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Abstract

After four years on Mars onboard the InSight misstbe seismometers built for the SEIS instrumeatsat to fly to
the Moon in 2025 onboard the Farside Seismic SE&S) mission, as part of the NASA CLPS programS3SE a
seismometer comprised of three very broadband sematers (VBBs) and three short period seismomégs).
The Moon environment allows FSS to limit the instent to only one VBB and three SPs. However, FSEbei
landing on the far side of the Moon, in Schrédin@eaiter, making it challenging to operate withdwé tapability to
perform real time commanding. The Moon day dura{efh Earth days) and the absence of atmospheigeddoon
surface lead to a very specific operational conegpt mission scenario for FSS with respect to IniSigSS is a
low-cost mission that shall reuse as many comparemi features from InSight as possible to limgt@nd mission
complexity. This paper will present the FSS operati concept and how lessons learned from InSights Ma
operations can be applied to FSS Moon operatiohs.fifst seven days on the lunar surface will bigcet to the
mission success and the commissioning activitidk b introduced here. A focus will also be prowdden the
operational products, ground segment and missiotecéhat will be reused for FSS.
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Acronyms/Abbreviations

BEE Back-End Electronics

C&DH Command & Data-Handling System

CLPS Commercial Lunar Payload Services

DTE  Direct-To-Earth

EDL  Entry, Descent and Landing

EPS Electrical Power Subsystem

ESP Europa Seismic Package

FBB  Feedback Board

FSS Farside Seismic Suite

GDS Ground Data System

IE Instrument Electronics

InSight Interior Exploration using Seismic Invgstiions, Geodesy and Heat Transport
IPGP Institut de Physique du Globe de Paris

IRIS  Incorporated Research Institutions for Seisgp
ISAE Institut Supérieur de I’Aéronautique et dedpace
LO Level-0 Scientific Product

L1 Level-1 Scientific Product

LITMS Lunar Interior Temperature and Materialst8ui
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MarCO Mars Cube One

MLI Multi-Layer Insulation

MOS  Mission Operations System

MRO Mars Reconnaissance Orbiter

MSFC NASA Marshall Space Flight Center

NASA National Aeronautics and Space Administration
PDS  Planetary Data Service

PE Proximity Electronics

Pl Project Investigator

PRISM Payload and Research Investigations on tinf& of the Moon
SDS Science Data System

SEIS  Seismic Experiment for Internal Structure
SISMOC SEIS Mars Operations Center

SP Short-Period

sps samples per second

TC Telecommand

TGO Trace Gas Orbiter

™ Telemetry

VBB  Very Broad Band

1. Introduction

Following the highly successful InSight mission alnjust ended its operational phase at the en@22 2his article
provides the concepts and ideas for operating B8 &d SP sensors onboard the FSS (Farside Sesarite)
Mission during all operational phases of the missifter a brief description of the FSS mission é&sderitage
from the InSight Mission, along with the actorsaofwed, this paper will provide information abouettifferent
phases of the mission and the associated missiemratigns concepts. A highlight will be providedtbe challenges
of operating a seismometer continuously on theaserbf the Moon.

2. FSS Mission Description
2.1 Mission Overview

As part of NASA’s Payload and Research Investigetion the Surface of the Moon (PRISM) program,Raeside
Seismic Suite (FSS) mission will deliver a scigntifivestigation package to the Schrodinger Creggion on the
far side of the Moon, in 2025. Its instrument sigteomprised of two seismometers highly inheritesn the SEIS
instrument onboard the InSight mission on Mars (apenal from 2018 to 2022). On one hand, the valtVery
Broad-Band seismometer (VBBZ) is the most sensitiight-ready seismometer ever built. On the othand, the
Short Period sensor (SP) is the most sensitivenaaitire compact triaxial sensor available for spguglications.
Along with the Lunar Interior Temperature and Matkr Suite (LITMS) and LuSEE-Lite payloads, FSS’
seismometers will be delivered to Schrédinger Basibboard Draper's SERIES-2 lander, selected thratgh
Commercial Lunar Payload Services (CLPS) prograt$SA's recent intent to facilitate access to thealusurface
by deploying science packages using commercialigldped spacecrafts.

