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Corner Cube Retroreflector
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Satellite/Lunar Laser Ranging
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•  An	observatory	on	Earth	transmits	a	short	pulse	towards	a	CCR	array	on	Satellite/Moon.		

•  The	CCR	reflect	the	pulse	back	to	the	observatory.	

•  Time	of	flight	measurement	à	Distance	

•  Track	Satellite/Moon	orbit	and	obtain	orbit	parameter	
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Lunar Laser Ranging
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(Luna 21 lander)
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Tests of General Relativity
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•  Measurement of relativistic geodetic precession of lunar 

orbit, a true three-body effect (~3m / lunar orbit) 

•  Time variation of universal gravitational constant G 

•  Violation of Weak and Strong Equivalence Principle   

(WEP/SEP) 

•  Parametrized Post-Newtonian (PPN) parameter β: 

measures the non-linearity of gravity 

 

7 



LibraDons:	the	main	limitaDon	of	Apollo/Lunokhod
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Due to this phenomenon the Apollo arrays are moved so that one corner of 

the array is more distant than the opposite corner by a few decimeters. 

Because of this libration tilt, the arrays broaden the LLR pulse back to Earth. 

Effect of multi-CCR array orientation due to lunar librations 
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Apollo MoonLIGHT
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MoonLIGHT-2 reflector
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Librating 

Multi-reflector 

array 

fat laser pulse: 

return uncertainty 

dominated by pulse 

near corner 

far corner 
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Future  

(MoonLIGHT) 

Libration rotations up to ~8°  

(effect of e and i of Moon orbit). 

Current accuracy of ~ 2 cm 
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Data	Analysis	
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Planetary Ephemeris Program

In order to analyze LLR data we used the PEP software, 
developed by the CfA, by I. Shapiro et al. starting from 

1970s. 

 

 

The model parameter estimates are refined by minimizing 
the residual differences, in a weighted least-squares 

sense, between observations (O) and model predictions  

(C, stands for ”Computation”), O-C. 

 

 
”Observed” is the measured round-trip time of flight. 

”Computed” is modeled by the PEP software. 
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Generating Predictions
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How does one can generate an ephemeris?  
 

•  Must obtain accurate observations; 

 

•  Develop a comprehensive solar system model that we then 
integrate numerically (including complications, such as 

planetary rotation dynamics and lunar motion); 

 

•  Simultaneously fit all of these model parameters to the 
available observations (from asteroids and interplanetary 

probes, etc.).  
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Generating Predictions
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Data Analysis LLR Normal Points
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Normal	Point	Data
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A normal point 
contains several  

information e.g. 

date of observation, 

atmospheric 

conditions, as well 
as time of flight, 

data quality and 

CCR arrays  
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O-C residual analysis with PEP
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LLR tests of General Relativity (GR)
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Due to librations a major improvement in LLR efficiency and 

precision and, therefore, on GR tests can and must be obtained 

only by going from arrays to single retroreflectors.

It is a pre-requisite (condicio sine qua non)

Efficiency (# returns to make a normal point) of single, large 

reflector: few thousands times larger than reflector arrays
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Precision test of violation of GR
Apollo/Lunokhod 

JPL

Apollo/Lunokhod 

PEP

Geodetic Precession |Kgp|<6.4×10-3 |Kgp|<7.9×10-3

Time Variation of the Gravitational 

Constant
|Ġ/G|<9×10-13yr-1 |Ġ/G|<9.8×10-13 yr-1

Parametrized Post-Newtonian, β |β-1|<1.1×10-4 |β-1|<4.0×10-4

State of the art measurements  



Simulated observations
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Simulation to optimize MoonLIGHT for the first deploying (2018) 

using all real LLR data taken until now from Apollo and Lunokhod 

CCR	Array	 Data	Type	 Time	Span	 Sites	 StaBons	 Accuracy	

Apollo	+	Lunokhod	 Dummy	
2015	

2030	

	11-14-15	

Lunokhod1-2	

APOLLO	 0,5	cm	

CERGA	

1,0	cm	MLRS	

MLRO	

MoonLIGHT		

with	and	without	

Sun	Shade	

Dummy	
2018	

2030	

80⁰N,	0⁰W	

80⁰S,	0⁰E	

0⁰N,	80⁰E	

0⁰N,	80⁰W	

APOLLO	 0,1	cm	

CERGA	

0,2	cm	MLRS	

MLRO	

Ø GR tests expected improvement: 

•  4 MoonLIGHT-2 (starting from 2018, one per year) plus any other Apollo/

Lunokhod 

•  15 years of simulations starting from 2015. 

