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I. INTRODUCTION

Human activities have been identified as criticaintcibutors to climate changes. Modern industrial
development and increasing urbanisation have b#eatiag the environment at an unprecedented ssialse
the 19" century. In the two last decades the process kasnte even faster, also due to the impressive
development of largely populated countries likeidndnd China. Historical data records testify aeclr
correlation between increase in atmospheric, @GVels and Earth's temperatures but processesrlyinge
climate regulation and changes are only partiaiipwn. The improvement of knowledge of atmospher an
climate processes needs the availability of corepbatd reliable data about atmospheric compositiwh a
properties and space-based observations play anrirole.

Implementation of a demonstration mission basedaonoccultation technique at optical wavelengths is
proposed. Observations in the infrared spectrajgarest a particular importance because this bahibies
many absorptive spectral lines due to greenhousesgadentified as the main responsible of globaiming,
thus HO, CG;,, CH,;, N,O, O, and others can be observed with high accuradg. dkpected that the mission
will demonstrate technical feasibility of an optigayload for limb sounding observations and previgseful
inputs to climatic benchmarking (greenhouse gaselsvand profile, as well as atmospheric thermodyizam
properties).

The identification and the preliminary definitior the instrument architecture and the identificatif the
critical technologies have been among the mairstask

Possible design options for the laser transmitted ¢he receiver are discussed, considering availabl
technological solutions and technical constraiftsential technological criticalities are illusedttoo.

The creation of performance models, analytical antherical, facilitates and addresses the payloatjde
activity, both at instrument level and at geneyakam level.

II. MISSION OBJECTIVES AND OCCULTATION TECHNIQUE

The twentieth century climate has been characifigea global warming that cannot be explained avith
taking into account a significant contribution frahe increased concentration of the greenhouses gBse the
actual impact of the anthropogenic contributiotha warming trend is only partial understood. Thecpsses
underlying climate regulation and changes, suclglabal circulation, carbon cycle or water vapoucley
remain poorly quantified because the climatic atmioapheric processes have been observed eithecoatise
spatial and temporal resolution and coverage afadésrof sufficient accuracy and/or long term sliai

In the analysis of atmospheric chemistry, occutatheasurements from space raise a particulaestterhis
observation technique has been proposed in sewésaions like WATS and ACE+ [1][2], based on the o
GPS signals in L band (1.2 GHz1.6 GHz) and microwave instruments in X/K bandhfleen 8 and 23 GHz).
In occultation measurements the signal propagatath between an orbiting transmitter and a recevesents
a deflection, primarily due to the vertical gradief the atmospheric refractivity profile. Refraadty profiles
derived from bending angles allow retrieving predil of the atmospheric density and then pressure and
temperature without the need of additional infoiovat However, in the lower troposphere microwave
refractivity is strongly affected by water vapousntent, so that temperature and water vapour cabeot
retrieved independently. To improve precision dedént observation technique is required, basedpattral
absorption. It is possible to retrieve the concaidn of a trace gas in the atmosphere by makiffgrditial
measurements of atmospheric transmittance of radiat absorption wavelengths and at wavelengtlis avi
lower or negligible absorption (reference). To miide secondary effects, the ratio between the alisor
wavelength and the reference wavelength shoulddse ¢o unity within 1%.

The extension of the occultation measurement teeienio SWIR range (2-248m) has been examined in the
ACCURATE study [3] with focus on R R ((9hpLPEPdSpRRAEZ2- Lower Stratosphere) region (5-35 km).
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The selected infrared region is of great scientifdue because many absorptive spectral lines due t
greenhouse gases, identified as the main respengilglobal warming effect (4, CQ,, CH,;, N,O, G;, CO,
HDO, H,'®0, **c0,, C®0O0) lie in the that range. Trace gas profiling vk supported by geolocation
information, temperature and pressure derived fsdmultaneous microwave occultation measurements of
atmospheric refraction, absorption and defocusiatp,das well as information about upper troposphere
humidity. In this way a full synergy between SWIRJaMW occultation measurements can be achieved.

Secondary science goals are the use of these aliseis/ in transport models for atmospheric compmsit
analysis and numerical weather prediction (NWP).