FSS is one of the three customer missions embarkbdard the Mission 3 by Draper. Their landers @déploy
swarms of rovers to the lunar surface to pioneerdiscovery and development of lunar resourceshliegathe
steady development of lunar industry and humanemies on the Moon (sourtétps://ispace-inc.com/missions
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After landing on the lunar surface, the SERIES+#IEx will be operational during a Lunar day, ie.Bafth days, to
allow instrument commissioning after what it wik lpermanently shut down during the Lunar night. TEmaler is
not designed to survive the long and cold lunahtsigl4 consecutive days below -200°C. HoweveiikearhSight
which needed the lander to be awake to allow instnt commanding, FSS is packaged as a self-surffipiyload,
with independent power, communications and thewoatrol, allowing it to outlive its commercial dediry lander.
Indeed 14 days is not enough time to properly itigate the lunar interior with seismometers, td tha FSS sensor
suite has been designed to autonomously operata@hfhs on the lunar surface.

It is with a constrained budget as a PRISM-classsion that FSS will address the following NASA Ddala
Survey-level science goals:

Investigate deep lunar structure and the difference between near and farside activityUnderstanding the
absence of farside seismicity recorded on Apollsrsemeters is fundamental to our understanding®funar deep
interior. Does it reflect a nearside-farside difiece in activity rate, or does seismic attenuaftiom partial melting
in the mantle prevent observation of distant sesswents ?

Understand how the lunar crust is affected by the evelopment of an impact melt basinDynamic models of
impact processes predict deep structure beneatl-goreserved peak ring impact basin like Schrédim@rater that
can only be revealed through geophysical techniques

Evaluate the current micrometeorite impact rate and local tectonic activity. Directly constraining
micrometeorite impact rates has important implaradi for future lunar occupation. FSS will recoranénths of
lunar background data created by micrometeoriteats

2.1 Instruments Overview

FSS is a cube that measures 40x40x40 cm and waighad 50 kg. It is powered by solar panels wittficant
batteries to operate through the Lunar night.
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Figure 2: “Mars Cube One” (MarCO) CubeSat Overview (Source: NASA)

In search of cost reduction, FSS will reuse thghflispare avionics of the Mars Cube One (MarCOksats,
already flight-proven as they accompanied InSightite cruise to Mars, allowing to relay its Entiescent and
Landing (EDL) Phase almost real-time. The MarCO @m@nd & Data Handling subsystem (C&DH) and Electrica
Power Subsystem (EPS) provide ample resources rgtloer power, allowing the seismometer suite to fkee
performing science during the Lunar night, ie. Btk days, with no communication to Earth.

Feedback

Housing height
35mm

C Proximity
VBB Sensor Electronics

Figure 3: SeismoBox and VBB sensor (left) and tridal SPs (right)

FSS is comprised of two seismometers: a vertiéghtflspare VBB, and a triaxial SP. The VBB is com:a
within the SeismoBox (Figure 3), which is an enalesthat allows venting to reach vacuum on the Madmere
ther is no atmosphere. Along with the SeismoBothés VBB's Feedback Board (FBB) and Proximity Eleofcs
(PE), which control the sensor and optimize itsgranances on the Moon. Unlike InSight, the laclatrhosphere on
the Moon makes the environmental constraints lessathding with no surrounding wind that would cansese.
Therefore, there is no need to deploy the seismenmen the surface of the Moon, as it was the &@&s8EIS on
Mars. FSS will accomplish its science goals fromldnder deck.

