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Abstract

Optical air data sensors, which can serve as alternatives or supplements to traditional air data systems, have been a subject
of ongoing research. These remote sensing optical sensors offer the advantage of measuring primary air data parameters
in undisturbed airflow. As active sensors, they can self-diagnose, associating each measurement with an uncertainty and
accounting for signal loss due to factors such as icing or light blocking, thus avoiding silent false measurements. In this
paper, we discuss a recent flight test campaign of optical measurement techniques for potential development into air data
sensors for future aircraft. We used laser Doppler anemometry, which relies on aerosol scattering of laser light, to observe
the Doppler shift of scattered light from multiple directions. This enables the reconstruction of the full wind vector and the
retrieval of true air speed, angle of attack, and angle of sideslip. A second instrument used tunable diode laser absorption
spectroscopy, which measures an individual transition of molecular oxygen in the A band, in order to extract the static pres-
sure from the observed collisional broadening. The techniques were implemented as airborne research instruments on the
DLR’s Dassault Falcon 20 aircraft and tested in two campaigns in 2022 under different atmospheric conditions and dynamic
maneuvers. We present results from these campaigns, focusing on general sensor performance, measurement rates, accuracy,
and experimental challenges that need to be addressed for future applications.

Keywords Optical air data - Sensors - Avionics - Lasers - Lidar - Spectroscopy - LDA - TDLAS

List of symbols
1U Rack height unit
52 Oliver Kliebisch a Scaling factor
1ver 1€01SC . . .

oliver Klichisch@dlr.de Afp Line-of-sight Doppler shifts
K LDA unit vectors (beam direction)

Raoul-Amadeus Lorbeer 1 .

raoul lorbeer@dlr.de Viong Longitudinal velocity vector (m/s)
v, Reconstructed velocity vector (m/s)

Peter Mahnke .

peter. mahnke @dlr.de Virans Transversal velocity vector (m/s)
w LDA weights matrix

Matthias Damm

matthias.damm@dlr.de 49 Lorentzian broadening, half width at half

maximum (cm™1)

Georg Dietz . . .
georg% dietz@dIr.de Y0, air Foreign-broadening coefficient
, Self-broadening coefficient
Thomas Fuchs Y0, self &
thomas.fuchs @dlr.de 4 Laser Wavelength (m)
) ) oG Gaussian broadening, standard deviation
Sebastian Burwitz -1
sebastian.burwitz@dlr.de (em™1) ' ’ .
A Area of the normalized absorption line

I TInstitute of Technical Physics, German Aerospace CH 4 Methane

gegter,\gf?ftftenwsldrlrg 38-40, Stuttgart 70569, CO2 Carbon dioxide

n-Wiirttemberg, German .
aden-urtiemberg, bermany /o Doppler shift frequency (Hz)

5 . . .

Flight Experiments, German Aerospace Center, Miinchener fio Local oscillator frequency (Hz)

Str. 20, WeBling 82334, Bavaria, Germany

Published online: 26 November 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13272-024-00792-0&domain=pdf

0. Kliebisch et al.

b3 Laser frequency (Hz)

H,0 Water molecule

1 Optical power (W)

I Initial optical power (W)

L Reference optical power (W)

kg Boltzmann constant

L Optical path length (cm)

N Number density (molecule/cm?)

n Temperature coefficient

N, Molecular nitrogen

p Pressure (Pa)

Do One standard atmosphere in Pa (Pa)

S(T) Temperature-dependent absorption line
strength (cm™~1/(molecule cm~2))

T Temperature (K)

