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ABSTRACT Tunable diode-laser absorption spectroscopy (TDLAS) sensors have shown to be applicable
to, e.g., temperature and pressure measurements in gases. These parameters are indispensable in modern
avionics. Even though these systems performed well in laboratory or closed environments, the harsh
conditions of avionic flight introduce sources of error. To cope with these challenges, altered variants of
the classical direct TDLAS may be taken into consideration. Here, we investigate the differences between
an all fiber direct TDLAS and a Mach—Zehnder-based amplitude modulated TDLAS variant. We are able
to demonstrate the increased noise immunity of the amplitude modulated system as well as the use of
the oxygen A-band for the use as an optical pressure detector.

INDEX TERMS Amplitude modulated tunable diode-laser absorption spectroscopy (TDLAS), flight level,
optical air data, oxygen A-band, oxygen spectroscopy, pressure sensor, TDLAS.

. INTRODUCTION

UNABLE diode laser absorption spectroscopy

(TDLAS) presents a versatile method to preform
high-resolution spectroscopy of molecular absorption. The
resolved details of the absorbing molecule species allow
to deduce properties of the macroscopic environment,
such as temperature, pressure, and density. Since optical
spectroscopy is a contactless method, it is suitable for
measurements under extreme conditions, which otherwise
are difficult or even impossible to access [1], [2]. This also
applies to the atmospheric conditions around an aircraft
which may vary from —55 °C to 50 °C in temperature, from
100 to 1013hPa in pressure and from extremely dry to
oversaturated humidity [3], [4]. Modern pressure sensors
covering the atmospheric pressure range are based on piezo-
resistive, capacitive, Fabry—Perot interferometer, resonant,
variable-reluctance and piezoelectric effects with detailed
description in [5], [6], and [7]. Nevertheless, all of these
approaches share the necessity to mechanically place a
probe in contact to the fluid. Therefore, current air data
systems are prone to erroneous behavior or silent failing,
e.g., due to mechanical blockage of the pressure port [8] and
bound close to the fuselage leading to extensive calibration
efforts [9], [10]. This separates TDLAS as a pressure
detection method from current implementations and raises

the question if and how it will be possible to replace current
pressure ports with an external free space TDLAS pressure
probe. Practical implementations of TDLAS are nonideal
either and suffer from various artifacts. In our context the
most important are optical background noise, nonlinear
frequency sweeping of the laser source and electromagnetic
interference. Especially, weak absorption signals tend to
deteriorate due to those effects.

We apply TDLAS in the context of pressure sensing
in avionic applications. The experiments presented in this
study take the spectroscopic pressure sensing exterior to
an aircraft by Buchholz et al. [11] as a reference to
potentially improve on. To the knowledge of the authors,
Buchholz et al. is the first and only study of a pressure
sensing TDLAS air-data system. One design parameter of
the system is the laser wavelength and therefore the molecule
under investigation, respectively. A molecule homogeneously
distributed in the atmosphere up to heights of 12km is
beneficial for the evaluation and reliability of the final
system. Furthermore, a wavelength which is easily accessible
with current fiber and optoelectronic technologies simplifies
the implementation of the system, restricting the wavelength
from 400 to 2000 nm. Neutral Ar-atoms and N>-molecules
do not yield significant absorption in this wavelength range.
CO; shows relevant absorption for wavelength greater than
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FIGURE 1. Absorption path setup. Spectroscopy light is delivered with a PM fiber,
collimated to a free beam and detected with a photo-diode. Multipass cell (IRcell-S4)
with reduceable pressure.

2000nm [12] and H,O concentration varies by orders of
magnitude [3], [11]. Furthermore, H,O lines mix with all
dominant absorption regions with the exception of the O
A-band [13]. Therefore, the O, molecule with absorption
lines around 760 nm in the A-Band [12], [14] was chosen as
measuring species. The contactless spectroscopy allows to
measure temperature and pressure with minimum disturbance
at the measurement volume. In contrast, classical avionic
measurement methods either are strongly affected by the
boundary layer at the fuselage or require a mechanical probe
extending into the measuring volume [9]. The environmental
condition of a flight sensor as, e.g., daylight, vibrations,
and electromagnetic signals may interfere with the direct
(D-)TDLAS method. Multiple approaches to cope with
noise in TDLAS applications have been investigated in the
past [15]. Furthermore, amplitude modulated (AM-TDLAS) ,
in the case of temperature measurements, was shown recently
to be less prone than D-TDLAS to these kinds of effects [16].

