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The lunar laser ranging (LLR) technique is based on the two-way time-of-flight of laser pulses from an earth 

station to the retroreflectors that are located on the surface of the moon. We discuss the ranging technique 

and contribution of the timing systems and its significance in light of the new LLR station currently under 

development by the Hartebeesthoek Radio Astronomy Observatory (HartRAO). Firstly, developing the LLR 

station at HartRAO is an initiative that will improve the current geometrical network of the LLR stations 

which are presently concentrated in the northern hemisphere. Secondly, data products derived from the 

LLR experiments – such as accurate lunar orbit, tests of the general relativity theory, earth–moon dynamics, 

interior structure of the moon, reference frames, and station position and velocities – are important in better 

understanding the earth–moon system. We highlight factors affecting the measured range such as the effect 

of earth tides on station position and delays induced by timing systems, as these must be taken into account 

during the development of the LLR analysis software. HartRAO is collocated with other fundamental space 

geodetic techniques which makes it a true fiducial geodetic site in the southern hemisphere and a central point 

for further development of space-based techniques in Africa. Furthermore, the new LLR will complement the 

existing techniques by providing new niche areas of research both in Africa and internationally. 

Introduction
The study of earth’s gravity, earth’s rotation, geokinematics and inclusion of space-time currently completes the 
definition of space geodesy.1 This definition has evolved from the early days of F.R. Helmert, who firstly defined 
geodesy as the science of the measurement and mapping of the earth’s surface.2,3 It is clear that geodesy as a 
discipline has two objectives that are closely related: (1) scientific objectives constitute the study of geodynamic 
phenomena, the gravity field of the earth and other planets, the shape and size of the earth and its orientation in 
space through earth orientation parameters and (2) practical objectives include cadastral surveying to determine 
points accurately (up to millimetre level) on the earth’s surface, accurate timing, terrestrial geodetic reference 
frames, and accurate positioning for civil engineering applications.2 These objectives are realised through 
space-based techniques: Global Navigation Satellite Systems (GNSS), very long baseline interferometry (VLBI), 
satellite laser ranging (SLR), lunar laser ranging (LLR) and Doppler Orbitography and Radiopositioning Integrated 
by Satellite (DORIS). Together these techniques are fundamental in defining and maintaining different reference 
systems and reference frames, and determining three-dimensional station positions, velocities, earth orientation 
parameters and polar motion with high accuracy, spatial resolution and temporal stability.4,5 

The accuracy of geodetic products depends on a number of factors such as instrumental accuracies, analysis 
strategies, accuracy of the models used during data processing (e.g. atmospheric models), third-body 
perturbation effects and relativistic effects. Among these factors, the stability of timing systems plays a crucial 
role in determining the accuracy of the measurements. Development of highly stable clocks such as the hydrogen 
microwave amplification by stimulated emission of radiation (maser) and caesium clocks allows accurate timing 
and data correlation to be carried out with high levels of accuracy.6 The application of GNSS in metrology (i.e. time 
transfer techniques) has advanced the traditional time-keeping services (e.g. mobile reference clocks, terrestrial 
communication systems using Loran-C or direct radio broadcasts) and allowed comparison of clocks that are 
distributed around the world with high accuracy and the maintenance of Coordinated Universal Time (UTC).7 These 
timing systems contribute towards earth and space observational techniques in ensuring accurate measurements. 