T, Reference temperature = 296 K

V(x,05,7.) Voigt function

ADC Analog-to-digital converter

AoA Angle of attack

AoS Angle of sideslip

Ar Argon

DAC Digital-to-analog converter

DFB-laser Distributed-feedback laser

DLR Deutsches Zentrum fiir Luft- und Raumfahrt

(German Aerospace Center)
FL Flight level

FPGA Field programmable gate array

HITRAN  High-resolution transmission

ISA International standard atmosphere

LDA Laser doppler anemometer

LO Local oscillator

LOS Line of sight

SSD Solid state drive

TAS True air speed

TAT Total air temperature

TDLAS Tuneable diode laser absorption
spectroscopy

TRA Temporary restricted area

1 Introduction

Air data sensors are a crucial component of an aircraft’s avi-
onics system, providing vital information about the current
flight configuration. The conventional Pitot-static system,
complemented by temperature probes and alpha/beta vanes,
has long been the central sensor system for delivering pri-
mary data on impact pressure, static pressure, static tempera-
ture, angle of attack, and angle of sideslip [12]. By applying
the assumptions of the International Standard Atmosphere
equations [1], derived quantities, such as indicated air speed,
barometric altitude, and vertical speed, can be calculated.
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However, a persistent problem with the electro-mechani-
cal probes of the Pitot-static system is the risk of false read-
ings or total malfunction under icing conditions, even with
heating [6]. Additionally, due to their proximity to or place-
ment within the fuselage, calibrating these sensors is a labor-
intensive process, and it is essential that no flight conditions
outside the calibrated envelope are encountered.

Shortly after the invention of the laser, the first laser-opti-
cal velocimetry methods were conceived and flight-tested
in the early 1970 s [17, 19]. This innovation prompted the
concept of a fuselage-flush optical air data system [7, 9],
and numerous instruments have been developed and flight-
tested over the ensuing decades [2, 3, 11, 16, 18]. Optical
air data sensors offer the advantage of being "self-diagnos-
ing," meaning that signal loss or degradation is detectable
and does not result in unnoticed erroneous measurements.
Additionally, the measurement point can be situated outside
the aircraft’s boundary layer, requiring only a fuselage-flush
optical aperture.

Progress in this field has been slow due to the lack of
compact, robust laser sources and contemporary real-time
digital signal processing hardware. With the emergence of
reliable, robust, and miniaturizable laser-optical systems
(e.g., fiber lasers and photonic integration) and more sophis-
ticated signal processing, it has become increasingly feasible
to develop and flight-test optical air data sensors.

In this paper, we present the results of our recent flight
campaign, which aimed to test research instruments for the
optical measurement of true airspeed, angle of attack, angle
of sideslip, static pressure, and static temperature. We will
detail the flight campaign, test conditions, and two of the
instruments used in this study: a fiber-coupled vector laser
Doppler anemometer (LDA) and a fiber-coupled tunable
diode laser absorption spectroscopy (TDLAS) system. Key
aspects were to perform a proof-of-concept experiment, to
identify potential implementation issues and to assess the
feasibility of both techniques as optical air data sensors in
one combined flight experiment.

2 Research instruments
2.1 Laser doppler anemometer
2.1.1 Flow velocimetry with LDA

Laser Doppler anemometry (LDA) is a well-established
technique for measuring flow velocities in wind tunnels.
A specific implementation, known as reference-beam laser
LDA, is illustrated in Fig. 1. In this setup, a continuous
wave laser with frequency f; is sentthrough a circulator
and focused onto the measurement volume. Light scat-
tered from particles, which can range in size from about
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Fig. 1 Functional principle of a single channel reference-beam laser Doppler anemometer

1/10 of the wavelength in diameter to macroscopic sizes,
is collected by the same optics and directed back into the
instrument, where it is separated from the incoming beam
by the circulator. Each burst of scattered light, with its
Doppler-shifted frequency f; + f, (where f, is the Dop-
pler shift), is made to interfere with a reference beam of
light tapped from the original laser source at frequency
fLo- This results in an interferometric beat signal that
isolates the beat frequency (f; — fi o +fp). In cases where
fi =fLo, homodyne detection is performed, measuring
only the absolute value of the Doppler shift. Otherwise,
heterodyne detection is used, which also conveys the sign
of the Doppler shift.

Each LDA channel measures the line-of-sight velocity,
given by v| og = —4/2fp, where 4 is the laser wavelength.

