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Ephemeris Equations
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Predictable Sources of 
Orbital Perturbation



Unpredictable Sources of 
Orbital Perturbation

Aerodynamic Drag from Particles in the
Van Allen Belt

“Space Weather”

Ionospheric Effects



Transponder Determination of
GPS Satellite Position



Advantages of a Lunar Transponder

Exo-Atmospheric Signal Propagation

Lunar Ephemeris is Well-Known

Orbit not measurably affected by Solar Wind
and Solar Radiation

Synchronous Orbit – reduces number of 
Transponders always facing Earth





Transponder Link:
Optical  vs.  RF

Short wavelength of Optical Links provides
Higher Bandwidth over RF Links

Gain for a given Aperture Scales with 
Inverse Square of Wavelength



Transponder Link:
Optical  vs  RF

G  =  10 log10 (π D / λ)2

G  =  Gain in dBi
D  =  aperture Diameter
λ =   wavelength 



Comparison of Aperture Gains

25 cm (10 inch)  Aperture at  830 nm
≈ 120 dBi

10 meter (33 feet)  Aperture at  2.54 GHz
≈ 50 dBi



Implications for System Design

Reduced Component Size as compared to
Electronic Counterparts

Ability to Concentrate Power in Narrow Beams

Reduction in Transmitted Power Requirements

Overall Payload Size/Mass Reduction 



Link Budget Block Diagram



Link Budget Calculation

Transmitter Power, 1 W @ 830 nm      0    dBW
Transmitter Antenna Gain, 1 m Dia.  131.6 dBi

Transmitter Optical Losses           - 6.0 dB
Space Propagation Losses        -315.3 dB

Losses in Vacuum          0    dB
Spatial Pointing Losses           - 1.0 dB

Receiver Antenna Gain, 1 m Dia.        131.6 dBi
Receiver Optical Losses           - 6.0 dB

Spatial Tracking Splitter Losses           - 1.0 dB
Receiver Sensitivity      84.0 dBW

Link Margin    17.9 dB

Assume: 100 Mbps, 10-6 BER



Various Aperture Gains Expressed in dBi

Aperture                         Gain

10 cm                               111.6 dBi
0.5 m                                125.5 dBi
1.0 m                                131.6 dBi
1.5 m                                135.1 dBi



Aperture Tradeoff Considerations

Every pound saved from Payload to LEO
saves 200-250 pounds in Launch Vehicle weight

Every pound saved from Lunar Landing Payload
saves ~ 1000 pounds in Launch Vehicle weight



Various Laser Powers Expressed in dBW

Laser Power                          dB Value

100 mW                                   - 10 dBW
500 mW                                     - 3 dBW

1.0 W                                        0 dBW       
2.0 W                                        3 dBW



Moon - to - Earth Distances
and Associated Propagation Losses

Minimum: 364,800 km
(Propagation Loss = - 314.8 dB)

Nominal: 384,00 km
(Propagation Loss = - 315.3 dB)

Maximum: 403,200
(Propagation Loss = - 315.7 dB)



Associated Beam Diameters

Assume:
1 meter Aperture on the Moon

830 nm Wavelength

Diffraction-Limited Beam Diameter Near 
Earth

303 meters (364,800 km)
335 meters (403,200 km)



Enhanced Satellite Detection by Increasing 
Beam Divergence



Link Margin is Maximized by Narrowing 
Beam Divergence once Lock-In Occurs



Lunar Transponder Block Diagram



Thermal  Considerations

Lunar Daytime

No Surface Contact

Solar Irradiation  ~ 1400 W/m2

Direct  +  Indirect (surface reflections)
Absorptivity – dependent

May be compromised by dust contamination



Thermal  Considerations - continued

Lunar Daytime

Surface Contact

Local Albedo - dependent
Surface Temperatures  ~  123ºC  max.

Lunar Soil Thermal Conductivity:
1.72 to 2.95 X 10-2 W/m K



Thermal  Considerations - continued

Lunar Darkness

Surface Temperatures as low  as 
-233ºC  (40 K)

Lasts for  ~  2 weeks



Thermal  Considerations - continued

Radiative Loss Example

Assume a cube 1m on a side, sitting on the Moon
with emissivity of 0.9 and surface temp. = 20ºC

Q  =  ε σ A T4

=  0.9 X 5.67 X 10-8 W/m2K4 X 5m2 X (293K)4

=  1880.5 Watts 



Radiative Loss Example - continued

To maintain 1880.5 Watts for 2 weeks
(336 hours)

=  631.8 kWhr



Radiative Loss Example - continued
High Performance Insulation

Paul and Diller, 2003



NASA / JPL,  2006



Radiative Loss Example - continued

Q  =  k A (dT/dx)

using:
k  =  0.0045 W/m-K
A  =  5 m2

dT  =  253 K    (293 K  - 40 K)
dx  =  0.01 m,  0.1 m



Radiative Loss Example - continued

For  1 cm  thick Aerogel insulation:
~ 570 Watts,  ~ 191.5 kWhr

For  10 cm  thick Aerogel insulation:
~ 57 Watts,  ~ 19.2 kWhr

Importance of Thermal Leaks



Radiative Loss Example - continued

Segregation by Temperature Sensitivity

Optical Components and Support
- Low Coefficient of Thermal Expansion Materials

Electronics  - Highest Thermal Sensitivity

Batteries  - Reduced Thermal Sensitivity



Location of Transponders on the Moon

Heiken, et al., 1993



Location of Transponders on the Moon

Equatorial
Diametric
Locations

Equatorial
Diametric
Locations

Heiken, et al., 1993

Polar Location



Conclusions

GPS Accuracy can be Improved 
using Lunar Transponders

Freedom from Influence of Unpredictable
Atmospheric and Solar Effects

Cost/Benefit should be considered
in light of Larger Mission Objectives
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