This leads to our approach of developing an all fiber
0,-TDLAS air-data pressure sensor as well as the direct
comparison between the passive amplitude modulation tech-
nique described in [16] and a standard TDLAS approach in
the context of pressure detection. Furthermore we describe
a very precise linearizing method to further improve the
quality of the Mach—Zehnder (MZ)-based AM-TDLAS
technique with continuously software-controlled feedback to
the semiconductor laser current. With this method we achieve
stabilized sweep-rates of 17.50(1) GHzms™! at 500 sweeps
per second. Furthermore, we were able to show pressure
accuracies in the laboratory environment below 4 hPa for
D-TDLAS and below 1hPa for AM-TDLAS. Both systems
were studied with active linearization stabilization.

Il. MATERIALS AND METHODS

A. SETUP

For the comparison of the two techniques both variants—
1) D-TDLAS and 2) AM-TDLAS—are implemented. Both
implementations are based on polarization maintaining (PM)
fibers. The measurement beam is collimated (Thorlabs
F110APC-780) and propagated through a multipass cell
(IRcell-S4, IR-Sweep Switzerland) onto a photo-diode
(Thorlabs PDA36A2, window removed) as depicted in
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FIGURE 2. Schematic of the direct (D)-TDLAS setup. The DFB-laserdiode (DFB) is
directly coupled into a PM fiber. A 50/50 splitter passes radiation to the reference and
the measurement fiber. The measurement fiber leads to a fiber collimator (C) and the
laser beam is transmitted through the gas-absorption-cell (abs.) onto the absorption
photodiode (abs.-PD). The reference radiation passes a 99/1 fiber splitter. 99% of the
reference radiation is detected by the reference photodiode (ref.-PD) the remaining 1%
passes an all fiber-based MZ interferometer (MZI) and is detected by the MZI
photo-diode (MZI-PD). All signals are digitized by an analog to digital converter (ADC),
processed and stored by the software on a PC. Furthermore, the MZI-PD data is used
to improve the linearity of the DFB sweep by emitting a new control signal via a digital
to analog converter (DAC), then passing an analog LP filter and driving the DFB
electrical current. Fiber connections are in red, wires in black, and data-flow is
indicated by black arrows. Remaining abbreviations are: BD: beam dump, U: voltage,
and t: time.

Fig. 1. The cell is sealed and may be evacuated to investigate
pressure depended results.

The D-TDLAS implementation is shown in Fig. 2.
The system consists of one distributed feedback
(DFB)-laser-diode (Eagleyard EYP-DFB-0760-00003-1500-
BFY12-0002), which is driven with a periodic sawtooth
wave to generate a linear frequency sweep (compare
Section II-B). The central wavelength is set by adjusting the
temperature of the thermoelectric cooler (TEC) integrated
into the laserdiode housing to address the absorption line at
13142.5767 cm™!. The laser diode has a temperature tuning
coefficient of 0.06nmK~! and a current tuning coefficient
of 0.003nmmA~!. The laser is directly coupled into a
PM-fiber, split by a 50/50 splitter, with one half serving as
a measurement beam and the second half to characterize the
emitted light. 1 % of the characterization light is separated
with a 99/1 splitter for wavelength calibration while the
remaining 99 % are used as an intensity reference, since the
current modulation of the DFB-laser leads to frequency as
well as intensity modulations.

The 1% channel of the splitter is attached to a fiber-
based MZ-interferometer with a delay fiber of 2m in length
introduced into one of the interferometer arms. This leads to
a full modulation of the transmitted laser radiation at one of
the MZ outputs for approximately every 100 MHz of laser-
tuning. All signals are captured with amplified photodiodes
(Thorlabs PDA36A2) and digitized with an ADC (NI PCle-
6374). The DAC (NI PCle-6374) signal controlling the
DFB-laser current sweep is send through an analog low-pass
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FIGURE 3. Schematic of AM-TDLAS setup. The DFB-laser is coupled into a PM fiber.
This radiation is passed through an all fiber MZI. One output of the MZI is directed
onto the reference photodiode the other output is collimated and send through the
absorption cell onto the absorption photodiode. Both photodiode signals a digitized
with an ADC, processed, and stored. The ref.-PD signal is used to reiterate the control
voltage for the frequency sweep, via a DAC and an analog LP filter. Fiber connections
are in red, wires in black, and data-flow is indicated by black arrows. Abbreviations
are: BD: beam dump, DFB: DFB-laserdiode, LP: low-pass filter, DAC: digital analog
converter, ADC: analog digital converter, 50/50: 50/50 splitter, C: fiber collimator, abs.:
gas-absorption-cell, MZI: fiber MZ interferometer, ref. PD: reference photodiode,
abs.-PD: absorption photodiode, PC: personal computer, U: voltage, and t: time.