15-50 nm
4 x 1 W MOPA System

2.1.2 LDA instrument for the flight campaigns

We have implemented four LDA channels in the form of a
three-height-unit 19-inch rack module combined with a sep-
arate two-height-unit FPGA-based processing unit [13, 14].
The full system architecture is depicted in Fig. 2. The system
is split into three main components: first, the LDA rack mod-
ule which contains a laser system, interferometers, detectors
as well as power management. The whole system is powered
from the 28V bus. Second, the transceiver optics which send
and receive the laser light into the outside of the aircraft and
receive the scattered light. Third, a data acquisition and pro-
cessing unit based on the MicroT'CA 4.1 standard. The LDA
rack module is shown in Fig. 3. The LDA system is built in
a master oscillator power amplifier architecture (MOPA),

Clock Generation

Xilinx Zynq 7100 System-on-Chip
L. PS

Event

| n-FFT -

n/2AT n-FFT

2U MicroTCA DAQ system

‘
|

Fig.2 System architecture of the four-channel laser Doppler anemometer. The system consists of the LDA rack module housing all electro-
optical components and all fiber optics, the transceivers and the MicroTCA module housing all the data acquisition and processing equipment
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Fig.3 Left: Photograph of the top view into the LDA rack box show-
ing the interior setup of the system. Right: CAD-Rendering of the
LDA rack module with side and top covers removed, showing how
the laser system is stacked and heat is transferred to a forced air cool-
ing department in the back of the module

where the light of a narrow linewidth 1550nm fiber laser is
amplified and split into four channels of 1W output power
each. Despite this amount of laser power, the use of 1550nm
allows the reach of a short nominal ocular hazard distance
and operate the instrument safely. The interferometric sig-
nal of each channel is detected by a pair of Indium-Gal-
lium—Arsenide avalanche photodetector diodes, digitized
and transferred to the FPGA processing system.

The FPGA pre-processors detect the individual bursts
on each channel and record raw data streams on the com-
mand of the instrument operators [14]. The bursts from each
channel are fitted with a Gaussian, resulting in the estimated
Doppler shift and its uncertainty. As each channel meas-
ures independent particle bursts at random time instances,
all data points are regularized onto a regular time grid by
a constant spline interpolation. The reconstruction of the
relative wind vector ¥, is a linear regression problem of the
following form [13]:

p = —%(KTWK)_IKTWAfD )

Here K is a matrix containing the unit vectors of the beam
direction for each LDA channel, W is a diagonal weights
matrix containing the uncertainties of each Doppler shift,
and Af, are the Doppler shifts of all LDA channels written
as components of a vector. By performing the uncertainty
analysis, each reconstructed vector can be associated with
uncertainties for each component and therefore in contrast
to a Pitot-probe, the LDA instrument permanently outputs
its measurement uncertainty.

The laser light from each channel is directed through a
transfer fiber to a singlet aspheric lens, which projects the
fiber end into the air surrounding the aircraft at a distance
of either 500mm or 1000 mm, depending on the configura-
tion chosen for the specific measurement flight. The bound-
ary between the cabin and the exterior of the aircraft is an
interface plate, as shown in Fig. 4. Each channel is imaged
through its own 15mm thick anti-reflection coated fused sil-
ica window. All windows are angled at 15 circ relative to the
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Fig.4 The optical aperture plate showing four 4" anti-reflection
coated windows. Each channel is imaged through this window and
the beam path will cross about 500 mm away from the fuselage in a
common point

nadir direction. A strictly perpendicular orientation would
result in a zero Doppler shift. The directions must differ
for each channel to enable successful vector reconstruction.