•  Accuracy simulation of Optimal design as “STD” 

•  3 different accuracy value set: STD, double STD and half of STD.  



Simulated observations
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Simulation to optimize MoonLIGHT for the first deploying (2018) 

using all real LLR data taken until now from Apollo and Lunokhod 

CCR	Array	 Data	Type	 Time	Span	 Sites	 StaBons	 Accuracy	

Apollo	+	Lunokhod	 Dummy	
2015	

2030	

	11-14-15	

Lunokhod1-2	

APOLLO	 0,5	cm	

CERGA	

1,0	cm	MLRS	

MLRO	

MoonLIGHT		

with	and	without	

Sun	Shade	

Dummy	
2018	

2030	

80⁰N,	0⁰W	

80⁰S,	0⁰E	

0⁰N,	90⁰E	

0⁰N,	90⁰W	

APOLLO	 0,1	cm	

CERGA	

0,2	cm	MLRS	

MLRO	

Ø GR tests expected improvement: 

•  4 MoonLIGHT-2 (starting from 2018, one per year) plus any other Apollo/

Lunokhod 

•  15 years of simulations starting from 2015. 

•  Accuracy simulation of Optimal design as “STD” 

•  3 different accuracy value set: STD, double STD and half of STD.  
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GR test improvement: Simulated observations
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GR test improvement: Simulated observations
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GR test improvement: Simulated observations



Results

•  We, in Italy, developed new reflectors, and we have agreements  for 

new lunar missions to deploy them

•  Using simulation by PEP as-is we will improve the test of General 

Relativity by a factor ~10 with new reflectors and new missions (not 

including improved stations/software)

–  Lots of new data from new reflectors/missions WILL HELP improve PEP

–  Improvement of PEP software (better modeling of effect included in PEP,  

addition  of effects not yet implemented) will follow the improvement due to new 

reflectors.
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Precision test of violation of GR
Improvement 

STD

Improvement        

H-STD

Time Variation of the Gravitational Constant × 8.8 × 16.9

Geodetic Precession × 8.6 × 16.6

Parametrized Post-Newtonian, β × 8.2 × 12.3



Fly me to the Moon…and beyond
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INstrument for landing-Roving laser ranging/altimetry Retroreflector Investigations 
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INRRI the first laser retroreflector on Mars



Simulated observations
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Preliminary Results
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Preliminary Results
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Conclusions and Prospects
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We have developed and built, MoonLIGHT, a unique           

next-generation lunar laser retroreflector payload and validated 

its performance with a unique facility and an innovative 

industry-standard laboratory test 

 
The improvements shown by simulations are important and 

represent the most pessimistic case where we do not consider 

LLR station upgrades or any software updates 

 
We are currently simulating INRRI performance for Mars 

missions of ESA/ASI and NASA. To the Moon and beyond … 
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Further prospects

•  Continue to refine our knowledge of data and software to better 

estimate (and reduce) the  measurement uncertainty on geodetic 

precession, Gdot/G and on other GR parameters. 

•  After the ExoMARS landing we can also develop future General 

Relativity tests with Mars. 

•  We have the option to implement the equations of motion of new 

gravity theories (like SPACE-TIME TORSION and NON-MINIMALLY 

COUPLED GRAVITY) inside PEP and study not only the secular 

variation of the  geodetic precession , but also periodic signatures of 

NEW PHYSICS on the geodetic precession and on other PPN 

parameters 
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GR test improvement: Simulated observations



INRRI
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INstrument for landing-Roving laser ranging/altimetry 

Retroreflector Investigations 

Microreflector: Passive:  25 gr; Compact: 54 mm × 20 

mm
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Next steps
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