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Principle of Lunar Laser Ranging (LLR)

Research focuses on:
✓Determination of Earth 

rotation parameters 
(ERPs)

✓Relativity tests

✓Differential Lunar Laser 
Ranging (DLLR)
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Earth Rotation Parameters

More solution details can be seen in  Biskupek et al. (2024)
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Normal Points (NPs) over 53 Years



5

Better NP Distribution with IR NPs

✓ better distribution over lunar orbit

✓ better distribution over reflectors

✓ More NPs per night

1970-2023

after 2015
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Earth Rotation Parameters (ERPs) Estimation  

✓ Connection between ERPs and LLR

𝐫GCRS = 𝐐 t 𝐑 t 𝐖 t 𝐫ITRS

✓ LLR NPs selection

➢ all observatories   

➢ min. 15 NPs per night, 519 nights

➢ 04.1984 - 05.2023

✓ LLR analysis

➢ until 1983: Kalman Earth Orientation Filter 
(KEOF) series COMB2019;

from 1983: IERS C04 EOP series

➢ ERPs fixed for nights not considered in the fit

➢ standard parameters of Earth-Moon system 
with either  ∆𝑈𝑇1, 𝑥𝑝 or  𝑦𝑝

(𝑥𝑝, 𝑦𝑝)∆𝑈𝑇1
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Earth Rotation Parameters (ERPs) Estimation  
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Relativity Tests
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Relativity Tests

✓ Equivalence of inertial and gravitational mass

➢ Earth and Moon as test bodies

➢ in the gravitational field of the Sun

∆
𝑚𝑔

𝑚𝑖 𝐸𝑀
: difference between the ratio 

𝑚𝑔

𝑚𝑖
for the Earth and Moon

➢ in the gravitational field of galactic dark matter

∆𝑎𝐸𝑀: additional acceleration of the Moon relative to the Earth towards
the galactic center

✓ Equivalence of active and passive gravitational mass

∆
𝑚𝑎

𝑚𝑝 𝐴𝑙,𝐹𝑒

: difference between the ratio 
𝑚𝑎

𝑚𝑝
for Al and Fe of the Moon

✓ Temporal variation of the gravitational constant 𝐺

✓ PPN parameters 𝛾 (space-curvature) and 𝛽 (non-linearity of gravity)
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Estimation Results for Relativity Tests

Parameter Estimation result Data time span Data number Source

ሶ𝐺

𝐺
−5.0 ± 9.6 ∙ 10−15 𝑦𝑟−1

04.1970-04.2020 27485 Biskupek et al. (2021)
𝛾 − 1 1.7 ± 1.6 ∙ 10−4

𝛽 − 1 6.2 ± 7.2 ∙ 10−5

∆
𝑚𝑔

𝑚𝑖 𝐸𝑀

−0.6 ± 2.1 ∙ 10−14

04.1970-03.2021 28093 Zhang et al. (2022)

∆𝑎𝐸𝑀 2.3 ± 4.1 ∙ 10−17 m. 𝑠−2

∆
𝑚𝑎

𝑚𝑝 𝐴𝑙,𝐹𝑒

±3.9 ∙ 10−14 04.1970-04.2022 30172 Singh et al. (2023)



11

Differential Lunar Laser Ranging
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Principle of Differential Lunar Laser Ranging (DLLR)

✓ one station – two reflectors

✓ short switching interval 

✓ range difference

✓ expected accuracy  ~30 µm

✓ atmospheric error, 
significantly reduced

Zhang et al. (2022); Zhang (2023); Zhang et al. (2024)
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Characteristics of Differential Lunar Laser Ranging

Zhang et al. (2022); Zhang (2023)

LLR and DLLR data:

✓ same number (28093)

✓ same time span (04.1970-03.2021)

✓ same observatories and reflectors

✓ same data distribution

✓ DLLR data accuracy

increased 200 times compared to real
LLR

✓ DLLR switching interval (1.5 min)

Parameter LLR DLLR 

𝜃𝑚 [rad] 4.4 × 10−9 1.4 × 10−11

𝜔𝑚𝑧0 [rad/s] 2.1 × 10−16 0.6 × 10−18

𝑘𝑣𝑐 [rad/d] 1.1 × 10−10 0.8 × 10−12

𝑓𝑐 1.6 × 10−6 0.6 × 10−8

𝑋𝑚0 [km] 8.5 × 10−5 2.3 × 10−5

𝑌𝑚0 3.0 × 10−5 1.9 × 10−5

𝑍𝑚0 2.9 × 10−5 1.1 × 10−5

✓ inclination between XY-plane of inertial frame and lunar 
mantle equator 𝜃𝑚

✓ initial z-component of angular velocity of lunar mantle 𝜔𝑚𝑧0

✓ friction coefficient between the core and mantle 𝑘𝑣𝑐

✓ oblateness of the lunar core 𝑓𝑐

✓ Initial position of lunar mass center (𝑋𝑚0, 𝑌𝑚0, 𝑍𝑚0)

Estimation of 
lunar orientation, 
rotation and 
interior largely 
improved
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LLR and DLLR Combination

Zhang (2023); Zhang et al. (2024)

Case Data timespan
Reflector/Reflector 

baseline (RB)

Parameter accuracy ratio 
Acc_LLR/Acc_DLLR&LLR

𝜃𝑚 𝜔𝑚𝑧0 𝑘𝑣𝑐 𝑓𝑐

LLR
04.1970-03.2021 (real LLR)+

04.2021-03.2026 (simulated LLR)
A11, A14, A15, L1, L2

8.9 48.3 58.6 107.0

LLR&DLLR
LLR+04.2021-03.2026 

(simulated DLLR)

LLR: 5 reflectors

DLLR: RBs from random 

combination of 5 reflectors

Ratio of estimation accuracy of LLR as well as DLLR&LLR for parameters related to lunar orientation, rotation and interior

Only 5-year DLLR data added, parameter estimation related to lunar orientation, rotation and interior 
improved a lot, especially the oblateness of lunar core 𝑓𝑐 improved by 107-fold
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Conclusions and Outlook

✓ ERPs benefit greatly from improved LLR data, especially from IR NPs with high 
number of NPs per night and better distribution

✓ LLR can conduct many different relativity tests

➢ Equivalence Principle of inertial and gravitational mass

➢ Equivalence Principle of active and passive gravitational mass

➢ Temporal variation of the gravitational constant

➢ PPN parameters

✓ DLLR would significantly improve parameter estimation related to the lunar  
orientation, rotation and interior, if really achieving the expected high accuracy

✓ Combination of LLR and DLLR is more practical to benefit from the DLLR 
advantages when DLLR data time span is short

✓ Combination of LLR and DLLR for the investigations of ERPs and relativity tests
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