Earth observation and space development technologies are very important for the development of a country and 
have socio-economic benefits such as climatology, land management and monitoring applications. South Africa, 
Nigeria, Egypt, Algeria, Kenya and, more recently, Ethiopia are African countries that are harnessing space-related 
technologies ranging from earth observation satellites and space geodesy to radio and optical astronomy.8,9 
The Hartebeesthoek Radio Astronomy Observatory (HartRAO) is located north of Krugersdorp in South Africa 
(Figure 1). It is collocated with DORIS, GNSS, 26-m and 15-m VLBI telescopes, and an SLR (MOBLAS-6) station. 
Currently, HartRAO is building a VGOS (VLBI2010) telescope and a new LLR system based on a 1-m aperture 
telescope donated by the Observatoire de la Côte d’ Azur in France.10 The observatory is a fundamental (fiducial) 
site in the southern hemisphere as it limits geometrical errors during computation of geodetic or astronomical 
parameters in the global network and provides high-quality scientific data with high temporal resolution.10 Here we 
provide a review of the LLR technique and the importance of timing systems in light of the current development of 
the new LLR station at HartRAO.
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Figure 1:	 Geodetic instruments collocated at HartRAO, South Africa. The 
lunar laser ranging (LLR) azimuth-elevation mount is portrayed 
in the inset on the left; the tube and other components were 
removed for upgrade and maintenance. The top right inset 
depicts the inside of the LLR control room.

Historical developments of lunar laser ranging
The US Apollo and the Soviet missions deployed arrays of corner-cube 
retroreflectors on the surface of the moon during the late 1960s and 
1970s; the LLR technique has therefore been used to study the 
earth–moon system since 1969. Currently on the moon, there are Apollo 
11, 14 and 15 reflectors deployed by the Apollo missions and Lunokhod I 
and II reflectors deployed by the Soviet Union11 (Figure 2). The McDonald 
Observatory was the first observatory to range to a retroreflector on the 
moon using a 2.7-m telescope.12 

Currently there are four LLR stations in the world that range to the 
moon’s retroreflectors on a regular basis. These active stations are 
(1) the Apache Point Observatory Lunar Laser-ranging Operation 
(APOLLO), New Mexico, USA; (2) McDonald Laser Ranging Station 
(MLRS), Texas, USA; (3) the Observatoire de la Côte d’ Azur (OCA), 
France; and (4) Matera, Italy.13 These stations are located in the northern 
hemisphere, which results in a weak geometry for the LLR network, 
as no stations are active in the southern hemisphere. However, the 
South African radio astronomy observatory (HartRAO), Mount Stromlo 
SLR observatory in Australia14, ESO La Silla Observatory IV in Chile15, 
National Astronomical Observatory of Japan16 and the Russians17 are 
planning and developing LLR stations. These additional stations will 
improve and contribute to the current network of the International Laser 
Ranging Service (ILRS) and to lunar and earth sciences as a whole.

Since the LLR technique was developed, range precision has increased 
from about 100–250 mm to less than 20 mm.19 A similar increase in the 
range precision of the normal points in SLR applications has been reported 
in Botai et al.20 and this increase has been attributed to improvements of 
the internal system components as well as advanced models. System 
component improvements can be summarised as: (1) replacement of 
the ruby laser with a Nd:YAG laser, (2) higher emission frequency rates 
(5–20 Hz), (3) faster and more sensitive detectors and (4) improved 
timing systems (<20 ns) with lower jitter (<10 ps) resolutions.

The existing LLR stations have provided valuable data to date. In 
particular, the APOLLO LLR station seems to be the only station that 
is capable of receiving up to 1000 photons per session (one session 
typically lasts for 1 h with an expected 2–10 return photons per pulse).21 
In comparison, the photon return rates of the McDonald MLRS2 and 
Grasse stations range from 1 to 105 per session and from 2 to 605 per 
session, respectively, when ranging to the Apollo 15 retroreflector on the 
moon (Figure 3). The data used were provided by the Paris Observatory 
Lunar Analysis Center (POLAC) and are available to the public (http://
polac.obspm.fr/llrdatae.html). Furthermore, these stations indicate 
that the time-of-flight to the Apollo 15 retroreflector array can range 
from 2.3 s to 2.7 s. 

APOLLO
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Harteb.

