
Lander-Aided Differential Doppler and One-Way Ranging for 
Lunar Rover Navigation with a Single Relay Satellite

KAILA M. Y. COIMBRA AND GRACE GAO

ION GNSS+ 2026 | Session G2a: 40th Anniversary Track: STUDENT SESSION



Exploratory rover missions will serve as precursors 
to sustained surface operations.

1
[1] JPL, 2026  [3] NASA, 2025

[2] NASA, 2026

2026

CADRE rovers onboard 

IM-3 lander[1]

FLIP rover onboard 

Griffin-1 lander[2]

VIPER rover onboard 

Mark-1 lander[3]

2027

Precise absolute localization of lunar rovers is critical to support long-range 
traverses, science targeting, and safe operations in challenging terrain.



Rover Localization: Vision

2
[4] Daft ry et al., 2023  [6] Dai et al., 2025

[5] Cauligi et al., 2023

Depends on illumination 
and map quality



Rover Localization: Satellite-Based

3
[7] Jun et al., 2024

[8] Tanaka et al., 2025

Doppler and ranging
OR 

Dual one-way ranging

Assumes satellites broadcast 
dedicated ranging code and 

clock synchronization.



Rover Localization: Minimal Infrastructure
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Constraints applied to this work

• Agnostic to illumination or map quality

• Only one satellite

• Satellite does not broadcast dedicated ranging code

• Consider clock bias/drift

• Rover is moving



Contributions
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1
Lander-aided differential Doppler 
using minimal infrastructure

2
Observability and localization analyses 
across measurement configurations

3
Evaluations with varying lander 
line-of-sight and availability



Measurements
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One-way Doppler

Periodic ODTS resets

𝐷𝑟 = −
෨ሶ𝜌𝑟𝑓

𝑐

One-way range ෤𝜌

𝒗𝒓

𝒗𝒔

One-way Doppler

𝐷𝑙 = −
෨ሶ𝜌𝑙𝑓

𝑐

Differential Doppler ∆ ෨ሶ𝜌

How do we model 
ephemeris errors?



Broadcast Ephemeris

7

෤𝒓𝒔 = 𝒓𝒔 + 𝜹𝒓𝒔

෥𝒗𝒔 = 𝒗𝒔 + 𝜹𝒗𝒔

𝜹𝒙𝑒𝑝ℎ =

𝜹𝒓𝒔

𝜹𝒗𝒔

𝜹𝒂𝒔

Broadcast satellite 
state is imperfect.

Apply a first-order Gauss-Markov (FOGM) 
process to acceleration error 𝜹𝒂𝒔

[9].

[9] Singer, 1970

Source State Estimated Dimension

Satellite/Lander 𝒓𝒓 3

Satellite 𝑐 ሶ𝛿𝑡𝑟 − ሶ𝛿𝑡𝑠 1

Lander
𝑐 𝛿𝑡𝑟 − 𝛿𝑡𝑙 1

𝑐 ሶ𝛿𝑡𝑟 − ሶ𝛿𝑡𝑙 1

Satellite 𝜹𝒙𝑒𝑝ℎ 9

How do we consider this state without estimating it?



Schmidt-Kalman Filter
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𝒙 =
𝒙𝑥

𝒙𝑐

𝑷 =
𝑷𝑥𝑥 𝑷𝑥𝑐

𝑷𝑐𝑥 𝑷𝑐𝑐

𝑲 =
𝑲𝑥

𝑲𝑐

[10] Gr ewal and Andrews, 2001

[11] S chmidt, 1966

ෝ𝒙𝑘|𝑘−1 = 𝑓 ෝ𝒙𝑘−1|𝑘−1, 𝒖𝑘−1

Predict

𝑷𝑘|𝑘−1 = 𝑭𝑘𝑷𝑘−1|𝑘−1𝑭𝑘
𝑇 + 𝑸𝑘−1

Update

𝒚𝑘 = 𝒛𝑘 − ℎ ෝ𝒙𝑘|𝑘−1 

ෝ𝒙𝑘|𝑘 = ෝ𝒙𝑘|𝑘−1 + 𝑲𝑘𝒚𝑘

𝑷𝑘|𝑘 = 𝑷𝑘|𝑘−1 − 𝑲𝑘 𝑯𝑘𝑷𝑘|𝑘−1 + 𝑪𝑘
𝑇

Extended Kalman Filter[10]

Partition into estimated (𝑥) and consider (𝑐) blocks. 

Schmidt[11]: Consider effect of errors due to 
uncertain parameters.

𝒙𝑐 ≔ 𝜹𝒙𝑒𝑝ℎ

𝑲𝑐 = 𝟎

Force consider-block Kalman gain to zero. 

Considers the effect of ephemeris errors 
on the estimated states but does not 
correct the considered parameters.



Navigation Assets
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Relay Satellite[12]

Elliptical Lunar Frozen Orbit (ELFO)
Period: 10.84 hours

Parameter Value

Rover initial 

position σ per-axis

At lander 5 m

Lost 100 m

[12] S STL, 2022  [14] Keane et al., 2022

[13] ITU, 2025

Artemis Basecamp
87.0˚ S, 50.5˚ E

1.5 m

5.0 m

Lander[13] Rover[14]



Observability
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𝜎2 ෝ𝒖 = ෝ𝒖𝑇𝑮𝒓
−1ෝ𝒖

σ vs. time Sky plot
1σ ellipse at 

1-hr window
2D Example

ෝ𝒖1
ෝ𝒖2

𝜎 ෝ𝒖1 > 𝜎 ෝ𝒖2

Define 𝑮𝒓 as the effective Fisher 

information matrix for rover position.

Observability metric:

[15] Ober, 2002

[16] S hen and Win, 2010
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Mission Scenarios
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Exploratory mission

Rover is initially lost

Survey of area



Localization Performance with Diff S+L and S-only
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Mission A: Constant LOS



Ablation on Measurement Configuration
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Mission A: Constant LOS

• Mean (solid line) and 1σ (shaded 
band) across 100 Monte Carlo runs

• Satellite-only outperforms 
lander-only case

• Differential S + L outperforms 
the rest, maintaining <10 m 
accuracy after 1.8 hours



Ablation on Measurement Configuration (1 MC Run)
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Localization Performance for Mission B
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Localization Performance for Mission C
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Conclusions

17

1
Lander-aided differential Doppler reduced 
sensitivity to satellite clock and ephemeris errors.

2
Satellite and lander can provide 
complementary observability constraints. 

3
Estimator maintains useful 
accuracy when lander is in NLOS.
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