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Abstract

The Hartebeesthoek Radio Astronomy Observatory is currently develofdiogaa Laser
Ranger (LLR) station based oa 1 m classical Cassegrain telescope that was dotatibe
projectboy t he Obser vat o(OCAyof Ftamcellhe LLR project atHartRAQ u r
currently consistof differentsubsystemthat will be integratetb form acompletefunctioning
system This integrated systemvill produce subkcentimetre accuracsanging dataallowing

the distance from the Earth to thlonto be determined with high accuracy and be used for
a number of scientific investigatiorSuchsubsystemscludethe laser systen{®ne suitable

for Satellite Laser Ranging (SLRhe other for LLR)}timing and photon detection systems
data analysisoftware steering and control hardwaead integrated software modules such as
the pointing model for the telescop€his researctproject focused othe development of the
timing subsystenfor this newLLR station In particular, it involved theletermination and
evaluation of the oscillator error budget, development of MABLscripts for analysis of the
rubidium oscillator drift anégeing characteristics as well as GPS analysis of possible multi

path effects.

The technique ofhe LLR involves ianging to theMoon by transmitting short laser
pulses (about 0.03 m) from the ranging station to the-reftectorsthat arelocated on the
surface of theMoon. Differentmodels exist that are used to correct for these errors. However,
the stability of the local clock forms the basis of ensuring that acclirateof Flight ToF) is
measured accurately and precisely. This requicespcond101?) level or bettenccuracyto

minimise systemati@rrors in theToF measurement. Hence, the aim of this study was to



develop an integrated timing system for this new statlwat will meet this stringent

requirement.

A 4380A rubidium timing referencesystem was acquired for the LLRatsbn at
HartRAO. This reference timing system hasiming accuracy of less than 10 ns Root Mean
Square (RMS)a frequency accuracy dietterthan 1x10* over al dayperiod An Allan
deviation (lacked totheGlobal PositioningSystemii (GP9) of 6x10*2 at 1 second and a phase
noise of-110 dBc/Hz at 1 Hz. It has temperature stabity-1x101%/3 . This timing system
is locked to GPS time and updated accordingly to ensure that it is aligtred)niversal
Coordinated Time (UTC). The installation site for the GPS antenna was preliminary
investigated for the extent of multigpafrom the surrounding feature$he GPS antenna
requiresastable platform anthe location of the antenna must bes#rdo minimise theeffects
of multi-path, which can affect thmeasuregbosition and as a result affect the consistency of
GPS time that is used to updé#te rubidium clock. Resudtfrom this experiment indicate that
a cutoff ande of 10°-20°in GPS observations can minimise reflections from the ground and

nearby objects.

The rubidium4380A proved to be a stable timing system with predictable clock
behaviour over short time intervals. However,achieve 1 mm ranging precision, a high
photon eturn rate ought to be achieved. The estimated return rate of 5 photons per minute
implies that the LLR must range for longer than 30 minutes in order to callextequate
numberof photons to statistically achieve saentimetre ranging precision duringlculation

of the normal points.

The new LLR station once completed will be the only station in Africa to be capable of
ranging to the retroeflectorslocatedon the surface of th®loon. It will also improve the
current ILRS network by progling data that are important in improving the accuracy of the
Moonds or bit parameters and Thie dewdleR statert willo r k
contribute to both local and global communities to meet the scientific objectives of the
currently growing spce science endeavours by many countries as well as supporting socio

economic developments.
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Chapter 1

General Introduction
1.1. Introduction

Space geodetic techniques susltlae GlobaNavigation SatelliteSystens (GNSS), Satellite
Laser Raging (SLR), Very Long Baseline Interferomef&LBI), Lunar Laser Ranging (LLR)
andDoppler Orbitography and Radiopositioning Integrated by Satellite (DORI®)ide data
for scientific research ranginffom fundamental physics, geophysics, geodynans
implementation and maintenance of the Internatideatestrial Referencérame(ITRF) and
International Celestial Reference Frame (ICRH)e accuraes of these techniges hae
increasedrom metres(duringthe 196@) to sub-centimetre leve(1990 ®present) With the
increasing accuracies of these techniques, geophysmetssesare better understood today
including interplanetaryscience such as tHearthMoon system These improvements have
also benefitedhe publi¢ for example, implementation and maintenancestérence frames
such as ITRF

Geodetic network capacithas been limitedjn the Southern Hemispherebut
particularly in Africa,due to high costs involved in commissionithg geodetic instruments
and lack othuman capacityHowever, the network geometry has been improving particularly
for GNSSgroundbasedstations, while the VLBI and LLR stations are still limiteédany
effortshave been mad® extend the current netwarkf all the techniquesn particular the
Hartebeesthoek Radio Astronomy Observatory (HartRByinstalling GNSSequipment in
Africa, Antarctica, Marion Island and Gough Islandur@ntly, HartRAO isworking on
improving the network of all the space geodetic techniquédse Southern Hemispher€his
includes adding an LLR station and anew geodetic VLBI antennah(storically termed
VLBI2010, but is now calleGOS where VGOS is the acronym fgt.Bl Global Observing
System{GGOS) as well as a Russian Federation SLR syatehe observatory

