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Executive Summary
The FLAIR project addresses the challenge of performing air quality monitoring in complex
urban environments by mounting a high-performance air sampling sensor based on photonic
technology on a drone for pervasive, high specificity and high sensitivity air quality sensing
with large area coverage. Operating in the two atmospheric windows of and wavelength,
FLAIR can detect minute traces of molecules in complex gas mixtures from their
characteristic infrared (IR) absorption fingerprints and provide real time information to the
operator of the drone. FLAIR can operate in remote or dangerous areas and outside of
established monitoring networks.
This document constitutes the second periodic technical report for the project. Its purpose is
to provide a summary of the activities performed during the second year of the project
(i.e. from Mai 2018 to April 2019) and, in particular, to document the progress made towards
the goals of the action, the problems encountered and the barriers overcome. Consistency
with the predicted implementation path in the Description of Action (DoA) is assessed
through an overview of the project’s milestones, the status of deliverables and verification of
expected impacts. Deviations from the predicted effort for each work package (WP) are also
registered and sufficiently justified in this report.
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List of Acronyms
Acronym

Meaning

CAD
COSMO

Computer-Aided Design
‘’Consortium for Small-scale Modeling’’ is a non-hydrostatic limited-area atmospheric
modelling tool
Central Processing Unit
CarbonTracker Data Assimilation System
FLying ultrA-broadband single-shot InfraRed Sensor
Ground Control Station
infrared
Key Enabling Technologies
Non-Uniformity Correction
mid-infrared
multipass cell
National Oceanic and Atmospheric Administration
Part per billion in volume
onboard computer
optical parametric oscillators
quantum cascade lasers
Research and Innovation Action
Supercontinuum
Signal-to-noise ratio
Transmission Control Protocol
Unmanned Aerial Vehicle
Table 1: List of acronyms.

CPU
CTDAS
FLAIR
GCS
IR
KET
NUC
MIR
MPC
NOAA
ppbv
OBC
OPOs
QCLs
RIA
SC
SNR
TCP
UAV

732968-FLAIR-D2.3-List of specifications

Page 6 of 41

List of Specifications for all system and sub-system
parameters
FLAIR - FLying ultrA-broadband single-shot InfraRed
Sensor

1 Introduction
FLAIR - FLying ultrA-broadband single-shot InfraRed Sensor (H2020) is a Research and
Innovation Action (RIA) funded by the European Union’s H2020 programme under the
Photonics Key Enabling Technologies (KET) topic.
The project seeks to address known challenges in the context of the significant effort that is
observed nowadays in active air quality improvement. In order to be successful, these
measures need be complemented by air quality monitoring at large scale to ensure
compliance with air quality legislation but also to provide information for political decision
making regarding air quality and safety. Large spatial coverage is particularly problematic
outside the dense urban network of air quality monitoring stations. FLAIR proposes to close
this gap.
The overarching objective of the project is the development of a compact, cost effective and
high-performance air sampling sensor based on cutting-edge photonic technology, capable
of performing high-specificity and high-sensitivity (ppbv) sensing over large areas as a result
of its installation aboard an Airborne Platform (AP) a drone.
Operating in the two atmospheric windows of and wavelength, the FLAIR sensor aims at
detecting minute traces of molecules in complex gas mixtures from their characteristic
infrared (IR) absorption fingerprints and provide real time information to the operator of the
drone. The whole FLAIR system can operate in remote and/or dangerous areas and outside
of established monitoring networks.
Directly targeted applications include air quality monitoring around industrial infrastructures,
maritime and land based traffic, landfills and agriculture facilities. The sensor can also be
used to coordinate emergency service response in the case of catastrophic events like
wildfires, volcanic eruptions or chemical accidents.
Making the sensor airborne through its integration aboard a AP brings a clear advantage
regarding system deployment and pervasive sensing over large areas. Additionally, due to
the local character of its sensing operation, the FLAIR sensor can also provide data from
inside optically dense clouds and plumes, which are usually not accessible by ground-based
laser remote sensing methods.
Photonics technology is a promising approach to the challenge of air quality monitoring, as it
can provide, in principle, accurate identification and concentration measurements of specific
species in complex environments. Current solutions include several methods for air quality
monitoring, among which are mass spectrometry, electronic noses and optical detection.
While systems based on mass spectrometry are highly sensitive, they suffer from complexity
and high footprint, which hinder integration on a drone. Electronic noses are cheap but suffer
from low accuracy.
Several systems based on light sources operating in the IR range, such as quantum cascade
lasers (QCLs), diode lasers, optical parametric oscillators (OPOs) or frequency combs have
enabled highly sensitive and selective detection of molecules. Such high performance tools,
however, typically remain confined to academic research laboratories due to their narrow
spectral operating window (covering only very few molecules), their operational complexity
and their prohibitively high cost. These are the technical challenges FLAIR is addressing.
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The FLAIR sensor will generate trace gas absorption spectra from which information on the
levels of pollutants can be derived through adequate data processing.
This deliverable is linked to technical WPs 3, 4 and 5 covering the period from November
2017 to October 2018 (second year of the project).

2 Approach
This report was established by the participants listed in the table above, as foreseen in the
project description, and under the lead of CSEM. More specifically, the following steps were
taken:
 establishment of a first structure and draft (12.11.2018);
 contribution from partners (mid December 1018)
 second draft (02.04.2019) and feedback by all participants (12.04.2019);
 Final report (29-07-2019).