Positioned next to the SeismoBox, the triaxial &8P Kig. 4) will allow for measurements of seismiaves with
shorter periods that the VBB cannot detect; they ot redundant, but complementary. The seismometer
connected to the Instrument Electronics (IE), which combination of space and commercial partticgiype to the
lunar environment. Interfaces defined on the Eu®gismic Package (ESP) are used for the SP, aitddgeemSight
interfaces are used for the VBB. The IE is conrettethe C&DH via a board that will act as an ifaee between
the MarCO heritage, and the Instrument Electronics.
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Figure 4: FSS Exterior and Interior Views (Source:NASA/JPL)

FSS is also equipped with four distinct basic tr@rmanagement elements:
 conductive isolation,
« radiative isolation,
¢ a low sink temperature radiator,
e and a passive variable conductance thermal linkggadiator.

The internal housing of the instrument, that corgaill the sensors and electronics, is supporteid Meviar
tension cables by the external housing, and insdlal ultra-low conductance thermal separators, spaterless
multi-layer insulation (MLI). Thermal model and ledise results indicate that FSS components wittgririternal
Housing will remain between 300 K and 318 K durBwgyface Operations, with 280 K daytime and 50 khttime
lunar surface sink temperatures.

2.1 Actors

The Farside Seismic Suite Mission is an internaliaollaboration between actors from the Unitedestand
Europe. Most of these actors were already invobrethSight or the MarCO cubesats launched alongghtS

JPL (Jet Propulsion Laboratory, Pasadena, CA, USA)

JPL is in charge of managing all technical and enp@ntation aspects of the project. It is also iargh of the
instrument suite and instrument electronics (IEhaly, it is responsible for providing flight spes and software,
archiving the data at both IRIS and the PDS, piiagidhe FSS Back-End Electronics (BEE), as wellh@esC&DH
and EPS inherited from MarCO. JPL is leading thersm investigations with the mission PI. He isrdimating and
leading the FSS science team.

University of Michigan (Ann Arbor, MI, USA)

University of Michigan is in charge of designingamufacturing, testing and providing the flight cargy
C&DH (Command and Data Handling) and the board ihi@rfaces between the IE to the existing MarGghtl
spare C&DH, and supporting software upgrades

CNES (Centre National d’Etudes Spatiales, Toulobs&nce)

CNES is in charge of developing the VBB seismometsrwell as defining and operating the FSS Operati
Center (FOCSE) that will be located in CNES fai@$tin Toulouse, France. It is also in charge ofBvé&hd SP
seismometers downlink operations, such monitoriaglith and safety for the instrument suite, prodydievel-0
Scientific Products (LO) from telemetry packets.wéwer JPL will handle instrument commanding dutiesl the
preparation of flight products to be uplinked toSFS
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IPGP (Institut de Physique du Globe de Paris, PBrance)

IPGP is the home laboratory of the VBB PI. The roldPGP is to lead the FSS Instrument Data Senttde
also in charge of performing data processing andagement via software already developed for InSight
preparing the station metadata as well as verifffieginstrument response.

Imperial College London (UK), University of OxfofK) and Kinemetrics Inc. (Pasadena, CA, USA)

Imperial College London, University of Oxford anddadena-based Kinemetrics Inc. are in charge @lojewng
the three SP seismometers, with the latter beirgpamge of their manufacturing, testing and deliver

ISAE (Institut Supérieur de I’Aéronautique et dédpace, Toulouse, France) and NASA Marshall SphgbtF
Center (Huntsville, AL, USA)

ISAE and NASA’s MSFC are in charge of performingdu science during the Surface Operations phase.

3. FSS Operations Concept

The Apollo missions brought, along with other pagls, several seismometers to the surface of thenMae to
operational constraints and the need to have aamngsibility with the landing site in the eveoitan anomaly, all
Apollo missions landed on the nearside of the Moon.