Above all other spaecbased techniques,dhi.LR technique has the weakgrometrical
network. At the moment, there are only three Lla&Rtive stationd.e. the Apache Point
Observatory Lunar Laseanging OperatiofAPOLLO 3.5 m telescope NewMexico, USA;

1



McDonaldLaser Ranging Station (MLRS 0.75 m telescapgjently not supporting LLR due
to lack of financial supporfTexas, USA and Observatoire deda t e d(OCAA DBANT
Cassegrain telescopd-rance.There area few upcomingLLR stations that will increase the
network volume i.e. Matera Laser Ranging Observafaingady providing some datdjaly;
Geodetic Observatory WettzellGermany; Mount Stromlo Satellite Laser Ranging
Observatory, Australia and HartRAO, South Afr{saurcehttp://ilrs.gsfc.nasa.gov/)

In South AfricaHartRAO is currently developing and upgrading the LLR system based
ontheexOCA 1 m aperture telescoggseeFigurel) in collaboration with OCA and NASA
(Combrinck 20118). This new LLR station at HartRAO will improve the network geometry in
the Southern Hemispheendform part of the International Laser Ranging Service (ILRS)
network.

e i SIS S S S——

Figure 1. The 1 m classical @ssegrain telescope in operati{@ouipped for SLRat OCA,
France, beforé was moved to HartRAO, South Afri¢picture credit Combrinck L).

Space geodesyechniquescurrently face great challenges and geare in the
improvemenbf the techniquasaccuracyand precisionthisinvolvesimproving the hardware

2



components existing atmosphericmodels, analysistrategies and software stabilitiés

achieve sulzentmetre accurac{Pearlman et al., 2002The current.LR project at HartRAO
facessimilar challengese.g. a station to form part of the ILRS mbsive time stability ofl
picosecond(101?) or better The ability to have high timingtability depends heavily on
environmendl conditions such as multipafreflections of the GNSS signals off objects in the
vicinity of the GNSS antenna, which create apparent signal path length increases, affecting the
solved for position)if the timing system is driven by GNS&nd ambienttemperature

variations

This particular project will contribute towardthe LLR developmentat HartRAOby
analysing theiming subsystenrequirements, error budget, and factors affecting oscillator
stability towards developing, integrating and commissioning a working soldti@solution
towards a complete timing system is manifold, as the frequency genesafisystem
(rubidium oscillator, steered by GNSS) is just a part of the hardware involved in measuring the
Time of Flight ToF) of the laser pulse from the LLR to the Moon and back. In addition to the
ObservedroF, there is the CalculatébF, based on a precise ephemeris and multiple models
to account for various delays experienced by a photon traversing through the griavapdie
atmosphereDuring data analysis, the objective is to minimise the difference between the
Observed Computed (Q C) residuals, therefore both sides of th€@quationneeds to be
as accurate as possible. This implies highly accurate timing eaqaeincy stability on the one

side (O) and very accurate modelling on the ot@gr (

1.2. Problem outline

A timing subsystenfiorms part of the critical componentsgaodetic techniques. The accuracy
of the measuremenits geodesyelieson the timingsubsystemembedded in thentiresystem.
Highly accurate timing systems suchs aubidium Cesium or hydrogen microwave
amplification by stimulated emission of radiation (hereaftese) atomic clocksare utilsed

to provide signals that atesedto measure the delay of tpalsesaccuratelyWithout a stable
timing system the measuredioF will be biased therefore, resulting in less accurate
measurements of thangeparameterge.g., to measur&€oF with an accuracy of centimetre

level or betteratiming system with maccuracy of-1 pslevelis required)



The entireLLR system will need tbe synchronsedto anaccurategime and frequency
sourcesuch as aubidiumfrequency standaravhich iscurrently utilisedoy the SLRMOBile
LAser RangingSystem(MOBLAS-6) station at HartRAOThe ubidium frequency standard
tendsto drift over time(as all other clocks)creating inconsisteresin the time signatured
GNSSreceiveris usually used to steer or correct the drift ofrit@dium frequency sindard
by providinga 1 pulse per secongyg9 signaland a certain frequency e.f0 MHz, which are
phaselocked to an internalvenedcrystal. This oscillator is steered by tBBISSconstellation,
whose clo&s are in turn, updated by a network of atomic claokshe ground. In practice, by
using GNSSime, one cathusrefer and adjust a local reference clock to the atomic standards
on the groundi.e. by doingatime transfer) Typically a certain frequencstandard (5 MHz or
10 MHz) will achieve lpicosecondaccuracyandresolution therefore, keeping th&ystem
andsubsystemstable, and when compared to GPS, inithknown offset (typically a couple

of micro-seconds).