3 Project progress overview
Due to technical complications in the construction of the sensor the project is behind in
technical developments and deliverables. Also the activities of one of the partners (DTU) is
temporarily on hold. Due to additional problems, as described below, an amendment for
extension of the project for 9 months will be requested, meanwhile changing the coordinator
of the project (from TEK-AS to RUN) and replacing the flying activities of TEK-AS for
subcontracting partners that can fly the sensor as intended. We think that this extension
improves the chances for a successful outcome of the project .
At the start of the project the coordinator TEK-AS did not transfer in due time the advance
payment to DTU. The EU Commission did sent in September 2018 a letter to TEK-AS,
informing that there was a serious breach of obligations. In the review report upon the
meeting of October 9, 2018 it is concluded by the Reviewers that there is a severe breach of
the Grant Agreement and that TEK-AS must distribute without further delay DTU's prefinancing share. Also as a result of the Review In November 2018 there was a change of
Coordinator from TEK-AS to RUN.
It is intended that DTU will resume their activities as soon as possible, which will only be
when they receive a sufficient amount of pre-payment. The way to receive the full amount
was that TEK-AS will transfer to the partner DTU, They did not and were asked to withdraw
from the consortium The procedure of termination of TEK-AS has started during this
reporting period TEK-AS leaves the consortium. The Consortium did already study
alternatives for flying the sensor in an AP .These actions will take place in the early spring of
2019 after the amendment for changing the Grant Agreement.

4 Laboratory spectroscopy (WP3) results
WP3, led by RUN, is dedicated to laboratory spectroscopy providing baseline knowledge
regarding the relevant gas species as defined at the proposal stage. Four tasks are involved,
and all the associated deliverables are completed within the reporting period.

4.1 Spectroscopy data and preliminary experiments in the gas
analysis of the relevant species
This task has been completed within the first three semesters of the project, leading to the
delivery of the report deliverables D3.1 16th of April 2018 (i.e. report on the list of relevant
732968-FLAIR-D2.3-List of specifications
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input parameters for WP4). Experimentally, a variety of spectroscopic approaches have been
explored in the laboratory environment for trace gas detection in the 2 – 4 μm wavelength
region by using a test supercontinuum source from NKT. In addition, various state-of-the-art
laboratory-scale literature results have been reviewed, providing in-depth understanding of
the advantages and disadvantages of different laser-based trace gas detection techniques.

4.2 Identification of optimal wavelength working windows
This task has been completed within the first half of the FLAIR project, leading to the delivery
of two deliverables (i.e. D3.2 and D3.3 18 th of April 2018 and 18th of July 2018). A reference
database has been established, including 11 gas species in the same condition (i.e. 1 ppm
concentration, 1 atmosphere, 1 meter optical pathlength and 25 oC) for both the 2 – 5 μm and
8 – 12 μm windows. An overview of this database is shown in Figure 1-A. The optimal
wavelength windows at ppm level for the individual species were identified by considering
2% H2O as the main interference source. An example is shown in Figure 1-B for detecting
NH3. Furthermore, the effect of cross interference among various gas species of interest is
also explored.

Figure 1: (A) An overview of the established database. (B) Identified optimal wavelength
windows for detecting NH3 in the presence of 2% H2O.

4.3 Test gas cell for species of interest
While SenseAir is developing a multipass cell for the FLAIR project, a commercially available
cell from Aerodyne Research Inc. has been tested in the laboratory environment at RUN.
Figure 2 shows an example of the cell when properly aligned with a HeNe laser. The
associated report deliverable D3.4 has been completed (18th of July 2018).
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Figure 2. Multipass laser patterns at the front (top left) and rear mirrors (bottom left) of the gas
cell, and the associated optical alignment (right).

Importantly, due to the unsatisfactory performance of the commercially available PbSe
infrared camera from NIT (not the prototype to be developed in the scope of the project), the
signal-to-noise ratio of the detected pattern in the 2D spectrometer was lower than expected
and a high-quality spectra could not be retrieved from it, as explained in detail in deliverable
document D3.1. As a fall-back solution, RUN developed two alternative laboratory-based
spectroscopic methods in combination with the test gas cell to assess the best achievable
performance parameters. The first system is an up-conversion based spectrometer using a
near-infrared line camera, and the second system is a grating based spectrometer using a
galvo scanner and a mid-infrared (MIR) HgCdTe photodetector. The performance is
summarized and compared in
.
Table 2: Performance comparison of the two spectrometers developed at RUN.
Up-conversion based
MIR grating-based
Parameter
spectrometer
spectrometer
Spectral coverage

~700 cm-1 (~800 nm)

~430 cm-1 (~500 nm)

Spectral Resolution

~5 cm-1

~3 cm-1

Typical detection limit

~300 ppb @ 1s

~800 ppb @ 1s

Long term stability

Up to ~1 s

Up to ~10 s

Robustness

Low

Medium

Power consumption

High

Low

Price

High

Low

4.4 Spectroscopic data processing for real time monitoring
This task focuses on noise reduction and fast multi-species detection on the basis of data
processing. Efforts have been made to develop fast signal processing algorithms using
simulated spectroscopic data with intentionally added noise. Three techniques are applied
including direct averaging, digital lock-in detection, and least-square global fitting. The
algorithms are implemented into the LabVIEW and MatLab platforms for visualization and
732968-FLAIR-D2.3-List of specifications
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evaluation. Two associated deliverables are completed by the end of this reporting period,
including D3.5 (spectroscopic data processor for real-time monitoring 20th of November 2018)
and D3.6 (report on the procedures to fast collect/process spectroscopic data 20 th of
November 2018). An example of the developed graphic user interface is shown in Figure 3.

Figure 3. The graphic user interface of the real-time spectroscopic data simulator based on the
least-square global fitting algorithm.