(LP) filter prior to providing the current control signal to
the LD-driver (Koheron CTL200-1-B-200).

The amplitude modulation (AM) of the TDLAS signal was
achieved by removing components from the D-TDLAS setup
(compare Fig. 3). Here, the laser is coupled directly into
the MZ-interferometer. By sweeping the laser-frequency in
a linear manner the beat signal will be equivalent to a single
frequency amplitude modulated signal source. The second
output path of the MZI was used for reference purposes
and linearization of the frequency sweep itself, while the
original output was utilized as the measurement beam. By
demodulation of both signals the absorption can be deduced.

B. LINEARIZATION

In order to achieve a pure single frequency AM-modulation
it is essential to generate a perfect linear frequency sweep
with the laser source. To achieve linearization the modulation
phase ¢ () of the AM signal Ian(7)

Iam(1) = IL(1)-cos (¢ (1) + ¢0) + Tvack (1) 6]

has to be measured. Additional factors are the modulation
depth Ir(¢) and background signal Iy,cx(f). By digitizing
the reference signal, the modulation may be averaged over
multiple laser sweeps as long as the offset phase ¢ remains
a constant with respect to time. The phase is extracted by
a variant of the Hilbert-transform which will be referred to
as bandwidth limited Hilbert-transform (BW-HT).

It is implemented by a complex (fast) Fourier transform
of the time-signal into a frequency signal

Tam(f) = FFT(Iam(1)). 2)

Initially, the frequency sweep will be broadened due to the
nonlinear sweeping responses of the laser diode. A suitably
large passband BP(f) is chosen to pass these modulation
frequencies and set all other frequency components to zero

L, 0 < fmin <f < fmax
0, else.

BP(f) = { 3)
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FIGURE 4. Schematic of the linearization loop. The reference photodiode (ref.-PD)
detects the modulated signal after the MZ interferometer (MZI). The control loop is
implemented digitally starting with an analog to digital converter (ADC) and ending
with the digital to analog converter (DAC) and analog LP filter to control the frequency
sweep of the DFB laser-diode. The digitized signal is averaged over multiple sweeps,
then passed through the BW-HT to generate the wrapped phase (¢wrap()) which than is
unwrapped (PU) and subtracted from the desired phase ramp ¢(t). This error-signal
e(t) is scaled, added to the previous control voltage sweep and sent to the DAC.
Abbreviations: U: voltage, t: time, avg.: averaging of multiple sweeps, BW-HT:
Bandwidth limited Hilbert transformation, PU: phase unwrap, P: loop-gain, S: phase to
voltage scaler, U;: voltage in iteration i, LP: electronic low-pass filter, and abs.-PD:
absorption detecting photodiode.

The choice of fiin and fiax has to consider the AM-
frequency fam as well as the expected sweep chirp when
the algorithm will be initialized. The chirp depends on the
specific laser. By observing the initial beat signal after
the MZI a bandwidth of fiax — fmin = 80kHz was chosen
symmetrically around fam.

With the assumption that Ip,cx (f) has no significant contri-
butions within the band-pass bandwidth and by applying the
inverse FFT a complex time dependent signal is generated,
which encodes ¢ (1) as

S(t) = FFT™! (BP(f)TAM(f)) = % 1,.(1)-¢/@O+90) 4)

S(t) = FFT~'(BP(f)(FFT(Iam (1)) = %IL(I)-ei("’(’)+¢°). )
With the atan2 function applied to S(z)
wrap(¢ (1) + ¢o) = atan2(Im(S(1)), Re(S()))  (6)

the wrapped phase is extracted.
The phase wrapping function is defined as

wrap(¢) = atan2(sin(¢), cos(¢)). @)

After applying a 1-D unwrapping algorithm ¢ (f) + ¢o is
retrieved. Ideally ¢ (¢) resembles a perfectly linear curve with
a slope corresponding to the AM frequency 27 fam. In this
case may be rewritten to

Iam(®) = I(8)-sin(2rfamt + ¢o) + Ipack (?) ¥

where ¢q is an arbitrary start phase.