1.3. Research objectives

The subsystemselying on frequency and tim# the LLR consst of sultomponents such as
micro-controllers, GPSiming system, system delay measurements, comparator delay,
software time,photon detection packagéglescope control systems, which must all be
synchronized tdhe same timestandardto achievesub centimetreaccuracy inthe ranging
measurementnd a time accura®f 1 picosecondNot allsubsystemeequire the same timing
accuracy. Asnexanple, a control circuit to enable a particuarentmight require a response
time and enabling accuracy ofew millisecondswhereas the timing of the lagaulses ToF

requires Jpicosecongrecision
Research objectives are to:

1 Review the LLR technique and compare the observed and calculatedmpbnents
in order to understand theiQC residuals and their error sources.

1 Apply techniques tovisualise andminimise the multipath effect on @S timing
antennafor the LLR station
Designan integrated time/frequenéyr theLLR station

Evaluate thgperformance of the integrated time/frequency system for thestation



1 Analyse the performance tife onsitehydrogen maser clockss they act as a crucial
backup source for the LLR statieend as independent calibrators of fractional

frequency stahity.

1.4. Significance of theresearch

Geodesy is the discipline that deals with the measurement and representation of the Earth and
other celestial bodies. tonsistsof three pillars, which arthe time-varying Earth geometric

shape, its gravitational field and rotatioal parameters Geodetic techniques have the
capabilities of observingeophysical parameters with high spatial and temporal resolution, and
high precisionThe Earthsystem, whichncludes but are not limited to crustaldeformation

gravity variationsatmospheric sciengetc., can be studied with high precision by making use

of space geodetic techniqueShese physical parameters are of utmost importance in
understanding global change phenom@@tiag et al., 2009)

In order to dealwith geodeticdata in an integrated manner, the International
Association of Geodesy (IAG) has establistteeislobal Geodetic Observing System (GGOS)
asan observing systenduring thelnternational Union of Geodesy and GeophysltsSG)
meeting in 2003 in Sapporo, Japan (Plag et al., 200%).foundation of GGOS is space
geodetic techniques that make geophysical observations about the EartiBigaies). The
challenge for GGOS is to integrate these systems and their data products in a way that helps
society to better manage global charsgel tomove from centimetre (cm) observational
accuracylevel to millimetre (mm)accuracylevel in all the observational techniques and
modelling thereaftefRummel et al., 2009; Gross et al., 2Q09)

The ILRS network is very important @GOSsince it provides SLR and LLR ranging
measurements (Rothacher et al., 2009). However, the currerdrkef@ometry is poor in the
Southern Hemispher€igure3); the new LLR projecat HartRAOwill improve and strengthen
the current network. The statiwrill be able to switch between SLR i.e. ranging to the satellites
(both low and high orbit satellites) that are equipped vetio-reflectors and LLR mode that
will allow the system to range to tivdoond setro-reflectors.However, this thesis will focus

on LLR requirements and integration.
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Figure 2. Contribution of geodetic techniques ireasuring and matoring the Earth gstem
(Rummel et al 2009.

There are many scientific contributions to be accomplished through the LLR project at
HartRAO. For example, South Africa has entered the era of space science with a number of
South African satellites being deployedspacesuch as CubeSat and Sumbandita$hese
satellites require precise orbital ephemerides, which are derived from SLR measurements.
Especially, Earth observing satellitdsat monitor changing landscape e.g., ice, land cover
change osea levelthey need calibration measurements fromShR techniques to increase
the accuracy of the observations. Herecegetterunderstanding of the geophysical processes.
The geographical location of HartRAO station in the Southern Hemisphere provides an
opportunity for scientific experiments that will@al us to range simultaneously withcaher
observatorye.g., OCA) to the Moon or satellites. This will constrain station dependent biases
(Combrinck, 2011a).
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Figure 3. The currentdistribution of LLR and SLR stations the ILRS network.Currently
there are only threactiveLLR stations that are capable of ranging towon. The Southern
Hemisphere has poor geometry, theretbeeaddition of the LLR at HartRAO will strengthen
the currentexistingnetwork(Source: http://ilrs.gsfc.nasa.gaov/)

Given the current poor geometrical coverage of the LLR/SLR stations in tith So
Hemisphere, this means thaany satellites are nabeingtracked as thepassthroughthe
Southern Hemisphere regidrhis project gies us an opportunity tmprove the determination
of the orbit parameters and the ranging geometry (Combrinck, 2001lagr scientific
contributions includatestfor the General Relativity Theory (GRT) (Alley, 19&83ymbrinck,
2013) and a contributioto the ITRF(Altamimi et al., 2011)Research on GRT has already

started at HartRAO to estimatarameterizedPostNewtonian PPN parameterg and |

directly as part of the leastjuares solution of precise orbital determinatiom LAGEQOS Il
SLR data(Combrinck, 2011h)