5 Sensor subsystems development (WP4) results
Work package 4, led by CSEM, includes the development of the FLAIR sensor itself,
comprising the development of each subsystem and final integration and prototype testing.
Lead partner

CSEM

Contributing partners

TEK-AS, SA, NKT, NIT, RUN, DTU, EMPA, CSEM

5.1 Supercontinuum sources
5.1.1 2-5 m source
The laser system being developed in FLAIR by Consortium member NKT in Task 4.1 is a
supercontinuum source that aims to cover a broad spectral range in the mid-IR region from
2-5 µm, to be used for atmospheric sensing of air quality and pollution. The plan of the
project was to make two generations of the source D4.1, an initial version which would still
be small enough to be integrated on the drone, and D4.1, an optimised version with
improved output power and spectrum for the final system. The D4.1 supercontinuum source
developed for the FLAIR project consists of two main parts which both require consideration
when packaging into the small 80x120x46 mm casing. The first is the amplified laser diode,
control circuitry, and interfacing electronics. The second part of the laser source is the series
of optical fibres including passive silica, rare-earth doped silica and ZBLAN. In order to allow
the integration of the drone in the FLAIR system the D4.1 source was developed to be the
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most compact and lightweight supercontinuum source ever manufactured. The very tight
constraints this gave on the fiber packaging ended up making the packaging of the source
much more challenging than expected which delayed the completion of the source. However,
the source was delivered to CSEM in August 2018 and ended up fulfilling the original goals
of the project. The physical package of the source and its output spectrum can be seen in
Figura 1 and Figura 2 respectively. The total output power of the source after heat-up was 35
mW at a repetition rate of 30 kHz and a pulse length of 3 ns. Additional information on this
system can be found in the D4.1 deliverable report. (20th of November 2018)

Figura 1: Packaging of the D4.1 supercontinuum source showing compact 80x120x46 mm
dimensions and output armoured cable with glass ferrule on the output.

Figura 2: Output spectrum of the supercontinuum light source.

As the focus of the project had shifted to use the larger AR5 drone instead of the AR3 due to
size constraints and lower launch stresses the exact size of the source became less critical.
In order to reduce the risk of delays related to packaging it was therefore decided to use a
larger 5.5x14.5x22.5 cm package for the D4.2 system, see Figura 3. It is expected that the
output power of this second system will be 200 mW at a repetition rate of 200 kHz and that it
will have an output spectrum optimized to emit in the 3.2-3.4 µm region where methane has
its peak absorption. Once this system is completed the D4.2 deliverable report describes
this system in greater detail. (5th of April 2019)
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Figura 3: Packaging of the D4.1 supercontinuum source showing compact 80x120x46 mm
dimensions and output armoured cable with glass ferrule on the output.

5.1.2 8-12 m source
Some activities have been performed on the 2.9 µm seed laser in collaboration with Miriad
Technologies Ltd. However, due to the financial problems within the consortium, the
developments at DTU has been put on hold for this period. It will resume as soon as the
issue is solved and expected to be resumed in 2019 . The procurement of the non-linear fibre
needed to produce the SC between 8 and 12 µm has been on hold.

5.2 Multipass cell
During this reporting period the multipass cell (MPC) development accelerated to full speed.
One of the activities was to measure the reflectivity performance of different commercially
available mirrors having different mirror coatings. A measurement setup was used (Figure 4)
based on a Perkin Elmer Spectrum Two FTIR instrument equipped with a Pike 10 reflection
measurement accessory.

Figure 4: FTIR mirror reflection measurement setup.
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Repeated measurements were carried out by putting samples in and out a number of times,
which showed that the measurement repeatability of the mirror reflection coefficients R was
about +/- 0.1%. An initial set of mirror test samples, having protected Silver and protected
Aluminum coatings, was purchased from the optical component suppliers EKSMA and
Thorlabs, Inc. Using the protected Silver coated mirror from EKSMA as a reference, the
spectrally resolved reflectivity of all mirror samples were recorded and compared (Figure 5),
but more mirrors from different vendors will be studied in the near time to come.

Figure 5: Measurement repeatability of spectrally resolved mirror reflectivity.

The MPC transmission performance, when the different sets of mirrors are applied at 35
reflections, equal to 10,8 m path length, were calculated based on the different reflectivity
measurements. The outcome shows large variations in system transmission, which clearly
illustrates the importance of choosing appropriate mirror for this task. The calculated relative
MPC transmissions are displayed in Figure 6.

Figure 6: Estimated laser beam transmissions of MPC for three different types of mirrors.
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Regarding the MPC glass mirror alignment procedure, we continued to gain practical
experience with the setup reported previously (Figure 7, Figure 8). From this experience we
find it realistic that with proper mirrors, and a laser entrance beam diameter < 1 mm, to
manage configurations with up to 72 passes along the 30 cm long cell (21,6 m) using this
concept.

Figure 7: The second multipass cell design and its prototype in operation in the lab.

Figure 8: Laser beam pattern on the surface of the White cell entrance mirror.

In order to facilitate a small series production of low weight, pre aligned MPCs, plug-and-play
for the FLAIR system, we developed an alignment jig having all precision adjustment facilities
on board. In this jig the MPC optical core is aligned for a predetermined number of beam
passes in the range 4-72 times (equal to 1.2-21.6 m pathlength), where-after the mirrors are
fixated and permanently glued in position (Figure 9). When the glue is cured, the MPC optical
core can be removed and integrated into the rest of the system.
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Figure 9: Mirror trimming equipment for producing MPC optical cores.