Fig. 4 shows the implementation of the full linearization
loop. The beat signal detected by the reference photodiode
is digitized with the ADC and an averaged signal is
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generated to reduce susceptibility to noise. A BW-HT is
applied to the signal such that ¢(r) may be retrieved.
Then, the phase difference e(f)= ¢rer(t) — @ (¢) to a linear
function @ef(f)= 27 frert is calculated, where fr is the
desired modulation frequency. The difference signal is scaled
by a factor S representing the conversion from phase to
control voltage under ideal conditions. Furthermore, a second
scaling factor, the loop gain P, is introduced to alter the
behavior of the loop. These scaled voltage differences are
added to the previous control voltage and converted into
an analog signal with a DAC. To reduce stray signals on
the analog control input of the laser driver an additional
LP-filter of third order is added to the input of the laser
driver. To limit the effects on the digital control loop and
the shape of the frequency sweep, a bandwidth significantly
larger than the actual sweep frequency of 500 Hz and low
enough to suppress electrical noise in the relevant electrical
bandwidth of the AM-signal had to be chosen. The cut-off
frequency (—3dB) was therefore designed to be 77.5kHz
and measured to be 90 kHz. The phase delay at the cut-off
frequency is expected to be approximately 70° which will
ultimately contribute to the limitations of the digital control
loop. The resulting linearization quality is assessed with three
metrics: 1) Afam; 2) o(e(r)); and 3) 1 — R2. To generate a
consistent result for these metrics, the signal is cropped to
the period which is relevant to the spectroscopy. The first
metric is the standard-deviation Afam of the beat frequency
fam- To deduce the value, the reference signal from the MZI
is converted to its unwrapped phase representation ¢ (f) as
indicated in Fig. 4. Ideally, this results in a linear phase to
time relationship. Since frequency fam(¢) is given by
L do()

Sam (@) = o dr 9

Afam can be calculated via

(10)

1 d
Afam = o (fam () = 0<—ﬁ>

2w dt

with o (x) returning the standard deviation of x. The second
metric is the standard deviation of the phase difference
o (e(t)). The third metric will be the fraction of variance
unexplained (FVU) calculated by 1 — R?> with R? as the
coefficient of determination of a linear fit to ¢ (¢).

The MZI and absolute frequency of the DFB-laser was
calibrated by introducing a thermal sweep to the DFB-LD.
This allows to pass multiple absorption lines in the oxygen
A-band in a single sweep. By fitting the phase differences
of the absorption peaks measured with the MZI to the
possible sets of HITRAN listed absorption lines, a high-
linear correlation with a FVU of 2-107® was achieved. Since
the line spacings are not equidistant, the FVU for skipping
on absorption line further to larger wavenumbers increases
to 0.01 and skipping to lower wavenumbers to 0.004. This
allows to verify the absolute calibration of the wavenumber
as, e.g., our optical spectrum analyzer reached the limitation
of its accuracy. The wavenumbers used for the calibration
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FIGURE 5. PDM and evaluation of AM-signals. The absorption (abs.) signal A(t) as
well as the reference (ref.) signal R(t) are demodulated. This is achieved by applying a
digital band-pass (BP) filter to the signal, squaring the values elementwise, applying a
digital LP filter and taking the square root of the result. By applying a correction factor
C.orr to the reference signal and a samplewise division (/), the transmission signal T(t)
may be extracted. Abbreviations: U: voltage, t: time, BP: digital band pass filter, and
LP: digital low-pass filter.

therefore were 13142.5767, 13144.534, 13146.5736, and
13148.1281 cm™!. The MZI was determined to have a phase
to wavenumber ratio of 1920+2rad/cm~!.

C. DEMODULATION

Demodulation of the AM-signal is achieved by a digital
implementation of product demodulation (PDM) [17]. As
depicted in Fig. 5 the measurement signals of the absorption
as well as the reference channel are demodulated with
the same method. A band-pass filter is applied to the
signal to reduce information to the frequencies close to
the AM-frequency. Subsequently, all values are squared,
which leads to a frequency mixing similar to classical
AM-demodulation. Afterward, a LP filter removes higher-
modulation frequencies such that all relevant frequencies
shifted close to the zero-frequency remain. To compensate
for scaling errors introduced by the squaring process the
square root of the LP signal has to be taken. The resulting
information represents the desired absorption and reference
signal. For the choice of the filter bandwidths, the expected
linewidth has to be considered. In the range from 200
to 1000hPa a linewidth > 1GHz is to be expected. At
the set sweep rate of 17.5GHzms™' this corresponds to
approximately >50us or a signal with a bandwidth of
<20kHz. Since amplitude modulations contribute symmet-
rically around the carrier frequency the full bandwidth of the
band-pass was chosen to be at 40kHz and the bandwidth of
the LP was set to 20kHz.