Apollo 14 Apollo 11
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Apollo 17

Luna 21
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Hawaii
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Wettzell

Source: International Laser Ranging Service20

Figure 2:	 Distribution of the International Laser Ranging Service network of lunar laser ranging stations. The inset map illustrates the location of the 
retroreflectors on the surface of the moon.
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Figure 3: 	 (a,c) Time-of-flight and (b,d) received number of photons measured between the Apollo 15 retroreflector on the moon and the APOLLO and 
McDonald MLRS2 stations.
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Basic principles of lunar laser ranging
Ranging to the moon involves transmitting short laser pulses 
(about 0.03 m) from the ranging station to the retroreflectors located 
on the surface of the moon. The two-way time-of-flight of the laser 
pulses is measured on the ground using highly accurate timing systems. 
Most SLR stations utilise neodymium-doped yttrium aluminium garnet 
(Nd:YAG) lasers at a 532-nm wavelength with a repetition rate ranging 
from 5 Hz to 2 kHz. In SLR applications, laser energies ranging from ~1 
to 100 mJ are used to range to artificial satellites such as LAGEOS. 
Higher laser energies (100–200 mJ) and lower laser pulse frequencies 
(~20 Hz) as well as larger telescopes are used for LLR applications. 
These differences are mainly as a result of the greater distance between 
the moon and the earth compared with distances between satellites that 
are orbiting the earth. 

The basic observational equation is given in Müller et al.22 as

d = c – =|rem – rstation + rreflec|+c∆ττ
2  	 Equation 1

In Equation 1, d is the station to reflector distance, c is the speed of light 
in a vacuum, τ is the time-of-flight of the laser pulse, rem describes a 
vector connecting the geocentre and the selenocentre (centre of mass of 
the moon), the geocentric position of the observatory is given by rstation, 
and rreflec presents the selenocentric position vector of the retroreflector 
on the moon. The laser pulse is delayed as a result of interaction with the 
non-linear atmospheric environment, which must be corrected for. Other 
factors that must be corrected for are discussed later in this paper. The 
term ∆τ describes these corrections, which must be applied to obtain 
an accurate computed distance. 

The earth–moon distance is approximately 385 000 km; unlike in SLR, 
this distance presents a challenge in LLR because fewer photons are 
received per single laser shot containing about 1015 photons. To illustrate 
the impact of the earth–moon distance on the photon return rate, 
Degnan23 provided a radar link equation that estimates the success of 
receiving photoelectrons npe as detected by the receiving telescope as: 

npe = q  ET        TGTσ 
λ
hc

1
4πR2

At R Ta  Tc  ,
2 2

2

	 Equation 2

where nq is the detector’s quantum efficiency, ET is the laser pulse 
energy, λ is the wavelength of the laser, h is Planck ̓s constant, c is 
the speed of light in a vacuum, nT is the efficiency of the transmitter 
optics, GT is the transmitter gain, σ is the reflector optical cross section 
and nR is the efficiency of the receiver optics. The effective area of the 
telescope receiving aperture is given by At. Ta is the one-way atmospheric 
transmission if present, and Tc is the one-way transmissivity of cirrus 
cloud. R is the slant range to the moon and can be calculated using: 

R =–(RE+ ht ) cos θzen+   (RE +ht )
2 cos2 θzen+ 2RE (hs – ht )+ h2 – h2 ,s	 t 	

	 Equation 3 

where RE is earth’s radius (6378 km), ht is the station height above sea 
level, hs is the moon altitude above sea level, and θzen  is the zenith angle 
of the moon as observed from the ranging station. 