A dedicated thermos was designed (Figure 10) for hosting the MPC optical core in a thermomechanical stable environment. The interface parts of this thermos towards laser beam
input, and beam output to the VIPA, is still under design, as also is the gas handling
interface, and gas pre-heating, to be part of the final thermos housing.

Figure 10: Thermo-mechanical assembly for MPC optical cores.
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A sample gas ventilation system was designed as an integral part of the thermos-mechanical
assembly. It will consist of a sample air temperature heater/regulator at the gas inlet section,
and a transverse gas flow distribution system through the measurement space region inside
the MPC optical core (Figure 11). These sub-parts are still under development.

Figure 11: Sample gas flow distribution details in the MPC thermo-mechanical assembly.

Once the development of the complete FLAIR MPC system is finished, the important
characteristics of this one will be compared to the Tornado T5 reference commercial White
cell (Figure 12), such as gas absorption pathlength, beam power transmission, MPC weight,
sample air exchange rate, hardware cost.

Figure 12: Commercial multipass cell Tornado T5.
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5.3 Gas Handling System
A first design of the gas handling system has been assembled at CSEM based on RU
laboratory setup design (shown on Figure 13). It will serve in calibrating the FLAIR sensor
with known and controllable gas mixtures (CH4 + N2, and possibly extension to N2O or CO2).

Figure 13: Schematic of the configuration for the tests to validate the Gas handling system
design (from RU).

Unexpected long delivery time for the mass flow controller delayed somewhat the assembly
of the system. In the meantime, 100 mm long gas cell with calibrated amount of gas have
been procured (Wavelength References, Inc.), according to Table 3, in order to align the
spectrometer and understand its performance and limitations. The multi-specie detection
capability of the system can be tested by combining cells with different gas, and also taking
into account air compounds like water vapour and CO 2. A measurement campaign based on
this concept has been started.
Table 3 List of gas cells ordered for testing the spectrometer design.

Concentration (atm) 1.000 0.500 0.250 0.100 0.050 0.025 0.010
pure CH4
X
X
X
X
pure N2O
X
X
X
X
X
X
X
A preliminary design for the flying system has been put together (Figure 14). It is based on
the laboratory design and on information found in literature. Its primary purpose is to check if
it can be made compact enough to be placed within the UAV bay.
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Figure 14: Preliminary design of the gas handling System (to be validated).

Preliminary laboratory tests have been started, however CSEM is waiting for up-to-date
specifications on the multi-pass-cell design, in particular concerning the final volume, flow
rate, and pressure drop within the cell. Moreover, pressure, temperature and flow-rate
sensors could be advantageously placed within the multi-pass-cell.

5.4 2D spectrometer and imaging optics
5.4.1 Laboratory setup
A laboratory version of the VIPA based 2 dimensional spectrometer has been assembled, as
pictured in Figure 15. It is composed of the SC source (NKT, first delivered MIR system)
connected to a mirror based collimator (Thorlabs RC04APC-P01), followed by an optical
band pass filter (e.g IWBP3700-4500). The purpose of the filter is to narrow the optical
spectrum to avoid overlapping of modes on the detector, and to absorb the remaining seed
laser at 1.6 µm. The gas cells can then be placed on the collimated portion of the beam.
Alternatively, additional mirrors can be placed to direct the light towards the MPC, once it will
be delivered. A cylindrical lens (Thorlabs LJ5027RM-E) focusses the beam on the VIPA
(Lightmachinery, Inc. OP-7553-3000-1 Rev A). A portion of the vertically dispersed light is
then dispersed horizontally by a ruled reflective diffraction grating (Thorlbas GR2550-30035).
A metallic off-axis parabolic mirror (Thorlbas MPD2151-M01) images the 2D dispersed
spectrum on the NIT PbSe Camera developed within the frame of the project.
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Figure 15: VIPA based 2D spectrometer setup. (top) sketch (bottom) laboratory realization.

Before getting some absorption patterns, CSEM encountered difficulties to align the
spectrometer (lack of experience with MIR optics and with VIPA optics, very weak signals,
high noise on the 2D detectors, measurements artefacts).
Since some faint signals could nevertheless be observed, CSEM decided to implement a
lock-in detection in order to improve the signal-to-noise ratio. It is implemented by adding a
chopper wheel (Thorlabs MC2000B-EC) at the output of the SC collimator, and posttreatment of the collected NIT camera frames. This allowed to clearly resolve 2D patterns
(Figure 16), but it was not possible to interpret them, as they did not correspond to what was
expected from literature and ZEMAX simulations.
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Figure 16: Recorded frame of the official FLAIR prototype camera on a measurement artefact.

Additional simulation and alignment work has been performed to solve this issue. It was later
discovered that the coating of the VIPA somehow detached itself from the bulk material. A
new VIPA has then be ordered.
During the time necessary for delivery, some additional tests have been made in order to get
more experience with gas detection and MIR optics. For example, the optical spectrum of the
SC source has been measured using a FTIR spectrometer (Thorlabs OSA207) after passing
through a 3.7 to 4.5 µm band pass filter (IWBP3700-4500). Two measurements have been
performed: one without a N2O reference cell in the optical path and one with a N 2O reference
cell in the optical path (Figure 17). The difference between these two measurements (light
blue data) correspond to the absorption of the N2O reference cell.

Figure 17: Results from the optical spectrum analyser from Thorlabs.

When the new VIPA arrived, the 2D spectrometer could finally be aligned, and the first
absorption measurement were performed (Figure 18). Notice that before the implementation
of the lock in, the absorption line could only be barely recognized on the acquired images.
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Figure 18: Left: 1000 frames averaged without lock-in; right: Lock-in demodulation on 1000
frames.