D. EVALUATION

The evaluation of the AM- and D-TDLAS signals was
performed identically to ensure a straight forward com-
parison. Due to differences in detector sensitivity and
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transmission losses for the different channels the reference
signal is multiplied by a correction factor ccor. To achieve
comparable absorption lines the digital LP filter applied to
the AM-TDLAS signal was applied to the D-TDLAS signal
as well.

Thereafter, the absorption signal is divided by the scaled
reference signal to determine the transmission signal

G
"~ CeonR(t)’

As described by the Lambert—Beer law, the extinction &
may be deduced

T() an

e(t) = —In(T(1)). (12)

This extinction can be modeled as a Voigt profile. By
fitting a Voigt profile with prior knowledge of the gas
composition and the gas temperature, the pressure dependent
broadening can be deduced and converted to ambient
pressure [11]. In our case the best results were achieved by
additionally fitting a third order background polynomial to
the edge areas of the detected spectrum and subtracting this
artificial background bg(#) from the measured signal €(¢) —
bg(#). The succeeding Voigt-fit to the full signal preformed
significantly better with the reduced background signal. Vice
versa the fitted Voigt profile V() was removed from the
original signal e(#) — V(¢) returning a better reference to
fit to the background. These steps were iterated multiple
times. Typically, 100 iterations were sufficient to reach a
converging result.

In the experiments the fit results were referenced to
a piezoresistive pressure sensor (Keller PAA-33X). The
pressure sensor is specified to reach an accuracy of 0.5 hPa
in the range from O to 1 bar with the initial calibration. Using
the parameters given in the “high-resolution transmission
molecular absorption” (HITRAN) database [12], [18] the
pressure was deduced. It became apparent that the deduced
pressure values do have a scaling error and an offset, which
became more relevant for smaller pressures. The simple
assumption of a wrong set temperature underestimating the
Gaussian broadening and slightly off values in the HITRAN
database could explain this behavior. Unfortunately, the
known tolerances to the temperature measurement and the
HITRAN database values are not sufficient to explain the
observed effect [12], [18].

Plausibility tests to verify the signal properties via multiple
lines showed that the absorption strength of the lines support
the expected frequencies. This verifies that the laser actually
was emitting at 13 142.5767 cm~!. Since the broadening of
the absorption line due to pressure broadening is dependent
on the distinct line, different absorption lines will have
slightly different scaling factors to calculate the pressure
from the line width [11]. In contrast to the line strengths
the scaling of the slopes and therefore line broadening
actually vanished by assuming the neighboring absorption
line at 13 144.53 cm™!, which indicates an “off by one” error
in the HITRAN absorption line table. The pressure offset
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most likely is introduced by a broadening of the line-shape
introduced by the 20 kHz LP filter applied to the signals. Due
to the nature of the AM-TDLAS signal this effect cannot be
completely avoided and has to be compensated.

Since the absorption line effectively is convolved with the
impulse responses of the applied low- and band-pass filters
a first approach is to add the variances of the absorption line

2 : 2 :
O Voigt and the filter impulse response o, leading to a new

total variance UTZDL As- With the standard deviation Vo2 as
a measure for the line width this leads to

[ .2 2
OTDLAS = 4/ Ofjj¢ + GVoigt‘

During the fitting procedure, the temperature broadening
is already subtracted from the final pressure broadening
which, at a given temperature, is proportional to the pressure.
Therefore, it is expected to observe a pressure dependency
which resembles a hyperbola function

13)

PTDLAS = v/ offset? + (slope * pref)?. (14)

For positive offset and slope this function can readily be
inverted to

15)

The offset and slope values used for correction are shown
in Table 1.