Laser occultation will establish an unprecedentéobal data set at high vertical resolution (<10 m
uncertainty), accuracy and long term stability, easiglly independent of model information or other
background data leading to a well-posed inversicoblpm (above the lower troposphere). These data ar
termed climate benchmark data. Our main objectd/é¢oi establish a technology demonstration mission t
validate the technologies related to the occultatexhnique in SWIR range, while producing usediéstific
results.

lll. MISSION ARCHITECTURE

In the frame of a technology demonstrator, the AGBUE study represents the reference but a simpler
design is expected.

Although the focal scientific and technical elemefsuch a mission is the payload, other aspectysiem
level, e.g. the spacecraft constellation definiti@guire a careful analysis.

The option with two LEO-LEO counter-rotating satel at different orbit altitude allows short odation
events which are highly valued from a scientifianpaf view since data on the whole altitude ramadmost
simultaneously and with a near vertical profile previded.

A single launch of two counter-rotating satelliisspossible, exploiting the RAAN (Right Ascensioh o
Ascending Node) drifting effect, although a timesoime months is needed to reach the needed coatdéng
orbits configuration. Accommodation consideratitetsto the selection of VEGA as the most suitabienther.

The baseline scenario foresees operational otititdés of 500 km (satellite 1) and 600 km (satel). 80°
inclination orbits have been selected as curresglbee to produce a perfectly repeating geograpbiaern of
occultation events.

Satellite configuration is based on the standartMARS architecture with the required customizatiahg to
specific mission needs, primarily the payloads antbsystems accommodation, optimizing the launcher’s
available room.

IV. PAYLOAD REQUIREMENTS AND ARCHITECTURE

A. Transmitter

The review of laser technology progresses hasdedkemonstration of power and linewidth parametees t
potentially meet the needs of the project (1W aHZGepetition rate andf/f better than 3-18).

The baseline transmitter concept is based on afsdentical transmitter modules, each served sngle
optical amplifier in a MOPA configuration. The mdds consist of 5 DFB lasers, one SOA (Semiconductor
Optical Amplifier), associated control electroniasd laser calibration and stabilization means. S@2A be
operated in a pulse mode and additionally theyaraplify two wavelengths at the same time provideat they
are not too close.

A modular approach to the demonstrator allows msireg the complexity of missions representing a
hierarchy of different scientific returns: from tkelection of a minimums set of laser lines@Hand carbon
dioxide with its primary isotopes) up to the fullssion with the coverage of all SWIR A and SWIRl&annels.
Each module would operate independently of therothedules. New channels can be added by adding new
modules. The baseline is the full mission whichureggs coverage of 11 channels in SWIR A and 10 élsnn
SWIR B. This requires at least 5 laser modulesutfh a modular structure is adopted, the quessidrow to
combine the optical outputs of the transmitter nteslu

The wavelength multiplexing has two stages. Atfthet stage close wavelengths are amplified inghy a
single SOA. Because of the low power of semiconmlulztsers, existing LiNb©fiber optic switches can be
used to control this routing. The second stageoislining the higher power/wider divergence outputhe
amplifiers. Spectral filters, diffraction gratingdaMEMS switches can be used.

The distances between the channels are relativghy(hnm or more), excluding spectral lines usedwind
measurement which are only separated by 2pm. Sosk proximity cannot be resolved at the detectiole
except if signal are transmitted in diggorce_rg; éimﬁmalﬁséghy&es%[smeasurement wavelengths aniéesl in
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parallel with a reference. Each 20 ms period (50update rate for a full spectral measurement) vgldd in
four time slots, each 5ms in duration. In the fi2zsts of each slot a measurement is made at theteele
wavelength, followed by 0.5ms for reset of the measent circuit. In the next 2 ms a background
measurements is made (followed by other 0.5 mscfaet).

The selection of the wavelengths for each modupedds on the following information: i) All the chaais
have to fit within 4 time periods; ii) Some wavelgm combinations may not be possible; iii) Each oled
emits two wavelengths in every time slot to keepdkierage load on the SOA constant and iv) The leagths
for wind must be in one module to enable spectrdtiplexing between the modules.

These constraints lead to a more convenient cludi6daser modules.