The observed raw data (doi) are filtered to detect gross errors, evaluated 
to access the accuracy of the observations and compressed for further 
analysis in the form of a normal point (NPi) data set (Equation 4).23 The 
residuals are computed from the predicted and observed ranges and the 
outliers are removed using a range window. A suitable trend function 
(a polynomial fit or a set of orbital parameters) is usually fitted to the 
residuals to detect further outliers by analysing the deviations from the 
fit (fri). The data can then be divided into bins; there is a recommended 
number of bins to be used for different retroreflectors/satellites, e.g. for 
LAGEOS 1 and 2, a 120-s bin width is used to divide the data for the 
duration of the observation. For each bin interval, i, a mean value (

 fri
) of 

all deviations is calculated and added to the trend function at the centre 
of the interval.23 This point is referred to as a normal point and thus 
represents a single observation of the particular interval, 

NPi = doi – (fri – fri ).
	 Equation 4

The systematic errors, some of which are discussed later, must still be 
modelled out during further processing. The internal system accuracy 
of the station (i.e. the root mean square, RMS) can be evaluated using 
Equation 5 as given in Sinclair24, where ni represents the number of 
observations within the bin.

RMSi = (fri – fri )
2.∑1

ni j
	 Equation 5

Timing systems and current progress on the 
new LLR station
Earth was once thought to function as a perfect clock by counting 
the number of sunrises or sunsets and constructing a calendar as 
earth rotates around its axis. Advancements have been made in the 
more accurate measurement of time and short intervals through the 
development of mechanical clocks; pendulum clocks were built with an 
accuracy of about 10 s per day.25 However, it is important to note that 
during this period there was no method to synchronise individual clocks. 

The development of timing systems has also led to the development 
of many technologies that are of societal benefit and that we take for 
granted, such as GPS, the electric power grid and mobile phones.26 The 
reported accuracy of the first operational atomic clock was 0.1 ms/day.27 
Accuracy of caesium atomic clocks increased with the development 
of laser cooling technologies; the National Institute of Standards and 
Technology (NIST) has so far developed NIST-F1 and NIST-F2, which 
have an accuracy of more than 10-15 at 1 s – the most accurate caesium 
clocks to date.28 Quartz and rubidium clocks are used in scientific 
applications such as LLR and SLR as they are relatively affordable and 
also offer a high accuracy of about 10-12 at 1 s. 

HartRAO currently is developing a LLR station by utilising a 1-m aperture 
Cassegrain telescope donated by the French Observatoire de la Côte d’ 
Azur.29 The LLR station is designed to range to retroreflectors mounted 
on satellites and the surface of the moon. The LLR station will use a 
newly developed 4393A rubidium timing reference system by Microsemi 
with an accuracy to sub-picosecond (<10-12) level. This system will 
improve the measurement of time-of-flight of the laser pulses and limit 
instrumentation error dependency. Detailed current development and 
future perspectives of the LLR system are described in Combrinck10. 

Factors contributing to range bias 
In light of the new LLR analysis software being developed at HartRAO, 
it is necessary to take into account all the factors that affect ranging 
to the moon and satellites, and which eventually affect the accuracy of 
determining the moon’s orbit. In terms of SLR, these factors are listed 
in Combrinck and Suberlak30 and Combrinck31 as: earth’s geopotential32, 
solid earth tides33, ocean tides, planetary third-body perturbation (sun, 
moon and planets), relativistic acceleration34, atmospheric tide and 
atmospheric drag35, solar radiation pressure36, earth radiation pressure, 
thermal radiation acceleration37, lunar librations38 (for LLR), Shapiro 
delay39, tropospheric delay40 and delay induced by electronic systems. 
Two separate software suites will be used for either SLR or LLR analysis, 
because although some of the corrections are similar (e.g. station 
displacement due to solid earth tides), the analysis problem is quite 
different. Not all of these factors are discussed here; further information 
can be found in the references provided. Corrections for a few factors 
are applied to illustrate the importance of considering these factors in 
the LLR analysis package. In a simplified version, the time-of-flight of 
the laser pulses can be described by

ToF = Tsy + Dat + Grt + Ttd + 	 Equation 6

where Tsy represents actual time interval measurement by the station, 
Dat is the time delay due to the atmosphere, Grt is the general relativity 
correction, Ttd is the time variation induced by tidal effects and  includes 
all other corrections not listed above and unknowns. Time-of-flight 
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is the actual time interval measurement at the station and comprises 
several components. The station timing system measures the gross 
sum of contributions as a time interval. Tsy is the ‘true’ satellite 
distance (expressed as time-of-flight). Data processing is applied 
mainly to account for the true satellite distance by removing the other 
disturbing contributions. Practical examples are given below for selected 
parameters to illustrate their importance. 

