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ABSTRACT

This paper concerns Frequency Comb LIDAR airborxgesment developed by CNES. This airborne dematuatr
named SCALE has already flown in 2023 and 2024 &ms to demonstrate novel approach to CO2 integiedé&imn
measurement using a LIDAR system based on theatuab spectroscopy principle. Frequency Comb LIDA&Res on
multiple optical frequencies evenly spaced alotayget molecule's absorption line, offering mormpeehensive spectral
information comparetb DIAL LIDAR. Instrument’s theoretical model issessed compared to real airborne data.
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1. INTRODUCTION

As the primary anthropogenic greenhouse gas, aecana cost-effective monitoring of CO2 cycles #uaxes is essential
for a comprehensive understanding of climate dynanin the field of space-borne CO2 research, pasgiectrometers
such as OCO2 [1] (currently in operation), GOSARR MicroCarb [3] and CO2M [4] (planned for futumeissions) are
state-of-the-art instruments. However, passivealspe spectroscopy in the SWIR domain presentsiodimitations:
instrument lineshape limits the spectral resolytmmeasurements can only be conducted during daigirs, and high
latitudes remain inaccessible. Moreover, aerosoismtroduce significant biases, requiring addaianeasurement bands
and complex optical atmospheric diffusion models data correction. Given these various sourcesiad, bactive
measurement of greenhouse gases could bring coraptary data and enhance our understanding of thisigCO2
column, particularly under conditions where passpectroscopy is constrained, such as during nigig; along coastal
edges, in the presence of clouds, and at higludkt.

The ACDL (Aerosols and Carbon Detection Lidar) instent on the DQ-1 satellite represents the fipace-based CO
LIDAR combined with an aerosols channel, develdpgthe Chinese space agency [5]. Similar to thdiNarission [6],
which is dedicated to methane detection, the LIDokRoard DQ-1 is an Integrated-Path Differential @dpsion (IPDA)
LIDAR system. Such type of instrument needs a lyigiticurate knowledge of the frequency emitted,ifeatb complex
laser sources. To overcome limitations of classigBAL systems, several teams proposed to use mualtielength
emission systems [7-10] for future @ODAR missions. Multi-frequency measurements camgle a gas absorption
line, providing important information about the afygion line shape.

Regarding multi-frequency LIDAR for greenhouse gamitoring, the ASCENDS experiment is the most agalished
experimental demonstration so far, with severghflicampaigns [8,11] and a successive emissiop tf 80 wavelengths,
allowing high energy per laser shot and direct at&ia. However, albedo differences during the lgzan can lead to
errors. In this paper, we present the latest reqabitained with SCALE (Short Comb Atmospheric Lidasperiment)
instrument, which combines multi-wavelength LIDARasurement with simultaneous multi-wavelength eprsand
coherent detection, based on the dual-comb speopgsprinciple [12 -15].



2. SCALE INSTRUMENT

Optical architecture is depicted in Fig. 1, andmiastrument parameters are synthetized in Tableng laser source is
a cavity extended continuous-wave (cw) laser (Pawédhics), emitting at 1572.389 nm. Long term agtfoequency drift
is avoided by continuously measuring the emittiry@length with a lambda-meter (Bristol) and coirggit if necessary.
The optical path is split by a 50/50 fibered coupdad each path is phase modulated by electra-opidulators (EOM,
Exail) to create two optical frequency combs [1@ih slightly different repetition rates obtaineg hlifferent RF
modulation frequencies (2.71 and 2.724 GHz).