FO Emitter Module 1 | Beam
Multiplexer i combiner

Semiconductor : Transmitting
laser amplifier I:-—:> |:| ::> optics

Source calibration !
: Pointing
: mechanisms
i Thermal control and
: mechanical configuration

The required pulse to pulse intensity stabilityttdrethan 0.1%, forces a solution in which all fhemping
diodes run continuously, including the amplifiefhie output pulsing could be achieved by disconngctie
outputs of the CW running seed DFBs from the inpluthe CW pumped amplifier. Stopping the pumping
diodes between the events or running them belowhifeshold is a trade-off driven entirely by lifeg issues.
Fifteen seconds of warm-up time should precede eectitation event.

To avoid pulsing of the amplifiers it is proposédttthey run at the same average power all the, titaerys
amplifying two wavelengths.

Monitoring the laser pulse energy, but also therlagavelength and the laser beam intensity prdifiiehe
vicinity of the optical axis) is recommended siticey can all affect measurements in similar way.

Because of the refraction of the beam in the attmexgpthe laser beam will experience variable degfee
bending and atmospheric density fluctuations cajites If the distribution in the spot is non-fimim during
the time of measurement this could introduce aorerr

Also frequency requirements are similar to intgnséquirements in the sense that, if the line mptes
intensity at a fixed wavelength changes. The reguaccuracy can be achieved by stabilizing onlyskned
lasers.

The short term stability (2 10%) should be considered on a time scale of 20 ms foeasurement cycle).

The long term stability (% 10®) should be considered on a time scale of 20 s ¢onaltation event).

During the event the wavelength stabilisation wondly of control of current and temperature and wit
probably include wavelength measurement (dependseatment of kinematic Doppler shift compensafion
transmitter satellite motion). After the event wiavgyth calibration can be repeated for diagnosiippses.

The absolute wavelength reference could be a gsaration cell or a gas filled photonic fibre. Thdseve
been proven to provide locking to single MHz. Wavegth meters with the required accuracy are aladadle
commercially.

Pointing in transmission must ensure that the lapet covers the receiver location and is centrenligh to
allow for a maximum power collection. The angulaiftsof one satellite seen from the other is preaamtly in
a direction that is predictable and close to thstak plane. It would be more efficient to envisageelliptical
beam that would concentrate the radiation in tkea af the FOV that is crossed by the other satellibhe use of
a top-hat distribution should relax the pointinguigements and/or reduce transmitted power. Thdiaddf
beam shaping optics is feasible, but not trividhe Tshaping optics must be designed to create afisddr
compatible with the expected far field distributidvioreover, the distribution is subjected to thenmission
function of the atmosphere.

Stabilisation

Fig. 1: Basic Emitter Module
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B. Receiver

The basic idea is to split the channels in two gsgpulBWIR A and SWIR B, and cover each group with a
separate receiver module. The benefit of this apgras that the design is simplified by keeping wweking
ranges of each module relatively narrow, preserttieghigh spectral resolution. The channels in SWIgbuld
be served by a single receiver module and the @isiim SWIR B could be served by another receivedute,
with both modules sharing a single optical inputeTnly significant difference between the two medus in
the working spectral range. It is therefore posstbl use a single opto-mechanical design for Hddtause of
the large number of channels using discrete compsmneould be not efficient and has been discarddeviour
of a spectrometer based solution.

When the absorption line is excessively closedadference, it is preferable to extract it by didated filter
such as a Fabry-Perot etalon used as a rejectien frhis would be beneficial to increase the dtenof the
spectrometer. The separate filter would be largrigh (not less than ~120 pm FWHM) to accommodate th
kinematic Doppler shift due to the setting/risinguament relative to the atmosphere, and narrow gm@oiot
exceeding 150 pm) to suppress crosstalk betweeohuenels better than 36 dB. Since this imposeg steict
requirements to the filter transfer function, asien alternative for Doppler shift compensation Wbloe to use
two fixed FP filters detuned from the working waamgith at plus and minus the Doppler shift, dependimthe
type of the occultation event. Care should be takdimit the additional sources of errors appegias a result
of this added complication. These additional sosirekerror come from the temperature drift of thie &nhd
variations of the sensitivity of the different dettars

Recently, the choice to shift of the (demonstratoty) absorption line of*CO,, from 4770.813 ch to
4772.176 crit allows the distance between the reference andltsest adjacent wavelength to be increased
enough to avoid the need of a separate filterfriomt the point of view of the overall technologynglenstration
it makes sense to still consider it.