According toVasilyev et al, (2015) the current lunar ephemerides @méy derived
from the LLR observations obtained from six LLR stations using data from 1969 to 2013. The
accuracy of the lunar ephemeris (Botample, JPIDE 432 or IPAEPM2013) are known to
submeter level Folkner et al., 2008)T'his accuracy can be improved by arddidn of new
LLR stations that are well distributed globally to increase the LLR observations and reduce
geometric dependentdsies.Vasilyevet al., (2015) have simulated the impact of adding a new
station (the Altay Russian LLR statid12 m telescope) to the LLR network. They obtained

an improvement of -46% in lunar ephemeris and corresponding geophysical parameters.
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Basedon these conclusions, the HartRAO LLR station can be expected to also make significant
improvements on parameters that are derived from LLR data.

The quality of the ranging variables depends entirely oa¢haracy of the timingnd
detectionsubsystemsAll the subsystemare required to be operatinging thesametime and
frequencysignals this includes themicroprocessors, controller module, safety mosiided
eventtimers etc.to achievel-picosecondime resolution for the entire systeandmilli metre
ranging accuracyl he development and integratiohoptimumtiming and detection systems
for the LLR arenecessaryat all costandthis projectcontributes to theentireLLR systemto

ensure harmonious coordination of tubsystemand accurate measurements

The LLR project also fgwell within the social perspectives in South Africa. it will
help to equigll the participating studentgith unique skillsandwill ma ke a mar k i n

history as the first project to rangetheMoon on the African continent.

1.5. Challengesin lunar laserrangingtechnologes

The ILRS network has poor geometry as compared to the International S&ge [GS)
network. There arseverakeasongor this, whichincludehighinitial costs forcommissioning
SLR/LLR statons; operational costs forllR are also high.In contrast|GS network ®QISS
stationsare relatively lesexpensive, requires very little maintenane&d can operate
automatically for a long timd=or purposes of network densification, GNSS is therefore more

suitable.

The onsistendemandf high accurate ranging data from ILRS community has led to
further research on electronitisat runs orthe SLR and LLR systems as well as the data
processingstrategies and modelling of the geophysical processese of the important
electronic components includaning systems and photon detectors withthe capabiliy to
detectsingle photos. A research group at Czech Technical University in Prague, Czech
Republic hae developed a timing measurement device witlertosecond (1) stability
(Panek et al., 2010Y.he group also developed a variety of instruments that are applicable to
time transfer experiments, SLR and LLR techniques, suah@tical tigger device with sub
picosecond timing jitter and stability (Kodet and Prochazka, 20M23se developments
contribute towards ranging accuracy and improve the probability of detecting returning

photonslt is clear thathe availability of suitablelectonicsfor SLR and LLR systems are no
8



longer limitationan developing highly accurate timing and detecBobsystemat this stage.
However, the atmosphere contributdarge errors inranging accuracy by introducingn
atmospheric delay variab(at the level of several metres at low elevatiavhich isdifficult

to modelat mm levelas itis variable and requires réiahe meteorological observations during

ranging.

Limitations pertaining to this particular project include those discussedk adoad
especially the cosiavolvedsince this project is in the developmastage The LLR systers
will be designed in an optimal way to minimise the cost involved, specifically on the timing

subsystem

1.6. Thesisoutline

This thesis takes the format pliblished papers as g#tars. Hence, there will bsome

repetitionwithin the chapters.

Chapter 2

Current and historicaliterature on the LLR techniqueare reviewed in this chapter.The
Equationof O-C residuals is described to better unders&nal sources MATLAB scripts
weredeveloped to simulate selected parameters that influence measured-tiigiet (ToF);

these are external system delay parameids satusof the Matjiesfontein projec{proposed
final destination of the LLRIis outlined.

Chapter 3

In this chapter the multipath effect on then-site locationselectionfor the timingantennds
investigated techniques are developad MATLAB to identify a suitablesite for the

installation of the timing antenna.

Chapter 4

The design andntegration of the timingubsystenfior the LLRarediscussed and implemented
in this chapterinternal system delay parameters are discussed as they cortviartés total

system error budget.



Chapter 5

The performance of the hyaen maser clockt HartRAO isanalysed in this chapter. These
masers act as a backup system for the LLR station. In cas@m efergency such as
malfunctioning of GPS satellites, tA830A can be locked to the maser to maintain accurate

station time.

Chapter 6

The4380Ais tested on GNSS positioning and precipitable water vapour application. The test
includes using a hydrogen maser d@380Arubidium clock as frequency standard for a GNSS
Leica receiver and investigating the influence of these timing systems oGN&S
applications. This experiment serves to illustrate the working system implemented in Chapter
4. Other LLRsubsystemare currently not completed; hence, this experiment was not directly

related to the LLR system.