In order to understand where the power is lost, power measurements have been performed
in order to estimate the transmission factor of some optical components of this setup. Table 4
shows the results of this measurement.
Table 4: Transmission losses of the setup.
Optical
Element

Remaining power after the
element [mW]

Element Transmission
[%]

43.2

Depends on the
bandwidth

Cumulated
Transmission [%]

Bandpass
filter
Cylindrical
lens
VIPA

37.2

86.1

86.1

11.66

31.3

27.0

Grating

3.81

32.7

8.8

OAP mirror

0.65

17.1

1.5

If we take into account all optical components (including the off-axis parabolic mirror), and
only the signal of interest reaching the NIT Camera, only 1.5% of the SC light passing
through the IWBP3700-4500 filter reaches the detector.
To this number, we have to add the losses by reflection within the MPC. This number is not
yet known. Assuming a MIR enhanced metallic coating (e.g. Thorlabs M02), the transmission
of the MPC would be less than 72% for 9.6 m path length, and even drop to below 52% for
19.2 m.
The tests with the different N2O reference cells have then been carried on. The detector size
of the camera is not big enough to get the full spectrum of the source from 3.7 to 4.7 µm in
one frame (128 × 128 pixels).
Concerning the vertical axis of the detector, it is not critical because it can be adjusted with
the angle of the VIPA in order to get the absorption patterns once or several times. Getting
several times the absorption patterns will allow to make an average of the detected signal.
Figure 19 shows a part of a recorded spectrum with a N2O reference cells in the optical path;
the two lines show roughly the limits of the absorption patterns which is repeated on these
recorded data.
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Figure 19: Part of the recorded spectrum; the two white lines are the limit of the absorption
patterns which are repeated within the recorded data.

Concerning the horizontal axis, the off-axis parabolic mirror has been tilted using its mount in
order to record the full spectrum. Figure 20 shows an overlap of approximately 47 pixels
between two frames which have been recorded by adjusting the angle of the mirror by one
full turn.

Figure 20: Condition of the measurements of the full spectrum of the N2O reference cells.

Figure 21 shows the results of these tests. As one can see, the limit seems to be between
0.025 atm and 0.01 atm. However, we noticed that some absorption patterns remained even
without the N2O reference cells in the optical path.
1.00 atm

0.50 atm

0.25 atm

0.10 atm

0.05atm
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0.025 atm

0.01 atm

Figure 21: 2D spectra recorded with different N2O concentration (pure N2O in gas cells)

By using HITRAN simulations, we could identify that these strong absorption patterns are
due to CO2 (Figure 22). We could also identify that the image was reversed; these patterns
located at the left of the recorded spectrums (Figure 21) are between 4.1 and 4.2 µm (Figure
17 shows that the source goes from approximately 3.72 µm to approximately 4.20 µm).

Figure 22: Results from HITRAN simulations (the red rectangle represents the strong
absorption pattern we can see on the camera without N2O reference cell).

A first working version of the control of the camera that includes the results using the lock-in
is being implemented and all the camera parameters will be tested in order to get the best
combination.
The next steps are now to understand the interaction between two gases; the two selected
gases for the tests are N2O and CH4. CH4 reference with pressure cells of 0.025 atm, 0.05
atm, 0.1 atm and 1 atm have been ordered. Once these cells will be received, tests will be
performed to try to distinguish then depending on the pressure cells.
However the performed tests have shown that, once the multipass cell will be integrated to
this configuration, the dynamic range will remain too low for the detection of trace gas. It has
been estimated this configuration is two orders of magnitude too low.
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That’s why another configuration using an echelle grating instead of a VIPA will be soon
tested; Zemax simulations of this configuration have already been performed and the
components will be soon ordered.

5.4.2 UAV compatible setup
In parallel of the laboratory work, CAD design on the 2D spectrometer that has to fit in the
payload bay of the UAV (AR3) has been done.
Figure 23 shows this preliminary CAD design. The top right Figure shows a configuration
where the output of the source is directly connected to the input of the MPC cell; it simplify
the alignment of this part of the system. The top right Figure is a configuration where the
laser beam has to be aligned to the input of the MPC cell.
However due to unforeseen challenges encountered by Senseair in the realisation of the
FLAIR MPC, the commercial MPC used by RU (Figure 2) has been bought by CSEM as a
backup solution. A new CAD design taking into account this element has been done in order
to verify if it could fit inside the AR3 payload bay (bottom Figure in Figure 23).
However, because of the footprint of the MPC cell and the available weight of the payload
bay the AR3 could carry, it has been decided to use the AR5 that allows more flexibility in
terms of size and weight (March 2018).

Figure 23: CAD design of the 2D spectrometer.

One of the principal challenge of this task is to design a 2D spectrometer that fit inside the
payload bay of the UAV without re-aligning the instrument since it is very challenging to align
a mid-infrared instrument.
Figure 24 shows the available volume of the payload bay of the AR5. The FLAIR
demonstrator is being designed to fit inside a 310 mm diameter cylinder with a maximum
height between 356 and 423 mm; this takes into account all the components that constitutes
the 2D spectrometer.
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Figure 24: Available volume of the payload bay of the AR5.

Figure 25 shows the final design of the CAD model of the optical bench of the 2D
spectrometer using the configuration with the VIPA, grating and MPC.
After the laser output, a focusing lens and two mirrors are placed in order arrive at the input
of the MPC with an in half-angle of 3.2° and focused at the middle of the MPC. After 90
passes corresponding to a 18 m path length (configuration of the MPC bought by CSEM), the
laser beam goes out of the MPC with an out half angle of 3.2° to a cylindrical lens. The laser
beam goes then to the VIPA and a grating in order to disperse the laser beam in 2
dimensions. It goes then to an off-axis parabolic mirror to display the results on the FLAIR
camera.