Tidal correction on station position
The gravitational attractions on earth of the sun, moon and planets, 
result in a force that deforms the earth’s gravitational field and induces 
solid earth tides.41 This force is coupled with ocean and atmospheric 
loading effects as well as the mantle convection processes within 
the earth. The earth system responds to these effects through mass 
displacement, rotational acceleration and continuous deformation of the 
solid crust.30 Space geodetic instruments such as LLR are affected by 
these continuous deformation effects, which translate to an additional 
range bias during ranging. Hence, the LLR analysis software (currently 
under development at HartRAO) must be able to model these effects with 
high accuracy in order to improve the range bias. The earth tide, pole tide 
and ocean tide effects are well described in McCarthy and Petit42 and 
readers are referred to this reference for more information. 

The solid earth tides can be conveniently modelled43 as variations in the 
standard geopotential coefficients Cnn and Snm, and can be described as 

∆Cnm– i∆Snm= Pnm(sin Φj )e
–imλj

 {with Sn0=0}
knm

2n – 1

Re

rj

GMj

GME

3

j=2

n+1

∑
	

	 Equation 7

where knm is the nominal Love number for degree n and order m, Re 
represents the equatorial radius of the earth, GME is the gravitational 
parameter for the earth; the gravitational parameter for the moon (j=2) 
and sun (j=3) is given by GMj, the distance to the geocentre of the moon 
or sun is represented by rj, Φj is the body fixed geocentric latitude of the 
moon or sun, λj represents body fixed east longitude (from Greenwich) 
of the moon or sun and Pnm represents the normalised associated 
Legendre function. 

A library developed in Fortran to compute station displacement due 
to earth tides was developed by Petrov33 and is currently used by the 
Satellite Data Analysis Software (SDAS) developed at HartRAO30. 
The same library was also used in this study to illustrate the effects 
of earth tide on the earth crust for the HartRAO site, where the LLR 
telescope is located. A continuous station displacement can be clearly 
seen, with magnitudes ranging from -160 mm to 300 mm in vertical 
displacement (Figure 4). 

Gravitational pull by the sun, moon and planets also results in ocean 
tides; an additional weight by ocean loading influences crustal 
displacement and results in temporal variations of station position. 
Stations that are inland are expected to be less affected than those that 
are close to the coast. There are plans to move the new LLR station at 
HartRAO, once completed, to Matjiesfontein in the Great Karoo (in the 
Western Cape of South Africa).29 This new site is about 240 km from 
the Southern Ocean; the effect of ocean tides is expected to be greater 
at the new site than at the current location (HartRAO, Krugersdorp). 
In order to better understand and model the effects of ocean and earth 
tides, atmospheric loading and local hydrological cycles, instruments 
such as a superconducting gravimeter are required, and should be 
mounted as close as possible to the ranging telescope to measure 
small displacements. A typical example is the APOLLO station at Apache 
Point, Texas: their gravimeter has a noise level of 1 nm/s2, which is very 
sensitive and can model these effects to millimetre accuracy or better.21 
HartRAO has installed a gravimeter to compensate for these effects and 
improve the existing models.