Pref = \/ (slope * ppLas)” — offset®.

lll. RESULTS

A. LINEARIZATION

The primary parameter in tuning the linearization loop is the
loop gain P. The frequency response factor S was calculated
from the voltage to current response of the laser driver and
the current to frequency detuning rate of the laser diode
as stated in the data sheets. Under ideal conditions fastest
linearization is expected for P=1. For P < 1 it is expected
to require more iterations to achieve linearization, while
the susceptibility to oscillations should be reduced. Multiple
series assessing the linearization quality for P = [0.2, 0.4,
0.6, 0.8, 1.0] are displayed in Fig. 6. All three metrics Afam
(top), o(e(®)) (left) and 1 — R? (right) indicate that very
low levels of remaining error were reached. Occasionally,
the iteration of Afam and o (e(f)) do not converge steadily
(Fig. 6 P=0.4 at iteration 10). Nevertheless, this effect is
far less prominent in the FVU and the system operates
stable over the whole range of P. As expected, the iterations
necessary to reach a steady noise-floor are reduced for larger
P. Typically, beat-frequency deviations Afam of 100Hz
were reached for beat-frequencies fam of 170kHz. This
corresponds to a phase error o (e(f)) of several mrad or an
FVU in the order of 10717,

B. PRESSURE MEASUREMENT STABILITY

With the successful linearization of the frequency sweep
it was possible to directly compare the pressure evaluation
of the direct and amplitude modulated TDLAS method
with essentially the same system components and an
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FIGURE 6. Results for linearization loop. Shown are the deviations from an ideally linearized signal for multiple loop-gains (P) plotted against the number of iterations. The
metrics plotted are the standard deviation of the frequency error Afyy (top), the standard deviation of the phase difference o (e(t)) (left), and the FVU calculated by 1 — R? with R?

as the coefficient of determination of a linear fit to ¢(t) (right).

identical modulation of the laser diodes. Fig. 7 shows the
overlapping Allan-Deviation for several repetitions of a
two minute measurement at constant room pressure with
the D-TDLAS system. At short averaging times T around
10 ms the D-TDLAS system yields an Allan-Deviation well
below 1hPa. Unfortunately, the Allan-Deviation increases
for averaging times above 100 ms in all five repetitions and
reaches a final level around 1hPa at averaging times of
several seconds. In stark contrast, the AM-TDLAS (Fig. 8)
system does lead to a 0oadey Of 10hPa at 10 ms averaging
time. Nevertheless, averaging leads to increasing accuracy.
At 1s of averaging, the ogygey of AM-TDLAS typically
falls below 2 hPa while still improving with larger averaging
times.

C. PRESSURE CORRELATION

Since both methods typically stay below an error of 2hPa
for T > 1s, the quality of both methods should approach
similar results for an averaging time of 1s. With this 1s
averaging the correlation plots in Fig. 9 (D-TDLAS) and
Fig. 10 (AM-TDLAS) were evaluated. To create the varying
pressure for both the reference sensor and the TDLAS-
systems the optical multipass cell was evacuated until the
pressure dropped below 100hPa. A magnetic valve was
attached to a variable leak valve. By controlling the opening
time of the magnetic valve and setting the leak valve to
a very low-inflow rate, the pressure rose in a controlled,
stepwise manner over 500s. Due to the low rise in pressure,
lagging effects in the systems are omitted. The plots show
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FIGURE 7. Overlapping Allan deviation of multiple runs with the D-TDLAS system.
Pressure in the gas cell is steady for several minutes.

the spectroscopically evaluated pressures against the pressure
detected by the reference sensor. Both methods deliver the
same pressure evaluations over the total range from 200 to
960 hPa (atmospheric pressure at laboratory location). The
signals follow a linear curve and, as expected from the Allan
deviations, show small uncorrelated deviations from the ideal
linear curve. The hyperbola correction from (15) was applied.
The correcting values for D- and AM-TDLAS are given in
the corresponding plot figures.

To clarify the achieved linearity, the residuals to an ideal
correlation to the reference sensor are plotted underneath
the correlation plots. As can be seen in Fig. 9 the residuals
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FIGURE 8. Overlapping Allan deviation of multiple runs with the AM-TDLAS system.
Pressure in the gas cell is steady for several minutes.
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FIGURE 9. Correlation plot of D-TDLAS pressure results plotted against the
pressure detected with the reference pressure sensor. The bottom plot shows the
residual (res.) to an ideal correlation.
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FIGURE 10. Correlation plot of AM-TDLAS pressure results plotted against the
pressure detected with the reference pressure sensor. The bottom plot shows the
residual (res.) to an ideal correlation.

are quite narrow with a standard deviation between 200 and
960 hPa around 2.1 hPa (compare Table 1). Nevertheless, the
repetition of the experiment shows the drift of the values
relative to each other over time. Ideally, all residuals should
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TABLE 1. Summary of residual properties for pressure correlation measurements.