Chapter 7

This chaptercontainsconclwsionson the outcomes from the resutistained fom previous

chapters and implicatiorieereofto the overall LLR system

10



1.7. Concluding remarks

This researchcontains components of desigtechnical development andngineering
(hardware and softwareycientific analysis and interpretation. These are inseparable in a
complexsystem where failure toonsider all aspects of a criticslibsystenof an advanced
scientific instrument will lead to total failure of the complete experiment. As the LLR system
will be the most recent and most modern of all LLR systems, optimal configuration, systems
and scientific analysis and successful integration must be at the highest end of current
technological development and scientific strategy. These aspects are wigcable us to

deliver on the targeidf subcentimetremeteraccuracy specified for the project.

11



Chapter 2

A review of the lunar laser ranging technique

Abstract

The lunar laser ranging (LLR) technique is basedhe tweway ToF of laser pulses from an
Earth station to the retn@flectors that are located on the surface of the Moon. The LLR
technique and contribution of the timing systems and its significance in light of the new LLR
station currently under development by the Hleesthoek Radio Astronomy Observatory
(HartRAOQO) are discussed. Firstly, developing the LLR station at HartRAO is an initiative that
will improve the currengeometry ofglobal networkof LLR stations all active stationsire
presentliylocatedin the Northern Hemisphere. Secondly, data products derived from the LLR
experimentg such as accurate lunar orbit, tests of the general relativity theoryj Haih
dynamics,the interior structure of the Moon, reference frames, and station position and
velocitiesi are important in better understanding the Havihon system. Factors affecting

the range bias are highlighted such as the effect of Earth tides on station position and delays
induced by timing systems, as these must be taken into account during tloguhevelof the

LLR analysis software. HartRAO is collocated with other fundamental space geodetic
techniques, whichmakesit a true fiducial geodetic site in tHeouthernHemisphere and a
central point for further development of spaodetictechniquesand networksin Africa.
Furthermore, the new LLR will complement the existing techniques by providing new niche

areas of research both in Africa and internationally.
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2.1. Introduction

The study of Ear t hogeokigeamatiesandtie, incliSanoftsgadetsner ot at i

currently completes the definition of space geodesy (Combrinck, 2012). This definition has
evolved from the early days of F.R. Helmert, who firstly defined geodesy as the science of the
measurement and ma fagei(Torge andfMillerh2912;BHalmerth1889). Its u r
is clear that geodesy as a discipline has two objectives that are closely related: (i) scientific
objectives constitute the study of geodynamic phenomena, the gravity field of the Earth and
other planets, # shape and size of the Earth and its orientation in space through Earth
orientation parameters and (ii) practical objectives include cadastral surveying to determine
points accurately (up to millimetrestliabvel)
geodetic reference frames, and accurate positioning for civil engineering applications (Torge
and Miuller, 2012). These objectives are realised through 4jzeesl techniques: Global
Navigation Satellite Systems (GNS$)ery Long Baselinelnterferoméry (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 refefeames, and determining
threedimensional station positions, velocities, Earth orientation parameters and polar motion
with high accuracy, spatial resolution and temporal stability (Altamimi et al., 2011; Lu et al.,
2014).

The accuracy of geodetic products depends on a number of factors such as instrumental
accuracies, analysis strategidse accuracyf the models used during data processing (e.g.
atmospheric models), thidody perturbation effects and relativistic efeecAmong these
factors, the stability of timinfrequency standarslystems plays a crucial role in the accuracy
of the measurements. Development of highly stable clocks such as the hyaraggmand
Cesiumclocks allows accurate timing and data corretatmbe carried out with high levels of
accuracy (Wynands and Weyers, 2005). The application of GNSS in metrology (i.e. time
transfer techniques) has advanced the traditionatkimeing services (e.g. mobile reference
clocks, terrestrial communication stgms using Lora® 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) (Lombardi, 2005). These timing systems

13



contribute towards Edrt and space observational techniques sipport of accurate

measurements.

Earth observation and space development technologies are very important for the
development of a country and have sestmnomic 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-sgated technologies
ranging from Earth observation satellites and space geodesy to radio and optical astronomy
(Martinez, 2008; Ngcofe and Gottschalk, 2013).

The Hartebeesthoek RadAstronomy Observatory (HartRAO) is located north of
Krugersdorp in South Afric@Figure4). It is collocated witrea DORIS station severalGNSS
statiors, 26m, 15m anda 13.2m VGOS (VLBI2010)VLBI telescopesas well as tw&ELR
stations(NASA MOBLAS-6 and a Russian syst@nCurrently, HartRAO is building a new
LLR system based on arth aperture telescope donatedHartRAOby the Observatoire de la
Ctt e dobFraAce (Combrinck, 20BL The observatory is a fundamental (fiducial) site
in the SouthernHemisphere as it limits geometrical errors during computation of geodetic or
astronomical parameters in the global netwamki provides higlguality scientific data with

high temporal resolution (Combrinck, 2G)1

During data analysis of the Eaifihoon time delay, the objective is to minimise the
difference between th@bserved Qi computed C) residuals, therefore both sislof the G C
Equatiomneeds to be as accurate as possible. This implies highly accurate timing and frequency
stability on the one side (O) and very accurate modelling on the othéBdth) components

are described in detail to understand their sourc&€gction2.6.
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Figure 4.Some of thegeodetic instruments collocated at HartRAO, South Africa. A: the LLR
azimuthelevation mountthe tube and other components were removed for upgrade and
maintenance. B: 15 m VLBI telescope; C: 26 m VLBI telescope; D: MOBBAR R station;

E: HRAO GNSS station; F: LLR enclose; G: LLR control room.