In this paper, we use the dual-comb spectroscoipgipte in an asymmetric configuration: one fregeyeicomb is the
local oscillator (LO) comb and stays onboard, dreldther comb probes the atmosphere. The probe #E#$5 MHz

frequency shifted by an acousto-optic modulator A@ooch & Housego). This AOM also temporally shafiee CW
optical signal into 1.7 us FWHM length pulses, véth kHz repetition rate. A first stage of Erbiuroged Fiber Amplifier
(EDFA) amplifies the pulsed probe signal. A secstadje of Erbium/Ytterbium-doped fiber amplifier (B¥A, Lumibird)

amplifies the probe comb up to 1 W average powehetent detection being the only way to separatebcteeth from
each other’s, monostatic optical architecture leenlprivileged. The telescope (Vaisala, 500 mmlfd@® mm diameter)
is used for both reception and emission.
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Figure 1. Optical architecture of the SCALE instrument

Infrared camera (Hamamatsu) with a 500 mm homengadeand narrowband filter centered around the lasgelength
is co-aligned with the telescope. It provides thaalization of the laser spot onto the landscapktygmes of targets for the
Speckle study. After retrodiffusion on the grouadattered light is collected by the telescope, mnad on a balanced
detector (Thorlabs, BDX3BF-SP1) with the LO comlaishot-noise limited regime. RF combs obtainedilieeed and
amplified by custom-made analog electronic. Thiea,dignal is digitized at a 1 GS/sec rate and fisillyi custom-made
electronics based on the ZCU216 board, from AMD.

To normalize the comb shape at the emission, &stdator at the EDFA’s output takes a small parthef optical signal
(calibration pulse), which is delayed by a 4 kmicgdtfiber, combined with the LO before detectidrvariable attenuator
after the delay line is used to adjust the ampditofl the calibration signal in the digitizer's dyma range. Thus, the
calibration pulse is temporally separated fromebko pulse and of the parasitic reflection on ih@lane window and
telescope lens. It shares the same detection abdhe echo one. Note that the architecture dhteument is all-fibered.



Tablel

Aircraft

Emitter

Receiver

Instrument parameters

height of flight

Average Power
Pulse Rate
Central wavelfngth
Pulse duration
AOM frequency
EOM A frequency
EOM B frequency

Telescope diameter
Local Oscillator power
Balanced PIN responsivity
Sampling rate

4000 — 6000 m

1w

Bottom margin
1572.389 nm
1.7 ps FWHM
73.5 MHz
2.71 GHz
2.724 GHz

120 mm
9 mw
1.2 AW
1 Gsample /s

3. LEVEL 1SIGNAL PROCESSING

Level 1 describes all the steps going from raw dataormalized optical transmission of the atmosph®n the
photodetector, the heterodyne current is composédmsuccessive interferograms, one for the catibn, and one for
the echo signal. Figure 2 shows typical digitizeteiferograms and associated spectrograms for eatho(blue) and

calibration path (green).
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Figure2: Level 1 post-processing stepsfor the calibration and the echo digitized signals

Data processing steps applied to the calibratieheso signal are detailedBinreur ! Source du renvoi introuvable..
For each LIDAR shot, echo and calibration interfgeons are windowed around useful signal to limibtshoise
integration in the spectra. Then, Fourier-transtdeignals are incoherently averaged. Due to arfdders between the
photodiode and the digitizer, the transfer funcBogain is not constant on the bandpass. The #scgitch and roll
frequency-shifts the echo optical signal becauskeaeboppler effect. Therefore, transfer functi@mngcorrection is needed
to compensate for the gain difference applied éoctiibration and echo peaks of the same order.



After this step, spectra exhibit a flat baselireeshown in Fig. 2 (bottom). Then, each RF comb dihaveraged and gain-
corrected spectra is integrated over a 3 MHz badithwil he transmission of the CO2 absorption lifenelly determined
by dividing the integrated line values of the eclhmb by the corresponding values of the calibratiomb, as described
by equation below.

ka+1.5 MHz
vp—15MHz
ka+1.5 MHz
v —1.5 MHz

|Secho (V)lz dv
Tk =

|Scalib (V) |2 dv

4. INSTRUMENT UPGRADES

Since SCALE presentation at last ICSO conferen@}, [dome upgrades have been implemented withirSthALE
instrument, without modifying the global architestiand data processing presented on §2 and §3atlggconcern 3
points.

First of all, in the analog detection chain: bakshphotodiode was changed from Thorlabs BDX3B tXBQ in order to
take benefit from the improved sensitivity from @8V to 1.2 A/W.