To get to know the lunar interior better, FSS wal, its name indicates, land on the farside oMben, which is
never visible from Earth. All communications wilave to be relayed through a satellite in Lunartpds it was the
case for the Martian orbiters ESA’s Trace Gas @rhiTGO), and NASA's Mars Reconnaissance OrbiteRQV,
Odyssey and MAVEN orbiters which relayed telem¢iiyl) and telecommands (TC) between InSight andizart

On some rare occasions, such as EDL, InSight pegdrDirect-To-Earth (DTE) X-band communication @&ss
It will not be the case for FSS, and two orbiteil relay all telemetry and telecommands. The entit3 mission,
for which FSS is one of the customers, is actualiyand managed by the Draper company. The latskdf is built
and operated by Draper, which also conceives, dpseland operate the M3 operations center. Drigpaiso in
charge of delivering and operating the two relayiters required to communicate with the far sidé/ain. During
the first lunar day after landing (14 Earth daykg orbiters will relay both lander and FSS comroations. After
the second lunar day, when the lander is expeotbdie become inactive following the first lunaghti the orbiters
will relay FSS communications back to Earth andhfoFSS has its own radio transmitter and commtinicaystem
to be able to communicate with the Draper operatmanter autonomously during its 4 months missidwe Draper
operations center is refered to as “Vendor Relayu@d Station” on Figure 6 in §3.3.

3.1 Launch, Cruise, Moon Landing and Commissioning Bhas

FSS will not be mostly inactive during its 1-mortttuise phase to the Moon. Therefore, power wilegobe
used for thermal control if required. Attitude caitaccommodation will be assured by the commetdeiatier to
keep FSS within its thermal limits. One or sevéamndlight checkouts will be executed during theiseuiphase, likely
only one for the VBB and the SP sensors. Thesekolhgs include cycling parts of the instrument sugtech as
discharging the batteries, powering the survivatées, turning the VBB and SP seismometers on dicaid
testing the C&DH.

After landing, all operations are mostly indeperidehthe lander. Initial FSS deployment operatiavi be
commanded by Mission Operations System (MOS) at, J&hd will begin once the commercial lander
commissioning has ended, ie. a day after landiragiods FSS components will be switched on and aubdut,
such as the C&DH and the radio communications Byste

The IE will then be switched on, and the seismonsetéll begin data acquisition. Should there be aaftware
update, they will be uplinked and checked at thiénfp The SP will be calibrated, followed by VBBitial
recentering and calibration. Telemetry data wilbalyzed by the Operations Teams for verification.

Hence a key decision point in the mission scenarigshen FSS will disconnect itself from the lantebecome
autonomous from a power and communications poiniiexf, even though it will remain on the lander kle©nce
FSS’ health and safety is checked, as well asfaetigy results from VBB and SP science checkdutyill be
commanded to permanently disconnect from the lander
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3.2 Lunar Surface Operations

Once FSS commissioning phase is completed, thesmsht suite is able to perform high-quality seissgience
on the far side of the Moon continuously.

To do so, FSS will operate in three different moaesstly defined by power requirements, as pictunegigure
5 below: the Lunar Day Science mode, the Lunar B@gnce + Telecom mode, and the Lunar Night Sciermde.
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Figure 5: FSS Surface Operations Modes

Lunar Day Science Operations

When FSS is switched to Lunar Day Science-only maedleof its units are powered, the EPS is chargdhmy
batteries with power from the solar panels, andtttegmal system is shunting heat energy throughatad as
required.

The IE is writing heartbeat, and as well as higlgfrency (100 samples-per-second, sps) data from the
seismometers, and low-frequency (4 sps) housekgegata to its NAND flash memory. The instrumentadist
transferred to the C&DH regularly.

The Flight Computer switches the modem to Receitg-mode, ie. FSS will not emit telemetry to théicer,
and no communication passes are planned. Howe&$, Will execute commands it receives, such as VBB
recentering or transition to Lunar night.

Lunar Day Science and Telecom Operations

The Lunar Day Science + Telecom mode includesfah@activities from the Lunar Day Science modihwhe
downlink of science data and housekeeping telemetBarth through planned communication passesigunibiter
overflights.

On one hand, one TC uplink is planned per Earthkvaerging Lunar day, ie. twice a month as a Lunar ldats
14 Earth-days. On the other hand, TM downlink anpled to occur every Earth day during Lunar day.