Figure 25: CAD design of the 2D spectrometer using VIPA, Grating and commercial multipass
cell.

Discussion between CSEM and Senseair discussed about possible improvements on the
Senseair multipass cell design which will be produce by Senseair in order to have more
flexibility in terms of alignment of the 2D spectrometer (interface between the output of the
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source and the input of the multipass cell and the output of the multipass cell). Final size and
weight are also being discussed.
Figure 26 shows the electronic boxes (computer and laser box) for a total estimated weight
of 4.2 kg.
The computer which has been purchased by CSEM is the QDSP-6001T from Quanmax
which can be operated from -20°C to 70°C. Its weight is 1.6 kg.

Figure 26: electronic boxes (computer and laser box).

In order to install the instrument inside the payload bay of the UAV without re-aligning the
instrument once it is inside, an interface between the gas handling system, the optical bench,
the electronics and the UAV shown in Figure 27 has been planned. The weight of this
interface is estimated to be around 3.3 kg.

Figure 27: interface between the gas handling system, the optical bench, the electronics and
the UAV.

Figure 28 shows this complete configuration to be put inside the payload bay of the AR5. It
includes the gas handling system, the optical bench, the electronic boxes and the interface
between these elements and the UAV.
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Figure 28: 2D spectrometer to be put inside the payload bay of the AR5.

As one can see, two positions of the FLAIR camera are displayed in this Figure. The one
which is located outside the optical bench correspond to the actual position of the camera in
the laboratory.
Unfortunately this position doesn’t fit inside the allocated volume of the payload bay of the
AR5 (Figure 29); this configuration is indeed 90 mm too long compared to this allocated
volume. Zemax simulations have shown that changing the focal length of the off-axis
parabolic mirror, and using a different VIPA would permit to fit the camera within the
allocated payload bay volume.

Figure 29: 2D spectrometer inside the payload bay of the AR5.

CSEM estimated that taking into account this current setup configuration (with the
commercial MPC) and the UAV velocity, a measurement every 56 m could be performed.
This value has been estimated considering the UAV speed to its minimum which is 81 km/h
[D2.3] and a flow capacity of the pump equal to 6.5 L/min. The limiting factor is currently the
time needed to replace the gas inside the MPC.
However this value doesn’t take into account the lengths of the tubes, the mass flow
controller, the pressure controller…
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The tests that are currently performed in the laboratory (Figure 13) will provide us more
precise information about this statement.
If the tests show that the time needed between two measurements is too long, the solution to
reduce the distance between two measurements could be to buy a new pump which has
higher maximal flow capacity value (maximal flow capacity of the current pump is 6.5L/min).
Concerning the humidity effect, CSEM planned to maintain the system at a constant
temperature of about 50°C. Indeed the AR3 payload bay size was too short to maintain to full
system inside this available volume. So a part of the system was planned to be outside and it
was planned to protect it.
Since it has been decided to use the AR5 instead of the AR3, as mentioned earlier, the full
system will be in a closed box protected from the outside environment. The only interaction
of the system with the air will be using tubes that will be directly connected to the MPC and
no interactions will happen with other parts of the system. There is now no need to maintain
the system at a constant temperature of about 50°C to prevent humidity condensation on the
optics. The MPC mirrors will be heated in order to avoid condensation [D2.3].

5.4.3 Laboratory work on the 8-12µm setup
Concerning the 8 - 12 µm setup, CSEM purchased a Thermopile Array Application Set HTPA
80x64d L0 FSaphir A (Heimann) to test it. The manufacturer of this element explained us the
“gas filling effects” on it:
“N2 has lowest signal (call it „1“)
Xe increase signal by factor 3
Vacuum may increase signal by factor 10…15.”
The camera has first been characterized in terms of stability via an Allan deviation
measurement. Figure 30 shows a frame which has been recorded using this camera and a
vertical profile. Tests have shown that the Allan deviation is approximately equal to 8.34×103
. Figure 31 shows the pixels which have been considered to assess the Allan deviation.

Figure 30: Vertical profile using the thermopile Array Application Set HTPA 80x64d L0 FSaphir
A (Heimann).
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Figure 31: Yellow squares: Pixels considered to assess the Allan deviation. Bottom: Allan
deviation.

Since the sensitivity could be improved under vacuum, it has then been decided to test this
element to see the effect. Figure 32 and Figure 33 show the results. It shows that the Allan
deviation can be improved under vacuum. However, during these tests, the camera was
operating at ≈ 4 Hz.

Figure 32: Left: Recorded frame at a pressure of 590 mbar. Right: Recorded frame at a pressure
of 25 mbar.
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Figure 33: Allan deviation using the HTPA 80x64d Heimann camera at different pressure.

Zemax simulations for the 8 - 12 µm setup configuration have been performed showing a
little difference compared to the 2 - 5 µm setup configuration (distance between the optical
elements).