Still in the analog detection chain we modify thé &ain chain filtering chain in order to get a moomstant gain over
the bandwith of interest [5; 140] MHz. On the poag airborne campaign in 2024, we observed somlketslariation in

this gain frequency transfer function as a functdroperation conditions. Having a better flatnelsuld lead to the
smaller gain transfer function with operating cdiodis. Moreover, during level 1 data processinge,have to correct
from the transfer function. We expect to improve carrection with a flattened gain function. Fdugtration, we plot on
Figure 3 the detection chain response to shot forsthe various airborne campaigns of SCALE. We clearly see the
change between 2024 and 2025, with un-flathesggdoam 3 dB to less than 1 dB over the bandwidtimtdrest.
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Figure 3: detection chain gain flatness for the 3 different SCALE airborne campaign. Characterized to chain
responseto Local Oscillator shot noise.

The last modification implemented concerns the cgaberation system. The demonstrator is still ugiegto optical
modulation, but we now use multifrequency modulatiostead of single frequency modulation. The ngsatesn was
developed through a contract with EXAIL. We demasistd a 9 frequencies comb with evenly spaced &ecjas
(2.7 GHz), as shown dFigure 4. Over those 9 frequencies, optimum flatness isasttarized at 0.5 dB. Rejection with
first non-useful frequency is 4.5 dB. The total gydost within non useful frequencies is measwatd.65 dB. However
this optimization is strongly dependent from opersl stability, especially temperature.

In practice, laboratory as well as airborne measerds give flatness around 1 dB per optical frequexomb.Figure 5
present RF beatnotes measured in our laboratang tisé two optical combs generated using this nfr@tjuency electro
optical modulation. We observe here a beatnotedta around 2 dB.
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Figure 4: optimized 9 frequencies Comb using Figure 5: RF beanotes PSD measured in laboratory,
multifrequency modulation (Y in Log scale) without absorption.

Main advantage with this modification is a well mdromogeneous signal to noise ratio over the 9 dnotes. Indeed
beatnotes PSD is proportional to the square rotiteoproduct between local oscillator and probaaligmproving comb
flatness leads to a more homogeneous Signal teNRasio over the beatnotes. We then expect a ie@emeasurement
through Bayesian inversion.

5. MODIFICATIONSVALIDATION

All modifications were tested in our laboratory. @p of that, we had the opportunity for a sindight within SAFIRE
ATR 42 in March 2026. This flight took place aboMaulouse, with real time Cbn ground measurements thanks to an
EM27 based in CNES Toulouse. All the flight toolage at a height between 5000 m and 6000 m. Exaroplgain
corrected Power Spectra Density (PSD) in givenigufe 6. Associated post level 1 processing abgormpectra is
presented in blue in Figure 7. In this same figorange curve gives equivalent processing for 2e2dpaign, therefore
without instrument modifications presented in théper. We do not observe any degradation in SNRdoh beatnotes,
plus the two new beatnotes obtained by going frofrt@oth comb to a 9-tooth one.
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Figure 6: PSD example obtained during 2026 flight at Figure 7: transmission obtained through level 1 data

6000 m height processing. In orange during 2024 airbone campaign,
in blue during march 2026 campaign.



6. THEORETICAL VSAIRBONE SNR VALIDATION

The random error on the XCO2 value retrieved dftgel 2 is dependent on the random error on theospimeric
transmission measured by the SCALE instrument.xfsaied in 83, for each peak of the optical cothlk,atmospheric
transmission is the ratio between the optical pavfehe light scattered and collected by the instent P_echo, and the
optical power of the calibration signal Pcalib.the signal calibration stays fibered in the instemt) it is not affected by
radiometric issues, and we will assume that moséerainties in the transmission come from the laardity P_echo of
scattered light collected by the telescope anaiagkin the single mode reception fiber.