Measurement std. abs | avg. abs std. rel offset slope
[hPa] [hPa] [hPa]
A pAM1 2.62 -0.48 0.0052 118.57 0.97
A pAM2 2.49 -1.14 0.0041 118.57 0.97
A pAM3 2.50 -1.35 0.0043 118.57 0.97
A pAM4 2.66 0.36 0.0040 | 118.57 0.97
A pAMS 2.63 0.49 0.0037 118.57 0.97
A pDl1 2.16 4.71 0.0041 102.30 0.97
A pD2 2.11 -0.13 0.0030 | 102.30 0.97
A pD3 2.08 -3.08 0.0040 | 102.30 0.97
A pD4 2.01 0.81 0.0026 | 102.30 0.97
A pDS5S 2.08 6.53 0.0042 102.30 0.97

stay on top of each other. As a figure of merit the average
deviation from the ideal residual in the range from 200 and
960 hPa has been calculated and is shown in Table 1. It is
evident that the five repetitions of the D-TDLAS system
yield results in a range of 9.6 hPa with a standard deviation
of 3.85hPa.

This behavior was not observed with the AM-TDLAS
system, the pressure measurements lie within a range of
1.9 hPa with a standard deviation of 0.84 hPa. The repetitions
of the experiment are identical within the range of error.
Furthermore, as expected, the standard deviation of the
residuals are around 2.5 hPa (compare Table 1) and therefore
very close to the standard deviation of the D-TDLAS
measurements.

IV. DISCUSSION

This work demonstrates the implementation of an
AM-TDLAS system utilizing a highly linearized frequency
sweeping laser source in combination with a MZI. Work uti-
lizing a similar setup was recently published by Xu et al. [1],
[16], Hou et al. [17], and Xie et al. [19] demonstrating
this approach in the context of flame or gas temperature
measurements with water vapor. In our work D- and
AM-TDLAS were compared utilizing identical components
for the deduction of atmospheric pressure with Oy A-Band
spectroscopy. This comparison was made to identify the
suitability of the AM-TDLAS implementation for succeeding
flight experiments. The relevant pressure for flight experi-
ments ranges from 190hPa (ICAO standard atmosphere at
12km) [20] to 1013 hPa (sea level). In our experiments, we
were limited to 960 hPa due to the altitude of our laboratory
location.

The absorption cross section of O is rather small,
resulting in approximately 3 % peak attenuation for every
meter of the absorption path. At reduced pressure the line
broadening decreases, which compensates the reduction in
O, density. Nevertheless, at 200 hPa the peak attenuation is
reduced to approximately 2 % m~!. Therefore, it is essential
that both techniques are very sensitive and precise for the
later evaluation. A very interesting aspect of the AM-TDLAS
implementation is the generation of the amplitude modula-
tion with the MZI. This allows to generate AM-frequencies
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above 100kHz without an electronic reference. This strongly
prevents inducing electric stray signals interfering with the
measurement of the pure signal from the photo-diodes.
Additionally, this allows to utilize the same components for
both setups omitting effects introduced by differing technolo-
gies or products. This includes the lasers, fiber-components,
photodiodes, gas-chamber, and the ADC/DAC-card.

It must be emphasized that the frequency sweep lin-
earization is performed for both methods. Therefore, the
AM-TDLAS is actually compared to a D-TDLAS system
with nearly perfect time-frequency correlation. This is not a
given property of typical D-TDLAS systems. The data shows
that the beat signal of the linearization reached a standard
deviation of the residual frequency of 100Hz given a beat
frequency of 170kHz this corresponds to a frequency-sweep
error of 6 - 107*. Even though not shown in this article,
this precise linearization allows the application of evaluation
techniques that rely on an equidistant frequency basis, with-
out additional preprocessing. Especially, algorithms based on
matrix multiplication and linear algebra profit from this type
of signals. Furthermore, it opens up the possibility of real
time evaluation utilizing these algorithms since the data is
generated with high-spectral accuracy. In the case of pure
linear modulation an even faster method compared to the
BW-HT might be the use of a IQ-demodulation. The BW-HT
used in this work does create an intuitive phase slope, which
corresponds to the frequency sweep of the DFB-laser. In
the control loop a given linear phase ¢r(f) is subtracted
from the deduced phase. This is almost identical to an
IQ-demodulation, which can be implemented very efficiently.

PDM was chosen to demodulate the AM-TDLAS signals
due to its simple implementation. Comparisons with, e.g.,
IQ-demodulation schemes did not show any significant
differences. This is supported by the recent findings of
Hou et al. [17] who demonstrated an analog-electronic
implementation of the PDM for utilization in AM-TDLAS
spectroscopy. With the technology in place the behavior
of both systems was analyzed using Allan-deviations and
pressure correlation plots. It became apparent that the
D-TDLAS system is strongly subject to random-walk-noise,
which was not observed with the AM-TDLAS system over
a 2 min time period. This came at the cost of a reduced
AM-TDLAS SNR by over an order of magnitude for single
sweep pressure fits. Currently, no final explanation for this
difference was identified.