2.2. Historical developments of lunar laser ranging

The US Apollo and the Soviet missions deployed arrays of caurss retrereflectors on the
surface of the Moon during the late 1960s and 1970s; the LLR technique has therefore been
used to study the Eartkloon system since 1960n the Moo s faseithere areurrently

Apollo 11, 14 and 15 reflectors deployed by the Apollo missions and Lunokhod | and I
reflectors deployed by the Soviet UnigWilliams and Newhall, 1996Figure 5). The
McDonald Observatory was the first observatory to range to aneftegtor on the Moon

using a 2.7Mn telescope (Barker et al., 1975).

Currently, there are four LLR stations in the wod t hat range -to the

reflectors on a regular basis. These active stations are: (i) the Apache Point Observatory Lunar
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Laserranging Operation (APOLLO), New Mexico, USA; (i) McDonald Laser Ranging
Station (MLRS), Texas, USA; (ii)the Obsergat r e de | a C!'te dobé Azur
Matera, Italy (Hofmann et al., 2014). These stations are located MottieernHemisphere,

which results in a weak geometry for the LLR network, as no stations are activ&authern
Hemisphere. Howevethe South African radio astronomy observatory (HartRAO), Mount
Stromloobservatory in Australia (Greene and MckLuck, 2002), ESO La Silla Observatory IV
in Chile (Fienga et al., 2014), National Astronomical Observatory of Japan (Noda et al., 2014)
and theRussians (Vasilyev et al., 2014) 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.

Figure 5. Distribution of the ILRS network of LLR stations. The insert map illustrates the
location of thaetroreflectorsonthe surfacef the Moon [nternational Laser Ranging Service,
2009)

Since the LLR technique was developed, range precision has increased from about 100
250 mm to less than 20 mm (Murphy, 2007). A similar increase in the range precision of the
normal points in SLR applications has been reportdgoiai et al, (2015)and this increase
has been attributed to improvemeirtghe internal system components as well as advanced
models. System component improvements can be summasg$@deplacement of the ruby
laser with aneodymiumdoped yttrium aluminium garn@tld: YAG ) laser, (ii) higher emission
frequency rates {20 Hz), (iii) faster and more sensitive detectors and (iv) improved timing

systems (<20 ns) with lower jitter (<10 ps) resolutions.
16
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The existing LLR stations have provided valuable data to date. In parfi¢hé
APOLLO LLR station seems to be the only station that is capable of receiving up to 1000
photonsper session (one session typically lasts for 1 h with an expeici®d@turn photons
per pulse) (Murphy et al., 2014). In comparison, the photon rettes 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 reteflector on the MoonRigure6). The data
used were provided by the Paris Observatory Lunar Analysis Cen@rAC) and are
available to the public http://polac.obspm.fr/lirdatae.htnl Furthermore, these stations

indicate that th& oF to the Apollo 15 retraeflector array can range from 2.3 sto 2.7 s.

APOLLO LLR Station & Apolio 15
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Figure 6.Time-of-flight and received aumberof photons measured between Apollo 15 retro
reflector, APOLLO and McDonald MLRS2 stations.
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2.3. Time measurement systems and timescales as applied to LLR

In the early days dfivilisation, Earth was thought to be a perfeldick by counting the number

of sunrises or sunsets and constructing a calendar as Earth rotates around its axis.
Advancements were made to measure time and intervals more accibatdgveloping
mechanical clocks. @Gnsuch advancement is thpendulum clockthat wasbuilt with an
accuracy of about 10 seconds per day (Lombardi, 2011a). It is important to note that during

this time, there was no methddveloped tesynchronisendividual clocks.

The development of timing systems led to developments of many technologies that
have societal benefit, including GPS, the electric power grid, mobile phdomsbardi,
20118, and many other applications tlattaken for granted. The reported accuracytioé
first operational atomic clock was 0.1 ms/day (Henderson, 2005). The accuracZebihm
atomic clocks increased with the development of the laser cooling technologies, the National
Institute of Standards and Technology (NIST) has so far develbp@d STF1 and NISTF2,
with an accuracy of more than1Tat 1 s, which are the most accur@ssiumclocks (Heavner
et al., 2014). Quartz and rubidium clocks are being used in scientific experiments such as LLR
and SLR since they are relatively affobttaand they offer a good accuracy of about?id
1s.