In coherent lidar, the carrier-to-noise ratio iseafused as an indicator of the lidar signal gualdn the heterodyne
electrical signal, it is defined as the averageaigower R over the average additive noise powgsise

Py

CNR =

PNoise
For a balanced detector, the electrical signal pasvinked to the heterodyne currepy i
Pecho (ihet )2 = [ZR\/ PLOPecho]2

Where R is the photodiode responsivity [A/W]. Thtical power Pecho is directly deduced from insteaim
atmospheric and target parameters:

— 2 22
Pecho - Rpeakpouth 4h2 TianinstrTatmTw Ttelescope

Values of parameters described in the previousteuare in Table 2 below.

Table2
Signal to Noise Ratio calculation parameters
Aircraft height of flight 6000 m
Emitter Average Power 1w
Pulse Rate 5 kHz
Central wavelfngth 1572.389 nm
Pulse duration 1.7 us FWHM
Approx % of tot. opt. pwr per peak 10 %
Atmosphere and target
Atmospheric transmission Tatm 0.95
Airplane window Tw 0.9
Ground surface reflectanceyR 0.1
Receiver Telescope diameter 120 mm
SM fiber injection rate i 0.1
Instrument transmissionNBTr 0.1
Local Oscillator power 9 mwW
Balanced PIN responsivity 1.2 AIW
Bandwidth per pec 5 MH:z

Coherent LIDAR are efficient in the shot-noise lied regime, achieved when the shot noise is dorhior all other
noises (dark current, thermal noise of the det@ctan the detector, the optical power of the scattecho signal can be
neglected regarding the optical power of the LQu§ lthe average additive noise PNoise is drivethéyghot noise of the
LO photocurrent:

Proise = 17a‘r(ishot: noise) = 2BqRP,

Where B is the bandpass, q is the electron ch&ggthe detector sensitivity (A/W), anddHs the optical power of the
local oscillator on the detector. One fundameraitdtion of coherent LIDAR is that it can only éet scattered light in
a single optical mode, which is the LO and the Shérfs optical mode. With the Speckle effect, th@ical power



superposing with the fiber's single mode is a rand@riable. The probability density function ofghiandom variable
follows an exponential function:

__Po
e (Pecho?

PDFPeChO(Po) = (P . )
echo

This PDF has an expectation of <P_echo> and an@iaf <Pecho>2; for one LIDAR shot, the expecigdal-to-noise
ratio is equal to 1. Accumulating LIDAR shots istéfore necessary to increase statistics and meaecarrate atmospheric
optical transmission measurement. Finally, the ipi@t on atmospheric transmission measurementivermrby the
precision on B, whose SNR is a combination of instrument emispiarameters, shot noise and Speckle statisticsaover
number N of LIDAR shots:

(Fs) CNR

SNR = =VN——
a(P) r1 +CNR

This SNR on the echo signal is compared to measiatlduring flight campaign on Figure 8. The Wis observed
in the echo signal for each of the beatnotes arsecto those predicted by the theoretical SNR péthin previous
equations.
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Figure8: Theoretical Vs Measured SNR on the echo signal

7. CONCLUSION

The SCALE LIDAR was built with off-the-shelf teleeocomponents, making it affordable and not reqgigomplex
optical alignments or thermal control. It has beesigned to demonstrate the concept of short coldAR for GHG
sensing, not to reach optimal performances of tmeept. Nevertheless, obtained level 1 and leymrformances give
us satisfaction.

Level 1 post-processing methods were developedntpensate for the Doppler effect induced by therafit pitch and
roll, and various effects of the analog detectibai gain. Since the instrument works with cohedatéction, the wind
speed and magnitude could be derived from the Rombiift of the signal acquired before the groucidce if reflection
on aerosols occurs.

We presented the latest modifications of the imsemt: implementation of new balanced photodetectatis better
responsivity, changed in RF amplification gain hgeeity over the bandwidth of interest, new optezahb generation
system, enabling better power distribution homoggrmer 9 frequencies. This new configuration wasd for in-flight
validation during a few hour flight over Toulouséhin SAFIRE ATR42 in march 2026.

Using those in-flight data’s shows good accordandie radiometric Signal to Noise Ratio betweenoegptical power
on one side, and heterodyne detection theory plstsuiment definition on the other side. This goodoadance is one
critical block towards a satellite mission defiaiti
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