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Introduction

Schönfeldt et al, “Across the Lunar Landscape – 
Exploration with GNSS Technology”, Inside GNSS, 
2020  

ESA Moonlight Roadmap LunaNet Segments

Lunanet interoperability specification v5  
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Navigation Performance Requirements
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Integrity Monitoring Strategies

User / Autonomous System / Augmentation

ü Tailored to user needs and 
sensor suite

ü Protects against local faults

– Doesn’t scale
– Consumes valuable 

computing resources
– Difficult to detect certain 

‘wide’ or system faults.

ü Provides protection for wide range 
of users (scalable)

ü Relative low impact on user 
processing

ü Can detect system faults

– Doesn’t protect against local faults
– Not optimized for user sensor suite
– System complexity and costs

Hybrid

Integrity System Observables:
- GNSS
- Moonlight LCNS & LunaNet
- On-board sensors
- ...
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Integrity Monitoring Strategies
User / Autonomous System / Augmentation

Snapshot
Satnav 
Integrity

1 ARAIM

Filter
(SatNav-only)

Filtered 
Integrity

2 AIME

Filter
(Sensor Fusion) Multi-sensor 

integrity

3 AIME

Augmentation
(SatNav)

Filter 
(Sensor 
Fusion)

Filter 
augmented 
integrity

4 SBAS

Some (preliminary) results of these 
different methods and 
implementations will be presented 
in the following slides.
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GNSS Performance Simulation
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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Autonomous Integrity Monitoring
1) Standalone SatNav: ARAIM – legacy and widely accepted

• Aviation levels: not feasible

• Anticipated levels: might be feasible for less stringent 
operations such as orbital coasting, but not for descent 
and surface operations.

Engwerda, Heiko JA, et al. "Evaluation of positioning 
integrity through araim at the lunar surface." 
Proceedings of the ION 2024 Pacific PNT Meeting. 2024.
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Autonomous Integrity Monitoring
2) Standalone SatNav: AIME – Sliding window residual monitor

4 LCNS
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Autonomous Integrity Monitoring
2) Standalone SatNav: AIME – Sliding window residual monitor

4 LCNS + GAL + GPS

4 LCNS + GAL

4 LCNS

4 LCNS +
Beacon 

(NovaMoon)

4 LCNS + GAL + 
GPS + Beacon

ü better protection against poor geometries 
than snapshot ARAIM

ü Benefit of GNSS mostly in service 
availability 

Novamoon allows for 
tighter integrity bounds 
and improved availability

GNSS mostly improves 
service availability



Navigation Scenario’s
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Lunar Lander Static UserLunar Rover

• 4 LCNS
• IMU
• Altimeter <5000m

• 4 LCNS
• DEM models

• Vertical constraint

• 4 LCNS
• Vertical constraint
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Autonomous Integrity Monitoring
3) Fused Navigation: AIME

Rover: 4 Moonlight LCNS (Ops. Window) Static: 4 Moonlight LCNS (Ops. Window) 

Lander – Initial Descent
4 Moonlight LCNS (Ops. Window) 

Lander – Final Descent
4 Moonlight LCNS (Ops. Window) 

Altimeter supports 
landing 
requirements

DEM models provide 
marginal integrity 
improvement

Engwerda, Heiko, et al. "Kalman Filter based
Positioning Integrity for Lunar Applications." 
2025 IEEE/ION Position, Location and Navigation
Symposium (PLANS). IEEE, 2025.
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Augmented Integrity Monitoring
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Preliminary Lander Results
Lander Trajectory Integrity Bounds during Landing

Stanford Plots

Publication coming soon...
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Conclusions
Studies are performed evaluating several navigation integrity frameworks

• GNSS-only allows for virtually no operational scenarios. 

• Combining GNSS with Moonlight LCNS provides marginal benefits due to poor 

geometry.

• Filtered approaches in combination with LCNS / LunaNet ranging providers can 

potentially provide integrity bounds meeting requirements

• A stepwise maturing integrity augmentation system could be a feasible way forward, 

reducing the user computation costs



Thank you for your attention!
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