Lunar Night Science Operations

During the 14-Earth-days-long Lunar night, FSS vwatched to Lunar Night Science-only mode. In this
configuration, only the instrument suite is power&fS is powering the Instrument Electronics, amal thermal
system is turned off. During this period, FSS wilk receive commands as its modem is turned offedls
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The IE is writing heartbeat, 100-sps science dathlasps housekeeping data to its NAND flash. Tiserument
data is transferred to the C&DH once per Earth dgpropriate electronics to transition to Lunar Dmperations is
active.

During all those phases, data volumes are consttdiy the orbiters on the surface of the Moon. Hewrenlike
on Mars for InSight, the data volume restrictiorif ke limited on the Moon thanks to the two relapiters and the
link budgets capacity between the Moon and Earth.FSS, the data volumes allowed by the orbitersharee
much more favorable and will exceed the data predury the instruments on average: 2.8Gbits/daythEtmore,
FSS only has one VBB when SEIS had three, gengratimore limited amount of data: only 450Mbits/daje
long nights (14 Earth days) however add the comstta have a significant amount of data to trariswien
transmissions can resume, and the mission hasdieshto accommodate that constraint.

3.3 Ground Operations

As for many aspects of the project, FSS’ Missiore@gions System (MOS), Ground Data System (GDS) and
Science Data System (SDS) benefit from a strongager from the InSight mission. Most of the FSS M@ GDS
operations will take place at JPL, while most aé tBDS operations will take place at the SEIS Mapgr&ions
Center (FOCSE-SISMOC, the CNES operations cente8BEdS), that will also support FSS operations. PPl
provide support for the science operations thraihghdevelopment of the FSS Data Portal (data digidn to the
FSS science community) and the Lunar Quake Sefmioenquakes classification and characterization).

First, JPL is responsible for designing and marggdime operations process and interfaces througtiout
mission, translate activity requests from scieneant and operators into FSS uplink formats, downk&S
instrument telemetry and ancillary data througlayetervice (the Draper Control Center), and foniveyd=SS
telemetry with status reports to SISMOC. JointlthwSISMOC, JPL will provide high-level health andfety
monitoring of the instruments and anomaly analygdke instruments.

Then, CNES is in charge of providing detailed maniitg of the seismometers and potential anomalyyaes,
as well as generating and forwarding LO Product$P@P, and generating science activity sequencés the
science team.

Finally, IPGP is responsible for defining scieneguirements of the VBB seismometer, generating_the|-1
Scientific Products (L1) and scientific resultstbé mission, handling science data distributiorigyoldeveloping
data calibration parameters and waveforms, andngeisvent detection. As part of the science teddGR will
provide inputs to JPL and CNES for weekly actiytsins of the seismometers.

Weekly meetings will be conducted between JPL, FE@8d IPGP to assess the quality of the seismig dat
downlinked. Even though not required for nominalthoe operations, the Project Investigator (PI) ncapvene
meetings to plan and review commanding needs foomjng telecom overflights.

1&T Flight Ops
FSS 1&T Launch Cruise  Lunar Orbit DL
Surface Ops
Science
RIS ; Daytime Ops
FSS j ‘
Data PDS %ﬁg
Portal S S N
.ﬁ” L2-n Data Nighttime Ops
Product IPGP
Ground Ops g L0 & L1 Data Relay
< _ NI s Product CNES
—___::n (SISMOC) Vendor Relay
e " Ground
Science < Station
Operations I =— Ops Center
l Ops Center -

JPL Command Generation =50

Figure 6: FSS Operational Workflow (Source: NASA/JR.)
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Upon activity requests from IPGP and CNES, JPL@irgering and instrument teams will generate secpgeto
perform maintenance, calibration and configuratiérthe instruments. The variety of activities penfied with the
VBB and SP sensors will be limited, and mostly éstissof maintenance recentering for the VBB andbcations.
JPL’s Mission Operations System generates the segador the instruments, handles the conversidoinary files
bundle files, and uplinks to the Moon through thkay service provider. The overall communicatioanphnd relay
passes planning will be managed by Draper for thieeeM3 mission, including the lander and the ott@mmercial
missions during the first lunar day, i.e. the fitdtdays of the mission.