Before continuing on, the termsme and frequency should be clarify within the context
of LLR measurementg\ccording to Lambardi, (2002), a clock provides time (in the form of
seconds, microseads, days, months, et@ahd this information can be used to synchronize
events. Aclock can be used tmeasurdime lapse between two events this case, a laser
photon leaving the telescope, reflected by the nefflector on the surface of the Moand
back to tke telescope. The form T = 1/F relates frequency (F) and time (T), and frequency is a
measure ofhe rate of a repetitive evefet.g., 1 KHz equals £@vents per second} produced
by an oscillatoLambardi, 2002)Crystal oscillators suchs quartz or rubidium are used
produce precise frequencies that drives measurement devices such as event timer (normally

runs on 510 MHz) an example is the ultsdable event timer presentedSamairet al., (2010).

It is important to note thalé time available at the LLR station is Coordinated Universal
Time (UTC), which is derived from the International Atomic Time (TAI) to be within 0.9 s of
Universal Time (UT1). The TAl is derived from the network of hydrogen masers and ceasium

clocks. UTC ime is broadcasted using time transfer techniques such as \(Watonal
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Institute of standards and Technology Time and Frezyughortwave radio ststioajpd GNSS.
Due to irregularities in Eart hOosthedifteteracé i o n,
between UTC and UT1 less than 0.9 seconds.

lUTC-UT1< 0.9s (2.2)

According toMulholland, (1977)measurements made at the station will be in UTC,

however for computationg@urposesthis time must be converted to ephemeris time (ET) as
t (ET)=UTC «IAT-UTC) & F (2.2)

In Equation (2.2), (IAT-UTC)is an integer number in seconds defined by international

conversion,dC Is a constant value of ~32.18431&rwl is used taccount for the difference in

the origins of IAT and ET at the initial epoch of IAD] is a relativistic correction to account
for the behaviour of the clock as it movesoilgh gravitational potentialdid. In Newtonian
computation, this term will equal to zero. In Einsteinian general relatifycan be

approximated by
DT 4658(sinE ©.04) 2Zcos (sibfl 1/-] sin/ (2.3

In Equatiorf2.3), Eistheeccentd anomal y of t hrearekhe longitude@ando c k ,
latitude of the clockNlulholland, 1972 Pavlov et al., 2016; IERS, 2003

2.4. 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 retroeflectors located on the surface of the Moon. Thewayg ToF of the laser
pulsesis measured on the ground using highly accurate timingesystMost SLR stations
utilise Nd:YAG lasers at 532 nm wavelength with a repetition rate ranging from 5 Hz to 2 kHz.
In SLR applications, laser energy ranging from ~1 to 100 mJ aretogedge to artificial
satellites such as LAGEOS. Higher laser energies (100 to 200 mJ) and lower laser pulse
frequencies (~20 Hz) as well as larger telescopes are used for LLR applications. This is mainly
due to the greater Eartoon distance £384400km) compared to shorter distances between

the satellites that are orbiting the Earth (~5R60for LAGEOS satellites).
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A detailed description of the Eartfoon distance is described in Mulholland, (1977)
and Larden, (1982). Here, a summary is givefrigure7, a simplified geometry of the Earth
Moon system is presented. The vedtorepresents the telescope position in the dardu
system, k vector presents the selenocentric position of the-reffector on the Moon in the
lunarfixed system, Rand M represats the Earth and the Moon orbits respectively.
Computation of the EartMoon distance is done in the Barycentric Celestial Reference Frame
(BCRF).

Ephemeris coordinates for the telescope are determined by modelling sidereal, polar,

nutation and precessianotions of the vectdr at the time of the laser transmissidp ). This

is the UTC time detected by the start detector at the station. Earth tides and ground water
variation will introduce small statiodisplacement ) that must be modelled to improve
telescope coordinates. These factors might not be significant during the 2.5 s journey of the
photon at the computation accuracy of about centimetre level because of their yelatigel
period (~days to months). However, HartRAO aitmsachievesub-centimetre computation
accuracy. In this case, a gravimeter on cae aid in improving solid Earth tide modelling by
comparing modelled with actual vertical displacement; this cowdd ® site dependent

At unedo L owhiehwilimprove soBd Earth modelling.

Barycentre
o—— o M Retrorefle
~ R‘_\——“H

Figure 7. Simplified EarthiMoon system (After: Larden, 1982).
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The time at which the photons are reflecbgdthe lunar retrgeflector is not known
but estimated by assuming that the atmospheric conditions remained relatively unchanged and

it is estimated by

=T + D2 (24)

k1

The lunar reflectok position at the timéRlis determined usinglunar ephemerisvherelunar

librations are corrected. The Jet Propulsion Laboratory (JPL) ephemeris DE430 model is
normally used. The results are transformed into the BARE karycentric frame is assumed
to be fixedin space and has its origin at the centre of mass of the solar system (Larden, 1982).