2.2 Tuneable diode laser absorption spectroscopy
2.2.1 Pressure detection with TDLAS

The TDLAS system was designed to detect static pressure
outside of the fuselage. To deduce a pressure from a gase-
ous medium with a spectroscopic technique, it is necessary
to resolve the shape of at least one absorption line of a
species present in the medium. Absorption lines in gaseous
media are extremely narrow and only span several GHz.
Therefore, a highly resolving spectroscopy technique is
necessary. TDLAS is able to achieve few MHz resolu-
tion at several 100 THz of electromagnetic frequency and
therefore it is perfectly suited to resolve the shape of a sin-
gle absorption line. Furthermore, additional factors have
to be taken into account to form a useful avionic sensor.
These allow to deduce the species which shall be analyzed
with TDLAS. The chosen species for spectroscopy should
be distributed almost homogeneously in the atmosphere
so a measurement under all flight conditions will be pos-
sible. Therefore, water vapor (H,0), even though being
shown to be applicable to avionic pressure detection [5],
is unsuitable for a broad application as a spectroscopic
pressure sensor in avionics, due to its concentration span-
ning orders of magnitude in the atmosphere. Furthermore,
the chosen species should have spectroscopically address-
able absorption lines. This eliminates molecular nitrogen
(N,) and argon (Ar) from the list of candidates which
leaves molecular oxygen (O,), carbon dioxide (CO,) and
methane (CH,). The last aspect lies in the wavelength of
the addressable absorption lines as well as the mixing of
those. Since the system is meant to be integrated in an
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airplane, we chose an all fiber-optic-based approach and
therefore technologies with wavelengths below 1650 nm.
This makes molecular oxygen the most interesting can-
didate since the oxygen A-band around 760 nm does not
interfere with other molecular absorption lines present in
the atmosphere. As already mentioned, the TDLAS tech-
nique has been shown to be able to deduce static pressure
in a flight experiment [5]. To deduce the pressure from
the line shape, it is advantageous to understand the mac-
roscopic properties of the air which lead to the final line
shape. The quantum-mechanical transitions in the oxygen
A-band in themselves are extremely narrow and would
not be resolvable with realistic TDLAS systems. Due to
the temperature of the gas, the molecules have a Gauss-
ian velocity distribution along a given axis which leads
to a Gaussian-shaped Doppler broadening of the absorp-
tion line. The second effect is based on collisions between
the molecules which interrupt an absorption process by
changing the molecule’s momentum. Collisions lead to a
Cauchy—Lorentz distribution in the spectrum. Since both
effects happen simultaneously, the final line profile is a
Voigt profile which represents the convolution of both line
shapes [10].

X 0GTL) = ) u 2
o og2r T —uwP 7)) @

The absorption line is measured by measuring the optical
power loss due to transmission through a known path of
gaseous media:

I(3) = I(2) - eSO Vi=ioyNL 5

with the reference optical power I, absorption line strength
S(T), the number density N, temperature T and the length
of the beam path L.

By measuring a reference optical power I, from the
laser, the initial optical power I, = al.; can be measure
for a given scaling factor a. Rearranging Eq. (3) yields:

1(4

In <ﬁ) =—S(T)-N-L-V(i— )+ In(a) @)
Ire (i)

n < I(f,l) ) =A-V(A- )+ In(a) o

Additionally, measuring the static air temperature allows
for the calculation of the Gaussian broadening o5 and
introduces the known value into the fitting procedure. Ide-
ally, only absorption strength as the area of the normalized
absorption line A and the collision broadening as the width
of the Cauchy-Lorentz distribution y; will have to be fitted.
In reality, at least the offset In(a) has to be determined as

well. More sophisticated background models may be found
in the literature [5]. While the absorption strength correlates
with the density of the oxygen, the collision broadening only
depends on the rate at which collisions occur. This again
depends on the effective collisional cross sections of the
oxygen molecules, with themselves yq_ i and all other spe-
cies 7, i as well as the number density N of the gas and the
speed of the molecules.

The number density is included in the line area A. Using
literature values (HITRAN database [8]) for the absorption
line strength S and the Boltzmann constant &y as well as the
known optical path length L, the ambient pressure may be
deduced by [5]:

7 \" kg T
14PN pO(?) - (YOz,self + 702,air) S A
p= (6)
yOZ,air

2.2.2 Technical implementation of the TDLAS system

After thorough testing in a laboratory environment [15],
the TDLAS system was implemented as an all optical fiber-
based system for the flight experiments. All electronics,
power supply, fiber optic components as well as the laser
systems were accommodated in a 3U 19-inch rack box. Fig-
ure 5 shows the basic set of components. The dashed line
indicates all components within the custom rack box sys-
tem. The setup is connected to a rack-mounted PC includ-
ing a digital-analog conversion (DAC) and analog-to-digital
conversion (ADC) card (National Instruments, PCle-6374).
The DAC creates a linear voltage sweep which is converted
to a linear current sweep by the laser driver (Koheron,
CTL200-1), which will be converted to an almost linear
frequency sweep by the DFB laser (Eagleyard, EYP-DFB-
0760-00003-1500-BFY 12-0002). The laser light then is split
into reference and measurement radiation. The measurement
radiation is sent via a polarization maintaining fiber to the
optical transceiver extensions on top of the airplane (com-
pare Fig.6). The reference half of the laser light is then split
againsuch that99% are routed to a simple reference opti-
cal power measurement with a photodiode. To calibrate the
frequency axis of the TDLAS technique, the remaining 1%
is routed through an all fiber-based Mach—Zehnder inter-
ferometer with an optical path difference of 3m (2m delay
fiber). The generated beat signal is then recorded with a third
photodiode and encodes the spectral axis. All photodiodes
are digitized with the ADC. The implementation of the sys-
tem is shown in Fig.5b. The system is supplied with 28 V
main power, which is connected to the fuses to distribute
power to the internal components, the PTC heaters, the PC
as well as the transceiver photodiodes. Internal components
are the main PCB, which generates the supply voltage of
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Fig.5 a Schematic setup of the TDLAS system. The tunable, Dis-
tributed FeedBack (DFB) laser diode is driven by a tunable cur-
rent source. The periodically sweeping laser frequency is sent to the
absorption path capturing the absorption signal with a photodiode.
Furthermore, referencing photodiodes capture the reference laser
power as well as the sweep rate using a Mach—Zehnder interferom-
eter. b Photograph of the rack box implementation of the TDLAS

Fig.6 a Photograph of the
installed optical transceiver
extensions. b CAD cross section
through the optical transceiver.
Indicated are the PTC heater
(PTC), the fiber collimator
(FC), the photodiode (PD), the
collection lens (lens) as well
as the optical and electrical
feedthrough. (all) Beam paths
and directions are indicated by
the red arrows

the photodiode amplifiers as well as establishes the serial
connection to the laser drivers and the fiber switch (FSW).
Both DFB lasers (DFB 1 and DFB 2) are integrated on a
custom PCB, carrying the laser driver and connecting to
power as well as signal distribution. Photodiode for refer-
ence and MZI are integrated directly on additional PCBs,
which also support the fiber optical components for power-
splitting and the MZI. The fiber switch allows choosing the
emission direction of the transceiver elements. Electrical
and optical IO (ext. port IO) connections are supported at
the back of the rack box to connect to the transceivers as well
as the ADC of the PC.

At any given time, only one laser system is active and
the beam is only send into one direction. This results in four
relevant states for the optical system. The first DFB laser
(LD366) at 13, 146.5737cm ™! is switched on and sends the
laser beam backward (LD366 b) or forwards (LD366 f)
or the second DFB laser (LD368) at 13, 146.5767cm™! is
switched on and sends the laser beam backwards (LD368 b)
or forwards (LD368 f). Even though an ideal TDLAS system
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system. The system is supplied with 28 V main power, which is con-
nected to the fuses to distribute power to the internal components, the
PTC heaters, the PC as well as the transceiver photodiodes. Internal
components are main PCB, the first DFB (DFB 1), the second DFB
(DFB2), the reference photodiode (ref.), the MZI (MZI) as well as a
fiber switch (FSW) electrical and optical 10 (ext. port I0) which con-
nects to the transceivers as well as the ADC of the PC

transmit

recieve (b)