The Draper control center transmits the commandiesgzps to the lunar relay satellite, which thenwéods
them to FSS on the Lunar surface. Then, the redagives downlinked instrument telemetry data fro88Fand
forwards them to its receiving station on Earthe Finovider then receives telemetry downlinks fréra telay, and
forwards them to JPL’s Ground Data System.

GDS receives telemetry packets from the relay pieviand, after performing minor packet quality sses,
generates a report and forwards them to CNES’ FOfoSRrocessing into higher-level products. Thedurds are
delivered to IPGP for distribution through the FB&ta Portal, and finally archived to the IncorpetaResearch
Institute for Seismology (IRIS) and the PlanetatdSystem (PDS) Geoscience node through JPL'si&ciPata
System. JPL SDS reformats into the PDS-4 formatreedirchiving to the PDS GS at Washington Universit

The reuse of InSight ground segment

Since the SEIS and FSS instruments are very sintiiardata they generate are also very similanagt
been decided to reuse the same ground segmeno amstdantiate a new version of the SISMOC grourgirsmt at
CNES for FSS. Not all SISMOC features are requfeed=SS, but the ground segment architecture atetfates
remain the same. Insight has ended its operatipinate in December 2022, but SISMOC will remainvacfor
post-treatments and data availability purposed tirgiend of 2025.

If data format should remain similar, it won't beetcase for the commands (or ‘TCs’ for Telecommjpnds
sent from the ground to FSS. The flight softwark laé different between both missions and FSS itdh#re C&DH
and flight software from the MarCO cubesats. Theylass complex but also less capable than theglhpayload
system developed by Lockheed Martin. InSight flighftware and commanding relied heavily on commialodks
offered by the VML Virtual Machine Languagelanguage used by InSight. The command dictioay to be
redeveloped for FSS to fit the FSS C&DH and fligbftware. The plan is the reuse the same activitjotary,
minus the SEIS activities that will not exist onS-§o leveling system or tiltmeters for instanca] @o need to
perform event request for high-resolution data)e Thallenge, in addition of course to develop teev rilight
software and telecommand dictionary (which is headddy JPL), is hence to adapt the intermediater lagbveen
the activity dictionary and the actual TCs in orttekeep it as close as possible to SEIS operafmnthe ground
segment and the FSS and SEIS operational teams.

Perpetuation of the teams

CNES has made sure the operational and some ofidhelopment team members remain involved in FSS
development phase and future operations. One okdlgeaspects of the success of SEIS operations isgest,
process and distribute successfully the data tet¢f@ce community. A lot of processing is needetiansform raw
data into useful seismic data, especially time aelation aspects. The SISMOC is a complex set ofstand
processing chains, and a certain level of expeésebeen acquired by the SEIS exploitation teacuth the years.
Those team members will be involved in FSS opematis well, and have already started transitioparirtime to
FSS activities in parallel with InSight duties. Thardware itself consists in the delivery of a néBB sensor to
JPL, after a retrofit from the martian to the luiggavity, and an integration into the SeismoBoxvided by JPL.
The project manager at CNES and the instrument gearet IPGP are both SEIS alumni with a strong gigeein
the development, testing and qualification of tH&Bv

4. Conclusion

Throughout the successful four years spent on thetidh surface listening to Marsquakes and imp&iES’
seismometers unveiled the interior of Mars like erdyefore. As early as 2025, it is on the Moon thatVBB and
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SP will be delivered and record seismic waves, litaio key information about the deep lunar interimmd our
natural satellite’s farside seismicity. As a venglatious mission, FSS will try to bring answergjieestions asked in
NASA'’s Decadal Survey with a challenging budgetc®magain, seismology is bringing Earth’s natiorgetber in
collaboration towards a better comprehension ofptametary neighborhood.
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