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ESA Moonlight Roadmap

Navigation Integrity should be treated as a 
critical component of (deep) space mission.

- Mission and sensor reliability
- Astronaut safety
- High risks, low failure 

acceptance

- Increasing autonomy
- Navigating in space is a 

challenge!

Why integrity?



Navigation requirements and scenarios

© Royal NLR 2024 – NAVITEC 2024 5

Simulation scenarios considered:
• 4 LCNS satellites (or 1 LCNS, 1 LNSS and 2 LCRNS)
• NaviMoon GNSS receiver
• NovaMoon / Argonaut local beacon

Navigation Requirements

Moonlight scenarios
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Satellite orbits and simulation windows
Satellite 
Orbits
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Satellite orbits and simulation windows
Satellite 
Orbits
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Processing methodology

Ephemeris Decoding

Nav. Message Demodulation 
Threshold [dB-Hz]

Demodulation 
Duration [s]

Ephemeris Validity 
[h]

I/NAV 27.7 30 4

F/NAV 20.7 50 4

LNAV 26.5 48 4

CNAV 26.1 24 4

Radiation Patterns

𝐏𝐬

𝑮𝐬(𝜷)

𝑭𝑺𝑷𝑳

𝑮𝐫(𝜷)
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LCNS Performance Analysis

Φ ≥ 70˚

ε𝑅

ε𝐶

WUL

SIS−URE𝑊𝑈𝐿 = max
𝜃∈ 0,𝜃𝑚𝑎𝑥

𝜖𝑅 cos 𝜃 + 𝜖𝐴
2 + 𝜖𝐶

2 sin 𝜃 + ∆𝑡𝑠 𝑐

SIS−UVE𝑊𝑈𝐿 = max
𝜃∈ 0,𝜃𝑚𝑎𝑥

ሶ𝜖𝑅 cos 𝜃 + ሶ𝜖𝐴
2 + ሶ𝜖𝑐

2 sin 𝜃 + ሶ∆𝑡𝑠 𝑐

𝑈𝑅𝐴 = 𝑞99.7(SIS−URE𝑊𝑈𝐿)

𝑈𝑉𝐴 = 𝑞99.7(SIS−UVE𝑊𝑈𝐿)
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Integrity Monitor

Poor geometry
• Most satellites in small cone

Significantly impacts solution separation approach
-> residual monitor more suitable 

𝑃𝐿 = 𝑆𝐿𝑂𝑃𝐸𝑚𝑎𝑥 𝑇𝑑+ 𝑘 𝑑𝑖𝑎𝑔3(𝑃)

𝑘 = 2 erfc−1(𝑃𝑚𝑑)

𝑆𝐿𝑂𝑃𝐸𝑚𝑎𝑥 = 𝜆𝑚𝑎𝑥(𝐾
𝑇𝐾𝑆)

Protection levels

Filter design

Vk = HkPk
−Hk + R

Hk =

−𝒖𝑟
𝑠 𝟎 𝟏 𝟎

−
ሶ𝒓𝑟
𝑠 − ሶ𝒓𝑟

𝑠𝒖𝑟
𝑠 𝒖𝑟

𝑠 𝑇

𝒓𝑟
𝑠 −𝒖𝑟

𝑠 𝟎 𝟏

range

rate

Rk =
𝜎𝐷𝐿𝐿
2 + 𝑈𝑅𝐴2 𝟎

𝟎 𝜎𝐹𝐿𝐿
2 + 𝑈𝑉𝐴2

Failure detection

𝑠𝑎𝑣𝑔
2 ~𝜒2(𝑛)

𝑠𝑎𝑣𝑔
2 = 𝑦𝑎𝑣𝑔

𝑇 𝑉𝑎𝑣𝑔
−1𝑦𝑎𝑣𝑔

𝑇𝑑 = 𝜒−2(𝑃𝑓𝑎 , 𝜈)

𝑉𝑎𝑣𝑔
−1 = ෍

𝑖=𝑘−𝑚+1
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Integrity Monitor

• Filter need to be reset when PDOP restores within thresholds
• Satellite exclusion should take into account the impact on PDOP
• 2-hour contingency period after exclusion (even false alarm) can 

have a big impact on availability.
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Integrity Availability on Lunar South Pole

4 LCNS + GAL + GPS

Note: LCNS orbits designed for Horizontal 
constraint HDOP<3.5 for >15h per day

4 LCNS + GAL

4 LCNS

4 LCNS + Beacon

4 LCNS + 
GAL + GPS 
+ Beacon
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Conclusions

EKF with sliding window integrity monitor is a promising approach for user-based 

integrity monitoring at the lunar surface

- Preferable over solution separation due to poor observability conditions

- EKF with LCNS can provide tight integrity bounds for orbiters

- Adding GNSS can help improving availability, but the impact on DOP should be carefully 

addressed

- Local beacons with ranging components can help further improve availability

- Further accuracy improvement and tight integrity bounds allowing for surface 

applications require additional sensor implementation (presented at ION PLANS 2025)
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