i
connectors

would be installed flush with the fuselage, due to the restric-
tions given by the research aircraft, the installation of two
exterior extensions was chosen. The exterior optical trans-
ceivers have integrated amplified photodiodes to create a
differential signal as close as possible to the photodiode
itself, as well as customized reflective fiber collimators to
send the polarized laser light through color glass windows at
the Brewster angel. Because of this, no anti-reflective coat-
ing is needed and solar background is reduced significantly.
The direction of the beams is indicated in Fig.6a. Thereby,
the system can be evaluated at two heights relative to the
fuselage. To reduce complexity, beam steering was omitted
and the system relies on the stiffness of the airplane itself.
During the flight experiments, it became apparent that the
fuselage deformed more than anticipated, which led to an
optomechanical limitation of the beam path for flight levels
(FL) higher than FL 240. In those conditions, the laser beam
did deviate from its ground level path by more than 7 mm
and could not reach the detector anymore. The internal struc-
ture of the optical transceivers is indicated in Fig. 6b. The
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connectors on the inside of the fuselage support electrical
and fiber-optical feed-through. The fiber is collimated with a
reflective fiber collimator (FC) to transmit the measurement
light along the top of the aircraft. Transmitter and receiver
are switched in position at the opposing transceiver such
that the receiving beam enters the lens at the bottom path
and is focused onto the photodiode (PD). Furthermore, a
PTC heater is installed to heat the transmitting and receiv-
ing windows which are angled at the Brewster angle to omit
reflective losses.

Finally, ADC data as well as logging data from the inter-
nal systems was stored on SSDs in flight and evaluated for
pressure in an offline workflow. During the flight experi-
ments, the spectrograms were shown in real time.

3 Mission profiles of the flight campaigns

The Dassault Falcon 20-ES5 research aircraft, operated by
the DLR Flight Experiments and depicted in Fig. 7, was
utilized as the carrier and test aircraft for the research instru-
ments. Modifications were made to the lower fuselage of the
aircraft, which already had two viewports with apertures of

approximately 500mm in diameter. A new aperture plate
was installed, featuring four optical windows for the laser
Doppler anemometry instrument, each tilted at 15° relative
to the nadir direction. The second viewport was fitted with
a pre-existing segmented lidar window. Atop the fuselage,
two antenna ports, typically used for trace gas inlets, were
equipped with two newly developed transmitter/receiver
attachments. These attachments extended about 20cm from
the fuselage and functioned as a closed-path optical meas-
urement path for the spectroscopy pressure sensor.

The aircraft is outfitted with a noseboom featuring a five-
hole probe, as well as other sensors that deliver a high qual-
ity calibrated reference data set. This set includes standard
air data parameters and additional environmental data, such
as humidity, temperature, and wind speeds, as well as atti-
tude and accelerometer data.

Two campaigns totaling 44 flight hours were conducted,
as shown in Fig. 8. The primary parameters which were
under investigation due to their influence on the measure-
ment performance or them being the primary measurement
quantity are shown in Tab. 1. The first campaign, compris-
ing approximately 20 flight hours, consisted of six flights
conducted between April 4™ and April 27, 2022. The

Fig.7 Photo of the Dassault Falcon 20-ES research aircraft of the
DLR flight experiments. The plane is equipped with a noseboom. The
opened shutter door (the black section in the bottom of the fuselage)

shows the two circular viewports holding the optical interfaces for the
laser Doppler anemometry instrument and a lidar window used for a
filtered Rayleigh scattering instrument
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Fig.8 Map of the flight routes of the two campaigns as well as the transfer flights which have been used for measurements as well. The airports
of Oberpfaffenhofen (ICAO: EDMO) and Braunschweig—Wolfsburg (ICAO: EDVE) served as basis for the campaigns

Table 1 Campaign profiles and

. Parameter under evaluation
how different parameters have

Flight situation

been varied and evaluated Angle of attack

Angle of side slip
True air speed
Flight patterns

Signal rate

Difterent flight speeds at constant height
Steady-heading sideslip and during curve flight
Variation of speed

* Racetracks

* Full circles at half-bank, full-bank, 45° and 60°
* Phugoid oscillations at 15° and 15° pitch angle
Flight environment (aerosol concentration)
*Flight at different altitude

*Flight over lidar reference station

*Flight within planetary boundary layer
*Marine aerosol

*Urban aerosol

*Saharan dust

@ Springer



Flight testing of laser-optical techniques for future optical air data sensors

Oberpfaffenhofen airport served as the base for this cam-
paign, with all flights taking place within the temporary
reserved airspace in the Allgdu area (TRA Allgédu). This
campaign primarily aimed to assess basic functionality.
Thus, it included tests of racetrack patterns at various alti-
tudes up to flight level 400, as well as variations in angle of
attack and angle of sideslip. In each flight, a low pass was
made over the ground lidar (ceilometer) station at Hohen-
peissenberg to allow the comparison of the instrument’s per-
formance with a reference measurement of aerosol content
in the air masses.