A solution based on holographic diffraction gratrgenerates very low stray light, giving high-a#fiecy and
very high quality. Anyway, it is deemed inefficiedtie to the required high cross-channel attenuafitis
dictates the selection of an alternative soluttbe:Spatial Heterodyne interferometer.

Spatial Heterodyne Spectrometry (SHS) allows thsigihe of compact, high throughput, high resolution
spectrometers without moving parts. To date, SHSnhainly been used in the UV and visible. The firdtital
flight of an SHS was performed in 2002 with thegdrof concept mission of SHIMMER (Spatial Heterodyn
Imager for Mesospheric Radicals) on the Space Bhjdtf. An improved version of SHIMMER, including a
monolithic interferometer, was scheduled to be guiaio low-earth orbit on STPSat-1 in late 2006.

A key feature that is relevant to the present stffgbe investigation is that it is an interferosreand not a
dispersive device. Its etendue is identical to thfathe Fabry-Perot filter with the same spectedoiution.
However it is a feature of the standard Michelsterferometer to use only 50% of the incoming ligatause
the other 50% are directed to the input. Givenitmgortance of the application and the need of rddony, a
double detector solution is actually beneficiatisat 100% of the light is detected.

The transformation of 2D interference patterns ihiib greatly simplifies the detection part. Thigisssible
because the spectrum of the incoming signal is kniomadvance and only the intensity of the discegtectral
lines needs to be measured, not their location.

It is proposed that a modified SHS (1D instead @fditput) is used in combination with the alreadistng
European InGaAs 512x1 infrared array from Xenicglgiim. This array has already been used in alisatel
application (EgyptSat) and has a version coverWJFS B too. Clearly there is a trade-off between 8R
ratio and the dynamic range that needs to be impastd. Another issue is the fact that shrinking th
interferogram in one direction implies that theeifitrence lines are strictly vertical; thereforéght alignment
tolerance must be used to avoid the introductiorammfadditional error. In contrast the 2D detecties
intentionally introduced misalignment and is ingéws to its variations. This issue could be resalvby
envisaging a piezo tuning in one of the mirrors takihg advantage of the presence of a local ndraow laser
source. The alignment can be easily automateceittntrast of the laser interference projectecherdetector
array by the interferometer is maximized by adpgthe mirror position.

Extending the SWIR A design to SWIR B should takto iaccount the wider wavelength coverage. The
problem is that SWIR B has to cover a 5 times widevelength range while keeping the FWHM of the
instrument function the same. This leads to moeepl components than can be extracted with adiaeray
detector. One option is to resolve this issue iss® a 2D detector to cover the SWIR B range. SICH array
detectors are produced by AIM and Sofradir andelcbnology has been space qualified. This wouldmtieat
the potential full mission solution would be budhtirely by existing detectors and no significaetettor
development would be required. A second optionossible where SWIR B is split in two bands covebgd
two spectrometers. Both spectrometers would halaively high resolution and would measure only few
wavelengths that are well separated. This is beiaéfor better background cancellation.

Proc. of SPIE Vol. 10565 1056565-5
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Pointing in reception must ensure that the colkarergy is properly guided in the detector fieldiiew,
typically smaller than the collector field of viewhe task is further complicated by the fact timat tnovement
has variable speed partially due to the refractigading in the atmosphere. The required correatam be
achieved by moving the whole platform or by movaagne optical component to shift the line of sight.

C. Baseline System Design and Technology Readiness Level

The baseline design consists of two spectrometedulee — one for SWIR A and one for SWIR B, a
calibration module and a transmitter section witiah include one or several transmitter modules.

This organization is beneficial in terms of scdliapilt allows the number of wavelengths to be axged by
adding more transmitter modules and following saimple compatibility rules in the organization ahé
multiplexing. In the same time since the receigeas spectrometer instead of a combination of disdikéers no
changes are needed there to handle the expansion.