Tropospheric delay correction
The troposphere introduces a significant delay (up to several metres) 
both in radio and optical wavelengths. Different models have been 
developed to account for this delay in optical wavelength observations44 
and radio wavelength observations40. The delay increases with 
decreasing elevation angles. Usually, observations are made at higher 
elevation angles (e.g. above 20° for SLR or LLR). Data from a network 
of radiosonde distributed worldwide are used to create and validate 
tropospheric models. A series of mapping functions is used to account 
for tropospheric delay in the form of40:

∆L( ) = ∆Lz · mfh( )+ ∆Lz · mf  ( ),	 Equation 8

where the total slant delay ∆L as a function of an elevation angle  is 
expressed as the sum of a hydrostatic and a wet portion – both can 
be expressed as the product of a zenith delay and a corresponding 
mapping function. To illustrate the extent of the delay introduced by the 
troposphere at different elevation angles for radio frequencies, we used 
the GPT2w model developed by Böhm et al.40 to estimate slant delay 
for the HartRAO site. Figure 5 depicts computed slant delay correction 
at different elevations. An example of the delay in optical wavelength 
(532 nm) for a 7-day arc of several SLR stations is given in Combrinck31, 
based on the model developed by Mendes and Pavlis44. It must be noted 
that the delay in radio and optical wavelengths is different but the pattern 
is the same (i.e. the delay increases with a decrease in elevation angle). 
For the purpose of LLR analysis software, appropriate models will be 
implemented to compensate for atmospheric effects. 
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Figure 4: 	 Station vertical displacement for the HartRAO site, simulated for the month of January 2015.
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Figure 5: 	 Slant delay as a function of elevation angle for the HartRAO site, computed for the day of 30 June 2015, using Böhm et al.’s40 GPT2w model.

Timing systems
Timing systems are crucial in space geodetic and astronomical 
instrumentation. In particular, the accuracy of measurements depends 
on the accuracy of the reference timing systems. Most reference timing 
stations for SLR and LLR are at the level of 10-12 Allan deviation at 1 s 
using rubidium/quartz crystal oscillators45, while the hydrogen maser 
clocks used in VLBI techniques are better than 10-14 at 1 s.46 Most stations 
are limited in their use of highly accurate timing systems such as maser 
clocks because of their high cost. The noise levels within event timers 
and photon detection systems also play a crucial role in the accuracy 
of the normal data points and range bias. It is envisaged that the new 
LLR station will use the newly developed 4380A-GPS disciplined master 
timing reference by Microsemi Corporation. This unit has an Allan 
deviation of 10-13 at 1 s and less than 10 ns RMS timing accuracy. A low 
jitter event timer of 3 ps RMS and a solid state photon detector (a single-
photon avalanche diode or SPAD) with a quantum efficiency of 50% will 
be integrated to allow for sub-centimetre ranging precision.

An impact of timing systems on the observed range measurements can 
be clearly seen from Figure 6, in which a normal point data quality of the 
Potsdam SLR station between 2003 and 2011 indicates high variation, 
ranging from 10 mm to 25 mm.45 During 2011, an old timing system was 
replaced with a more modern timing system with better specifications 
(Table 1). The SPAD with a quantum efficiency of 28% was replaced 
with a SPAD with a quantum efficiency of 40% and low jitter. As a result, 
the normal point data are characterised by low variations, which can be 
directly linked to the improvement of the timing systems (among others) 
post 2011.

Lunar laser ranging contributions to science 
and society 
Earth observation techniques have a direct impact on the social lives 
of people. Imagery from remote sensing techniques is widely applied 
in areas such as agriculture47, ecosystem management48,49, water 
management50, disaster management51 and weather applications52. 
These applications provide examples of the use of earth observation 

techniques to assist in planning, early warning systems for natural 
disasters, and management of earth’s resources. More advanced remote 
sensing techniques such as VLBI, GNSS, LLR and SLR contribute in the 
same way as satellite remote sensing does to society. The derived data 
products – such as the International Terrestrial Reference Frame (ITRF), 
the International Celestial Reference Frame, earth orientation parameters, 
the gravity field, and atmosphere and ionosphere parameters – form part 
of the foundation of earth observation technologies.53 A set of station 
coordinates and velocities derived from the geodetic techniques is used 
to construct a reference frame that allows connection and comparison 
between different geodetic data sets over varying space and time. 
This construction is done through combination of the data sets using 
scientific software such as CATREF54 and by taking into account the 
local site ties. The latest ITRF2008 has an accuracy to sub-centimetre.4 
This system provides a basis for local reference frame systems, which 
are realised based on the ITRF, including, for example, the unified African 
Geodetic Reference Frame (AFREF), which can be used for cadastral 
surveys, mapping and civil engineering applications.55 