The second campaign, based in Braunschweig, lasted
approximately 24 flight hours and included transfer flights
between October 17 and October 28™, 2022. The aircraft
was equipped with the instrumentation in Oberpfaffenhofen,
enabling the transfer flights to serve as measurement flights
as well. All except one flight took place over the North
Sea, where clear air conditions were encountered and more
dynamic patterns, such as phugoid oscillations, full circles
at high bank angles, and other maneuvers, were tested. The
LDA instrument, in particular, benefited from a high vari-
ability in atmospheric conditions, with clear air conditions
serving as a challenging test case due to the technique’s reli-
ance on the presence of atmospheric aerosols.

4 Results
4.1 Laser Doppler anemometry

Figure 9 presents a comprehensive evaluation of data from
one of the flights in the first campaign. The data measured by
the LDA is compared to the noseboom reference, depicted
as a solid red line for all parameters. In addition to true air-
speed (TAS), angle of attack (AoA) and angle of sideslip
(AoS), the GPS altitude, measurement rate (combining all
four channels), and residual histograms are displayed. The
R? correlation values for TAS, AoA and AoS are 0.955,
0.982 and 0.370. The reduced correlation for the angle of
sideslip is mainly caused by just performing a coarse align-
ment of the LDA viewport adapter when mounting it into the
fuselage of the aircraft. Generally, there is good correlation
between the LDA and the noseboom data. Due to the inter-
polation algorithm, increased noise is currently observed
in the LDA measurements. This noise can be reduced by
employing filtering at the expense of measurement band-
width or using a more sophisticated approach, such as a cas-
caded Kalman filter, to regularize and fuse the individual
channels into a vector output. It should be noted that only a
rough calibration has been performed to account for mount-
ing errors of the LDA optics, as well as a linear aerodynamic
correction function. This correction accounts for the mount-
ing position, at which location a rectification of the flow field
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Fig.9 Results of the LDA instrument for April 11%, 2022

is anticipated. For future integration, a mounting position
less prone to such errors should be chosen.

The measurement rate is variable and falls below 1 Hz
at high altitudes or low aerosol content. Throughout the
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campaigns, we observed varying performance in terms of
measurement rate, which is only slightly dependent on alti-
tude above the planetary boundary layer, but more influ-
enced by general weather conditions. This suggests that
some aerosol background was consistently present [4]. We
identified several unoptimized factors, such as photodetec-
tion and digital processing, which negatively impacted the
measurement rate. We believe that with an improved system,
the measurement rate can be increased by at least one order
of magnitude.

4.2 Tuneable diode laser spectroscopy

The first offline evaluation of the TDLAS data after the
flight experiments showed a significant deviation from the
reference static pressure of the nose boom data. Figure 10
displays the evaluated pressure from the TDLAS signal
against the documented timestamp. Both DFB lasers eval-
uating two different line transitions in the oxygen A-band
show consistent results. In this flight, the forward direction
(f) was essentially used for measurements. In comparison,
the pressure evaluated from the TDLAS shows a signifi-
cant offset and the system drops at 12:17 UTC+2 (compare
Fig. 10) compared to the static pressure from the on-board
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Fig. 10 Plot of uncorrected first flight data from April 4%, 2022. Pot-
ted are static pressure, spectroscopic pressure, static air temperature
(SAT) and true air speed (TAS) against UTC+2 time

@ Springer

reference system. This is strongly correlated to the TAS
at the same time, such that it is obvious that the system
still is influenced by the aerodynamics close to the fuse-
lage. Since TAT is correlated to TAS, an eminent change is
also visible there with the change in the evaluated TDLAS
pressure. Therefore, both metrics could be suitable for the
correction of the TDLAS pressure.