5.5 PbSe Camera
After supplying the PbSe camera, during the 2nd period of justification NIT has been
developing new features and improving and adapting the existing one to the FLAIR
requirements. camera software
the following activities:


Development of specific features in the acquisition and visualization software of the
FLAIR camera.
o

Development of a lock in mode algorithm for increasing SNR. Figure below
shows images obtained with FLAIR camera without (left) and with (right) lock
in mode acquisition (Figure 34).
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Figure 34: images obtained with FLAIR camera without (left) and with (right) lock in mode
acquisition.

o

Development of an averaging algorithm for increasing SNR in the visualization
software.

o

Advanced bad pixel correction management.

o

New visual interface including median filters, 3D representation, histogram
adjust graphs interface (Figure 35)

Figure 35: New visual interface including median filters, 3D representation, histogram adjust
graphs interface

o

Development of advanced NUC algorithms

o

One-pixel frequency analysis (FFT)
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Figure 36

o

High speed windowing mode with snapshot acquisition (SNR reduction)

o

Study of strategies for improving thermal management of FLAIR camera. NIT
is carrying out thermal simulations in order to reach better temperature
stability in the sensor. It is an important issue for FLAIR sensor and the
application demands to optimize the instrument. Figure 37 shows thermal
simulations done for studying the impact of passive radiators in the
temperature of the camera.

Figure 37: Thermal simulations done for studying the impact of passive radiators in the
temperature of the camera.



Support to CSEM in analysing data during commissioning and assembly phase.



Supply of additional cameras for software developing and further laboratory trials.
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5.6 Data processing algorithm
The algorithm aims in the extraction and identification of the absorption spectrum of the
currently investigated sample from the series of images recorded by the infra-red camera.
Figure 38 depicts the block diagram of the algorithm.

Figure 38: Block diagram of the algorithm.

The processing encompasses the following steps:








Lock-in demodulation: In order to remove the low-frequency noise of the camera
sensor the laser light is modulated in order to provide a lock-in system. The
demodulation operates in two steps: the modulation frequency is estimated from the
total received amplitude from the image series (sum of the lines and columns). The
accurate estimation of this frequency is required because the a priori value used in
the optical system can be slightly different in the acquired image sequence because
the clocks of the two systems can be different. In order to obtain the final image, each
pixel time series is projected on complex reference signal (sine and cosine at the
estimated modulated frequency) and the norm is averaged to obtain the pixel value.
Compensation of optical distortions: In this block the measurement image is
normalised by a reference image (image obtained by the same optical setup but
without gas sample) in order to have a resulting image whose amplitude that
corresponds to the amount of light transmission. Eventual residual distortions (nonflat response due to the non linarites of the pixels) are also compensated.
Upsampling and filtering: The image is upsampled (e.g. by a factor 10) and the pixel
values are low-pass filtered using a Gaussian filter. The spatial frequency of the filter
is adjusted to preserve the structure of the spectral lines.
Image rotation: The image is then rotated such as the spectral lines are aligned with
the vertical axis. The optimal rotation angle is estimated using an adaptive algorithm
that simultaneously maximises the variations on the sum of the columns and
minimises these oscillations on the sum of the rows.
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Extraction of the spectral lines: The spectral lines (verticals after rotation) are
identified from the image (automatic detection of the horizontal position of the lines)
and extracted.
Spectrum reconstruction: The different spectral lines extracted from the image (or
from a series of images) are recombined to reconstruct the continuous transmission
spectrum. The reconstruction algorithm is based on the fact that consecutive lines
contains overlapping information.

Figure 39 presents an illustration of the processing pipeline. The first image is obtained after
the demodulation of the lock-in acquisition. The second image depicts the image obtained
after the normalisation by the reference image. Finally the last image presents the image
after the alignment of the spectral lines with the vertical axis (rotation).

Figure 39: Illustration of the processing pipeline.

Figure 40 present the reconstructed spectrum by the combination of the different spectral
lines (each different colour represents a spectral line).

Figure 40: Combination of the spectral lines to estimate the transmission spectrum.

The inspection of the result presented in Figure 40 highlights the problems that remain to be
solved. These problems are mostly in a suboptimal configuration of the acquisition process
and are summarized below:


High noise level: Theoretically the maxima of transmission should be represented by
a “flat” level with a value of 1. In the signal of the previous figure this level exhibits
important fluctuations. These fluctuations originate from two causes: 1/ the received
signal power is low on the sensor and results in important quantisation of its level, 2/
the reference image used to normalised the signal and obtain the normalised
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transmission spectrum is not obtained in exactly equivalent optical conditions (the
introduction of the gas cell in the optical path affects slightly the light transmission.
Only the main absorptions are visible: The actual signal quality is not sufficient to
separate the small absorptions from noise variations.

In order to obtain a reliable estimation of the transmission spectrum the following points
remain to be processed:






Optimisation of the acquisition process: Iterative optimisations of the acquisition
process are required in order to improve the quality of the signals. This optimisation
has to focus on the improvement of the dynamic range the acquired signal and in the
optimisation of the optical setup to minimise the difference in focalisation of the
reference (without sample) and measurement (with sample image). The later point
can be improve by conjointly optimising the optical setup and by adding an ad hoc
algorithm that compensate the focalisation differences between the reference and
measurement images.
Mapping of the reconstructed spectrum: In the actual version of the algorithm the
reconstructed spectrum in expressed in pixels. A calibration algorithm will be
developed to map this spectrum into physical meaningful scales. This algorithm will
use the measurements of gas samples with known spectrum and find the
correspondence. The algorithm will take into account the possible warping that exists
between the spectrum expressed in pixels and the spectrum expressed in physical
scales.
Estimation of mixed samples. The last block that will be developed is an algorithm
that, from a spectrum resulting from mixed gas, estimates the kind and relative
quantities.