Transmitter « Transmitter Module (s)
telescope Laser
wavelength
control
Calibration Module

Calibration
signal

A

Critical SWIR A Receiver Module
channel
extraction SHS + 2.2um InGaAs array

Receiver
telescope

Critical SWIR B Receiver Module
channel

extraction SHS + 2.5um InGaAs array

Fig. 2: Selected baseline infrared design. Every sataétées both a transmitter and a receiver

The calibration module is a critical element of thetrument payload. The mission analysis has shibven
more efficient that every satellite has a transmisind a receiver module. It is then possible ®ths satellite’s
own transmitter as a calibration source for theeirezr. This would mean that in the time availabdééneen the
occultation events the receiver module will belralied against the local transmitter, while dutting event it
will operate with the opposing satellite’s trangmnit Provided that a good reference is availablecoery
satellite, such operation provides effective usthefsatellite resources.

One of the priorities of this study is to use asimas possible existing technology to enable fasiesion
implementation. The technologies which are critfcalthe mission are the laser emitters, the wangtte shift
control and the receiver spectrometer.

It should be noted that the DFB seed laser provdseta challenging system component, especiallyhier
longer wavelengths (above 2uBn). However, the starting point of this technoldgyrelatively high and the
industry is positive with respect to the requiredgmeters. The detailed review showed also a éaslodpment
of an alternative technology that can potentiallpvide a solution (VECSEL). Presently however the
combination of DFB and SOA is the baseline becafsthe possibility of sharing the SOA with assoetht
benefits at system level.

With respect to the receiver spectrometer, wher& $1the main candidate, the effort should target t
development of the instrument using existing congmbs rather than the development of the componEritse
detailed study of the spectrometer cannot proverélgeired performance is achievable, the back-ugptisa
would be to implement multiple Fabry-Perot filtefghis would present a significant engineering availe
because of the number of the channels, but doesqoire technology developments. The last optionld/ be
using a diffraction grating spectrometer, which che implemented without significant technology
development. However it would greatly increasephessure on the lasers because of the much sroptieal
throughput which must be compensated by increasssd power.

Proc. of SPIE Vol. 10565 1056565-6
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The detector readiness should be considered reljathigh in spite of the switching to a detectaragr This
is because meanwhile the technologies for SWIRyarnave reached production status. Existing deteétom
Xenics can be used for the SWIR A and for SWIR Btgtiypes exist, but technology development will be
required.

V. CONCLUSIONS

This document outlines the baseline design for maestrator of an innovative occultation measurement
technique based on infrared differential absorptibhne design is built on a modular principle andludes
transmitter modules, receiver modules and a caiiiramodule. Different satellites will include treame
groups of modules. The transmitter modules shaesdéime opto-mechanical design. The receiver modises
share the same design.

The receiver for the demonstration mission could osly one spectrometer for SWIR A covering ~40nm
around 2.1um and measuring 11 wavelengths and peetremeter for SWIR B covering ~180nm around
2.4um and measuring 10 wavelengths. As an altemidtimay use two spectrometers for SWIR B covering
respectively ~80nm around 2.3um and ~50nm aroud8u2n. An intermediate mission could cover only a
fraction of the SWIR B wavelengths by using diseréabry-Perot filters.

The Doppler shift in the receiver satellite wouldlyoaffect the design if fixed filters are used fwrtain
wavelengths. In that case two filters for each Wevgths shifted in opposite directions are needdu
baseline design envisages the use of spectrometdysand will not be affected by the Doppler shifihe
Doppler shift on the transmitting satellite canhiaedled by tuning of the laser wavelength.

Increasing the number of wavelength is achievedatiging laser modules. One laser module provides 5
wavelengths. Six laser modules will be neededHerftll mission. This arrangement follows certaomweenient
combinations of wavelengths and provides redundaneil missions.

The calibration module provides the laser tuningtia by using a gas absorption reference and veagth
measurement. The seeding CW lasers are connectethinto the module that sets their wavelengtiofeethe
occultation events. During the events (for lessithamin) the wavelength stability is guaranteedthsy laser
module design.

The proposed baseline design features simplidigyjHility and scalability. Further to that, usimgmodular
approach, it offers a good potential for an ovetabt effective solution concerning the infrareglpad of the
occultation satellites.
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