Both TAS and TAT were tested to be included in a lin-
ear correction of the spectroscopically evaluated pressure
ProLas- Eventually, TAT did show the better results. The
resulting effective TDLAS pressure p. is significantly
closer to the reference sensor and does not show the speed-
dependent pressure change any longer.

Pett = PtorLas + (TAT — AT) - a o

Nevertheless, the corrected p, still showed a nonlinear cor-
relation to the reference static pressure which was addressed
with a second correction using a polynomial of second order.

PTDLAS, corr = Pefr b +p§ff ‘c+ Ap (8)

The resulting corrected evaluation is shown in Fig. 11
and was achieved with the values given in Table 2. It
was possible to introduce this correction for the whole
flight spanning 2 and % hours. Unfortunately, this
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Fig. 11 Plot of corrected first flight data from April 4%, 2022. Potted
are static pressure and spectroscopic pressure against UTC+2 time.
Correction parameters are given in Table 2

Table 2 Parameters for non-linear correction of TDLAS pressure

a b c AT Ap

260K 36hPa

1.7 x 10742

hPa L 1
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phenomenological correction is not suitable for all flight
days. A more general correction will be part of future
investigations.

5 Discussion and conclusion

5.1 LDA

In this paper, we have presented the flight test results for
a four-channel fiber-coupled reference beam laser Doppler
anemometer (LDA). The system was tested in-flight for over
40 h and remained operational throughout. Our findings
demonstrate a strong correlation between the LDA values
and a noseboom reference sensor. The remaining inaccu-
racies in the results can be mitigated through a more sys-
tematic calibration of mounting errors of the LDA sensor
transceiver and the implementation of correction functions
that account for the aerodynamic influences at the meas-
urement location. The measurement rates varied between
1Hz and over 100Hz depending on atmospheric conditions.
Notably, even in clear air conditions, a measurable signal
was observed, albeit at a lower measurement rate of around
(or less than) 1Hz.

Several strategies can be pursued to enhance the measure-
ment rate in clear air conditions. First, optimizing real-time
signal processing presents an immediate opportunity for
improvement. Second, the current use of APD-based photo-
detectors limits the sensor’s SNR, and substituting them with
alternative photodetectors could yield a fivefold increase in
SNR. Third, the system was constructed using fiber con-
nectors rather than spliced, polarization-optimized splices.
Further options, such as increasing the laser power, could
be explored, but these may have negative consequences for
the size, weight, and power requirements of an LDA-based
optical air data sensor.

5.2 TDLAS

We were able to demonstrate a strong correlation between a
TAT corrected spectroscopically deduced pressure and the
reference system for static pressure over the course of an
experimental flight. Aperture limitations of the optical path
combined with the specific aerodynamic-dependent mechan-
ical properties of the fuselage of the airplane limited TDLAS
measurements to FL 240 and below. Since TAT is not only
dependent on the flight level and the TAS, but also on the
weather conditions and other external influences it is not
surprising that the correction based on the TAT does only
apply for our first flight. More surprisingly, the full correc-
tion of the spectroscopically deduced pressure did perform
better using a linear TAT correction than a linear TAS cor-
rection. Therefore, a thorough evaluation on which flight

data parameters are best suited for the overall evaluation of
the TDLAS data still has to be performed.

5.3 General conclusion

The flight campaign demonstrated the fundamental feasibil-
ity of the tested instruments for measuring the respective
air data parameters. Accuracy, signal-to-noise ratio, and
measurement rates need to be addressed in future work to
meet the requirements for air data instruments. Given the
current state of knowledge, and considering that encountered
limitations were partially attributed to the specific imple-
mentation in this flight campaign, improvements leading
to improved measurement rates and accuracy seem possi-
ble with enhanced instruments and a dedicated calibration
against the aircraft’s noseboom. Both techniques offer the
potential for further miniaturization through deeper opto-
electronic integration, elimination of interfaces between
separate electronic devices, and more streamlined real-time
digital signal processing.
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