The LLR technique in particular contributes towards advancement of the 
field of space geodesy, lunar science, earth–moon system dynamics and 
gravitational physics. The increased accuracy in range measurements 
from 200–300 mm in early development stages to about 20–30 mm in 
recent developments, has provided ways to test and evaluate general 
relativity theory56 and the gravitational constant with ranging accuracy 
at picosecond level. Williams et al.57 derived geophysical and orbit 
parameters of the moon; the gravitational constant was evaluated to be 
G/G=4±9x10-13 per year by Williams et al.58 and a more recent value of 
-0.7±3.8x10-13 per year is reported by Hofmann et al.59 The LLR system 
at HartRAO is being developed by HartRAO staff and PhD and MSc 
students registered at various South African universities, hence capacity 
building and skills transfer are at a high level. This project will support 
environmental monitoring through proxy parameters which measure, 
for example, the state of the atmosphere, gravity fields (for groundwater 
storage monitoring) and seismic activities, which are important to society.
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Table 1:	 Historical improvement of the Potsdam satellite laser ranging station timing system45

Timing equipment
Date of installation/replacement

20 July 2001 2001–2004 01 May 2011

Detection type SPAD (AD230) SPAD (MPD-ICTC)

Quantum efficiency (%) 28 40

Jitter (ps) 75 20

Signal processor CFD (TC4S4)

Time measurement Interval Event Event

Model SR620 A031-ET A032-ET

Resolution (ps) 4 1 1

Precision (ps) 20 10 7

SPAD, single-photon avalanch diode; CFD, constant fraction discriminator

2000	 2001	 2002	 2003	 2004	 2005	 2006	 2007	 2008	 2009	 2010	 2011	 2012	 2013	 2014	 2015

Year

ave 15.83 ± 3.12 max 46.58 min 7.10 for 2466 data points

pass average LAGEOS normal point rms

Potsdam, Germany 7841

m
m

20150508 13:52

60

20

15

10

5

0

Figure 6: 	 Potsdam satellite laser ranging station performance, measured based on normal point root mean square for LAGEOS ranging data.  
The single-photon avalanche diode was replaced with one of higher specifications in 2011.45 
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Conclusion
We have briefly reviewed the LLR technique and the timing systems 
in light of the new LLR station at HartRAO. The difficulties associated 
with ranging to the moon were highlighted, and factors that contribute 
to range bias were emphasised as these must be incorporated in the 
LLR analysis software. This new LLR station will contribute to both 
local and global communities to meet the scientific objectives of the 
currently growing space science endeavours by many countries as 
well as support socio-economic developments. Existing LLR stations 
are sparsely distributed globally and the station at HartRAO (currently 
in development) together with Mount Stromlo SLR observatory in 
Australia have the opportunity to expand the existing global network to 
the southern hemisphere.

Data products derived from highly technical space geodetic techniques 
such as LLR have indirect and direct benefits to society, hence the 
LLR project at HartRAO has received local support and international 
support from organisations such as the National Aeronautics and Space 
Administration (USA) and the Observatoire de la Côte d’ Azur (France). 
There are a number of factors that must be taken into consideration 
during the implementation of the LLR analysis software. The first step 
is to ensure that highly accurate (to sub-picosecond level) timing 
sub-systems are implemented to minimise local systematic errors. The 
delay induced by the environment can be modelled with current existing 
algorithms to a high level of confidence. This new LLR station will open 
many opportunities for current and future space programmes, with 
societal benefits, both in Africa and internationally. 
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