WMS system, the self-mixing interference is different
with the etalon fringe. Firstly, specular and diffuse reflections
can result to self-mixing interference for the same levels.
Secondly, for a DFB laser with package monitor detector, the
self-mixing caused by the laser diode and the monitor detector
will affects the absorption signal, whereas the etalon effect
between them is absent. These properties make the self-mixing
interference very difficult to eliminate.

For the long term stability analysis, a WMS model is
established based on some reported literatures [25]-[29].
In WMS, the light intensity and wavelength are both modu-
lated and there is a phase difference between them (WM/IM).
In addition, the nonlinear modulation of the light intensity
introduces higher harmonics, which the second is especially
relevant. Therefore, the incident light intensity and frequency
can be expressed as:

I(t) = Io[1 + iy cos (wf + 1) +iz2cos Qot + y2)] (1)
v(t) = vo + acoswt 2)

where Iy, vo represent the mean light intensity and frequency
driven by DC and saw-tooth currents, i; and iy are the
amplitudes (normalized by Iy) of the linear and the first term
of nonlinear intensity modulation, a is the frequency modula-
tion depth, @ represents the regular frequency of modulation
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current, and y; and o, are the phase shifts between the
wavelength modulation and the intensity modulation at two
harmonic frequencies, respectively.

In WMS, the optical transmission coefficient can be viewed
as a small variation in a constant value due to the weak
absorption:

T ()~ 1-a®) 3)
In (3), the spectral absorbance a(v) can be expanded as:
o0
—a(vg+acoswt) = Z Hy (vo,a) cos (kwt) 4)
k=0

where functions Hy are the coefficients of harmonic frequen-
cies (see the detail in [28]) which are proportional to o (v).
According to (1), (3) and (4), with the help of the
background knowledge:
a. only DC terms in the multiplication output can survive
from the RC filter in the LIA
b. the absorption is very small
than 1073), thus Hy < 1
c. for the modulation index of around 2.2, high order (>3)
Hj terms can be ignored

(generally smaller

the 2f spectral signal can be represented as:
Glo i .

Sor = T[Hz + 3 (Hi + H3)cosyy +izcosya]  (5)
where G is optical-electrical gain. The absorption is revealed
by Hj functions. The last term is referred to the residual ampli-
tude modulation (RAM). According to (5), the 2f background
is decided by iy, i2, w1, w2 and Hy. Besides, the experiment
demonstrates the background shift in response to changing
laser temperature, which indicates the Hj domination of the
background.

The drift analysis experiment is setup as shown in Fig. 6 (a).
Figure (b) shows the slow changes of 2f spectral signals for
high concentration CO (70000 ppmv.m, red) and free optical
path (black) in 2 hours. The important observation is that,
though the original signals in two optical paths are greatly
different, their drifts are very similar. It means that the long
term drift is mainly the background drift. According to the
discussion in the last section, it should be attributed to the
change of Hj, which can be caused by the diode laser or
the optical path. In addition, since an optical path is free air
which has flat spectral feature, the change of Hy mainly result
from the diode laser.

The top figure of Fig. 6 (b) shows the fringe width of
about 6 GHz, which corresponds to a cavity spacing of
around 25 mm. According to the laser package length of
about 20 mm, the long term distortion probably result from the
change of the etalon fringes or the self-mixing interferences
between the diode laser and the monitor diode or other points
in the pigtail fiber. Therefore, it can be reduced in balance
signal since the common spectral features in two optical paths
are eliminated.

The signal in balance optical path (Fig. 6 (a) without the
CO cell) is recorded in 8 hours, shown in Fig. 7. Assume that
Sa1, Sp1 are original signals from two optical paths respec-
tively, S42 and Sy, represent the signals 8 hours later. Then the
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drift in each optical path is S;2 — S41 or Spo — Sp1 and the drift
in balance optical path is (Sp2 — Sp1) — (Sa2 — Sq1). The data
shows signal drift equivalent absorbance of 1.18- 1073 in the
single optical path whereas 2.1 - 107* in the balance optical
path, which indicates 6 times long term drift suppression
by using reference path. Fig. 7 (b) shows the variances of
signal drifts in two schemes, which indicates 34 times variance
suppression in the balance optical path (solid square points).

V. THE CO MEASUREMENT EXPERIMENT

Considering the noise reduction and long term stability
improvement, a new CO detection experiment is set up as
shown in Fig. 8. The laser with incident power of 11mW
passes through an optical isolator to eliminate the light reflec-
tion. A fiber optical splitter is used to divide it into three
parts. It passes ~80% through a 17.5 m White cell to a
PIN detector (Detector3), ~10% onto Detector2 after making
a single pass across the free air as reference optical path. The
2f spectral signals in path 2 and path 3 are normalized by
their light intensities and form the balance signal, which is
used to obtain the CO concentration. The third part of the
output is sent to Detector]l after passing through a
10 cm pure CO cell for line-locking, which is done by moni-
toring the absorption line and adjusting the laser temperature.
In the experiment, the pure nitrogen (N3) is initially pumped
into the cell to get the background. In addition, the 2f spectral
signal of 500 ppmv CO is recorded as calibration after
subtracting the background. Finally, 40 ppmv CO is measured
over 8 hours. By subtracting the background and applying a
least-squares fitting (LSF) of calibration line shape, the
CO concentration is extracted, shown in Fig. 9.
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Fig. 9 (a) shows similar detection sensitivity but significant
drift reduction in the balance optical path. There is 20 ppmv
long term drift in the balance optical path whereas 120 ppmv
in the single optical path. All these data are in reasonably
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optical path: (a) is the concentration drift and (b) shows the Allan variance.
It indicates twice the stability time in the balance optical path, which is 60 s
contrasts to 30 s in the single optical path.

good agreement with the drift analysis in above sections.
Fig. 9 (b) is the Allan variance [12], [13], [23], [24] which also
indicates better stability performance in the balance optical
path. The detection limits with 1 second integration time
in the single optical path and balance path are 2.5 ppmv
and 1.5 ppmv respectively, according to the first points in
Allan curves. In addition, S1 and B1 show the detection limit
of 0.36 ppmv with 20 seconds integration time in the balance
path and 0.9 ppmv with 10 seconds integration time in the
single path. Lower variance means lower noise in balance
path, as the result of laser noise reduction. S2 and B2 indi-
cate the longest useful integration time in two arrangements,
which are 30 seconds in single path and 60 seconds in the
balance path. This indicates twice the stability time in the
balance optical path. However, for longer working time,
the cell-induced drift should not be ignored since it increases
with the time, and becomes the dominant source in the
signal drift. Hence, the improvement of the cell robustness
is currently under investigation.

VI. CONCLUSION

Possible reasons for random noise and long term signal
drift in a typical 2f-detection TDLAS system are described
in theory and measured in experiments. The noise distribution
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in the system is obtained. The long term drift is proved to
be mainly produced by slow changes in the spectral features
of the diode laser. This also demonstrates significant stability
improvement in the balance optical path system. However, the
stability over the very long term is still limited by the multi-
pass cell, and our subsequent works will focus on it. Finally,
even though the detailed results depend on our experimental
apparatus, a reliable insight into system optimization in spe-
cific applications is still provided by using the characterization
process described in this paper.
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