To understand the difficulty of deducing the pressure from
the line shape one may recall the absolute value of the
atmospheric pressure of the Allan-deviations. The pressure
at 960hPa dominates the line broadening. Assuming an
accuracy of 1 hPa, this corresponds to an approximate change
in the line width by 0.1 %. One explanation could be the
fluctuations in the signal background, which can partially
have a similar shape as the line profile. These fluctuations
are sufficient to alter the apparent line width enough to
modify the final result. This background can originate from
multiple sources. There are electrical offsets in the mV range,
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background light from the surrounding lighting conditions or
incoherent background radiation emitted by the laser sources
themselves, which add time modulated signals to the actual
measurement. As soon as these signals change over time,
this results in fluctuations of the results as observed for
the D-TDLAS system. Starting from this assumption it is
logical to transfer the system to an AM variant and move
the measurement bandwidth away from these background
noise sources. As indicated by the Allan-deviations this
approach succeeded. Nevertheless, the pressure-SNR was
reduced significantly, beyond the amount expected from the
reduced signal strength. Again, there is no conclusive proof
for the actual source of this degradation. One explanation
could be the introduction of electrical noise sources around
170kHz which fall into the detection bandwidth of the
AM-TDLAS system. Modulations in the target frequency
region were observed while refining the electrical design
to improve the resilience of the system to such effects.
Typical candidates as noise sources in this frequency range
are voltage converters, which may vary over time to different
degrees. Nevertheless, if certain frequencies are coupled into
the signal, the resulting waves may not be phase stable to
the sweep rate of the TDLAS system and therefore introduce
a fluctuating background signal, which may slide relative
to the spectrum at unforeseeable rates. This would alter the
short term fit results but average out over longer time periods.
Due to the chosen ADC, a switch to significantly higher-
AM-frequencies was not possible. Nevertheless, if the source
of error is dominated by stray inductance from DC/DC
conversions or similar sources, this would help to remove
their background effects from the signals. Additionally, more
sophisticated background removal approaches, depending on
the actual noise sources, could be suitable to generate a
better SNR for the AM-TDLAS technique.

Another open question is the deviation in the spectroscop-
ically deduced pressure from the reference.

For the purpose of using the system for pressure detection,
a simple hyperbola correction function leads to highly
correlated results. We identified a slight deviation from the
Voigt profile as the most probable source of error, since for
low pressures there appears to be an additional broadening of
the line-shape. In our case the LP filter does add additional
broadening, which we were able to compensate significantly
and thereby generating good correlations in the relevant
range without the need of a more complex fit model. This
approach also easily adapts to additional broadening as, e.g.,
visible for the AM-TDLAS correction. Here, the most likely
explanation is the added line-width due to the additional
band-pass-filter present in the PDM. The same effect is to
be expected for more sophisticated absorption line modes
from [12]. It still needs to be investigated if these are able
to further improve deviations. Concerning the correlation
slope of 0.97 our data does lead to contradicting results
concerning the effective wavenumber of the measurement.
From our data we cannot unambiguously decide, if we
measure at 13142.5767cm™" and there is some error in
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our measurement process systematically altering the profile
width or we actually measure at 13 144.53cm™! and there
is an error in the absorption strength. A third explanation
could be an “off by one” error in the HITRAN data, either
introduced by our use of the python HAPI package [21] or
actually present in the literature values itself. This effect will
be cause for future investigations.

The accuracy of the values given by the HITRAN database
or an error in the measurement of the gas temperature
are not likely to be of relevance yet. In both cases the
given tolerances are far too small to explain the observed
deviations.

V. CONCLUSION AND OUTLOOK

We were able to perform a direct comparison between direct
and amplitude modulated TDLAS. Furthermore, we were
able to demonstrate similar performance of both systems for
averaging times of 1 s in a lab environment. In the succeeding
project the implementation of a TDLAS pressure sensor
onto a research air craft is performed. With these results
we are confident to reach a meaningful operating point for
both systems such that we plan to investigate both variants
in a real flight environment. This will allow to compare
the relative robustness of both techniques under real world
conditions as, e.g., sunlight or air-plane radio signals.
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