5.7 Control electronics
This task consists on the definition of the hardware and software interfaces between the
spectrometer CPU and the UAV flight control CPU.
The following components have been purchased:
- CPU (QDSP-6001T: operational temperature from -20°C to 70°C)
- Optical chopper (Model 360C from Scitec Instruments Ltd)
- Pump (N 86 KNDC from KNF Neuberger AG)
- Mass flow controller (FG-201CV-RAD-22-V-DA-000 from BRONKHORST
(SCHWEIZ) AG)
- Pressure controller (P-502C-1K1A-RAD-22-V from BRONKHORST (SCHWEIZ) AG)
Figure 41 shows an overview of the hardware that has to be connected to the UAV and the
corresponding voltages.
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Figure 41: Overview of the hardware which has to be connected to the UAV.

The control of the source has already been implemented. Concerning the control of the
camera and the results of the lock-in, a first working version has already been implemented.
They are implemented using LabView.
The optical chopper that has been purchased for the final system will be soon received and
next step will be to implement it.

6 Other
6.1
The test measurements with the FLAIR sensor as foreseen in WP6 can only be initiated as
soon as the sensor development has been finalized. This has not yet been achieved.
However, EMPA has already started with preparation activities for validation and for targeted
applications of the FLAIR sensor when operated on the UAV as foreseen in WP6. Thus,
EMPA has set up the atmospheric transport model COSMO-GHG for the domain of
Switzerland to simulate atmospheric trace gases such as CO 2 at high spatial resolution (2km
x 2km). The COSMO-GHG model was extended with a data assimilation component using
the CarbonTracker Data Assimilation System (CTDAS) based on the Ensemble Kalman
Filter. The CTDAS was originally developed at NOAA for global-scale applications. By
replacing the global atmospheric transport model TM5 originally integrated in CTDAS by the
regional atmospheric transport model COSMO-GHG, we were able to generate a highresolution assimilation system that is well adapted to the spatial scales relevant for the
FLAIR project. The developed modelling system has been tested with synthetically produced
observations, and is currently being tested with real observations from the Beromünster
reference station and a few other sites in Switzerland.
This developed advanced modelling system allows the calculation of three dimensional
concentration fields. It can therefore be used for an efficient analysis and evaluation of the
data collected during the demonstration and validation measurements within WP6 on spatial
scales that are larger than only the near vicinity of the reference measurement stations.
Moreover, the usefulness of the FLAIR sensor system for improving the understanding of
atmospheric processes can be demonstrated by comparison of measured concentrations
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Figure 42: COSMO numerical weather forecast model coupled with CTDAS.

6.2 UAV adaptation and instrumentation
During the second year of the project, TEK compiled vibration and acceleration data from
typical AR5 flights in order to build representative temporal profiles of the mechanical stress
that the sensor is expected to be subjected to during the different flight stages from take-off
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to landing. These measurements are plotted in Figure 43-Figure 45 for the different reference
body axes. The magnitude of the signals collected, when compared with the ones obtained
previously for the AR3 UAV (presented in deliverable D2.2), lead to the conclusion that the
AR5 platform poses fewer constraints on the mechanical robustness of the sensor, which
may further facilitate its development. This conclusion is supported by the values presented
in Table 5. The temperature profile for the payload bay is essentially the same as for the AR3
and therefore does not imply any additional consideration to be taken for the design of the
temperature stabilization loop in the gas inlet system.
Table 5 – Approximate amplitude of acceleration and vibration data for the AR3 and AR5 UAVs.
Take-off
Landing
Vibration
Vibration
acceleration
acceleration
X-Y axes
Z axis
AR3
AR5C

The payload capabilities of the airborne platform have been updated in order to reflect the
change from the AR3 to the AR5. The system is able to provide 300 W of power to the FLAIR
sensor alone at an input voltage of 28 V DC. The power connector has also been defined.
The communication channels in the AR5 are the same as those used in the AR3, i.e., a main
link operating at either 2.4 MHz or 5.8 MHz. Data rates of 1 bit/s are usually feasible and the
Consortium is currently working under that assumption. A UHF back-up radio is also
available for redundancy. So far, TEK and CSEM have agreed on using an Ethernet cable
connection between the FLAIR sensor’s CPU and the payload server which provides an
interface between all payload systems and the onboard computer (OBC). A standard TCP
protocol is being implemented in this connection.

Figure 43 – Typical vibration and acceleration signals for the AR5 UAV – axis.
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Figure 44 – Typical vibration and acceleration signals for the AR5 UAV – axis.

Figure 45 – Typical vibration and acceleration signals for the AR5 UAV – axis.

The most important outcome of the decision to replace the AR3 by the AR5 is related to the
available payload volume and maximum allowable payload weight. In coordination with
CSEM, TEK has defined the available volume into two separate bays – one corresponding to
the usual location on the nose of the aircraft and an auxiliary bay near the fuel tank and
closer to the centre of gravity, as shown in Figure 46. Due to the difference in volume
between both enclosures, it is safe to assume that the sensor itself will be contained in the
fore bay. For this reason, the arrangement of the associated fixation points has already been
communicated to CSEM so that its influence in the sensor integration can be taken into
consideration during its development.

732968-FLAIR-D2.3-List of specifications

Page 40 of 41

List of Specifications for all system and sub-system
parameters
FLAIR - FLying ultrA-broadband single-shot InfraRed
Sensor

Figure 46 – Available payload volume in AR5 system – front and rear bays.

The maximum allowable payload weight has been updated to 15 kg with an initial margin of
3% (or 450 g) to be iterated upon with CSEM based on the weight distribution of the sensor’s
systems and its effect on aircraft static stability.
Adaptation of the Ground Control Station (GCS), which is also foreseen in this task, is mainly
dependent on the development of the on board processing algorithms and the strategy for
transmission of the measurement data, i.e., post flight versus real-time.
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