The basic observationedjuationis given in Miller et al. (2008) as

d=c= £#m ¥ kt c & (2.5)

L
2
In Equation(2.5), d is the statiofreflector distanceC is the speed of light in vacuurd, is
theToF of the laser pulsen describes a vector connecting geocentreand theselenocentre
The laser pise is delayed due to interaction with the +ioear atmospheric environment,
which must be corrected as well as other factors such as relativistic effects. TH®7term

describes these corrections, which must be applied to obtaiccarate observatistance.

The EarthiMoon distance is approximately 385 000 km, this presents a challenge in
LLR compared to SLR due to the fact tlfiedver photons are received per single laser shot
containing about 70 photons. To illustrate the impaof the EartiMoon distance on the
photon return rate, Degnan (1993) provided a radaretjolationthat estimates the success of

receivingphotoelectrondl,, as detected by the receiving telescope as

2

o / ~ a ~
npethgaézTR %GT Szﬁ AGH T (2.6)

In Equation(2.6), /7q i's the detect or &sthedaseapulseuenergl, thé i ci e n ¢
wavelength of the laserhi s P 1| a n c kc thesspeedoof Igght annvacuuny_ the
efficiency of the transmitter opticss, the transmitter gainS the reflector optical cross

section andy,, is the efficiency of the receiver optics. The effective area otdlescope
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receivingaperture is given by, T, is the oneway atmospheric transmission if present, and

T. is the oneway transmissivity of cirrus cloudThe slant rangeRto the Moon can be

calculated using

R= '( @ ITI) COSGq,¢n J{RE h])Z'_ CO§ Gen 2R§|-(I1 h) - h ﬁ (27)
whereReis the Earth radius (6378 k), is the station height above sea levels the Moon

altitude above sea levef],., is the zenith angle of the Moon as observed from the ranging

station.Tablel list estimated parameters for the LLR station at HartRAO, usintion(2.6)

and(2.7), 5 photonger minuteare estimated to be received by the telescope.

The observed raw datdo() are filtered to detect gross errors, evaluated to access the
acaracy of the observations and compressed for further analysis in the form of a normal point
(NP) dataset(see Equation (2.8)) (Sinclair, 1997). The residuals are computed from the
predicted and observed ranges and the outliers are removed using a range window. A suitable
trend function is usually fitted to the residuals, (polynomial fit or using a set of orbital
parameters) toatect further outliers by analysing the deviations from théi)it The data can
then be divided into bins, different retreflectors/satellites have recommendeauanberof
bins to be used e.g., for LAGEOS 1 and 228 secondbin width is used toidide the data

for the duration of the observation. For each intervahefbin i, a mean value f_(i) of all

deviations is formed and added to the trend function at the centre of the interval (Degnan,
1993). This point is referred to as a normal point and thus represents a single observation of

the particular interval,

Ne=d, {f £) (28)
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Table 1. Estimated parameters used to simulate radar link equatiahddcLR station at
HartRAO.

Radar Link Equation Parameters Values
Detectors quantum efficiency 50%
Laser pulse energy 120 mJ
Wavelength of the laser 532nm
Efficiency of the transmitter optics 80%
Transmitter gain 1.04E+23
Retroreflector opticakross section ~0.0016 M
Efficiency of the receive optics 50%
Telescope receiving aperture ~1lm
Oneway atmospheric transmission if present 1
Beam pointing error 45
Oneway transmissivity of cirrus cloud 1

Far field divergence of hatingle betweethe beam center and the

1/e”2 intensity point 3

The systematic errors must still be modelled out during further processing, some of
which are discussed later in tlubapter The internal system accuracy of the station can be
evaluated usingquation(2.9) as given inSinclair (1997), wherai representshe number of

observations within the bin.

RMS =\/ia (f -1 (29)
n
2.5. External factors contributing to observed time delay

In light of the new LLR analysis software being developed at HartRAO, it is necessary to take

into account all théactorsthat affect ranging to the Moon and satellites, and which eventually
affects the accuracy of d e tf SkRmthase amneglisted lme Mo o
Combrinck and Suberlak (200&nd Combrinck (2010a s : Earthdés geopoten
Combrinck, 2014), solid Earth tides (Petrov, 2005), ocean tides, planetary-tioiig
perturbation (Sun, Moon and planets), relativistic bezegion Combrinck, 2018 atmospheric

tide and atmospheric drag (Van Dam and Herring, 1994), solar radiation pressure (Ziebart,
2001), Earth radiation pressure, thermal radiation acceleration (Vokrouhlicky, 19%am),

librations (Mulholland et al., 12J (for LLR), Shapiro delay (Shapiro, 1964), tropospheric

delay (Mendes and Pavlis, (2004) and Mendes et al., (260&@)lelay induced by electronic
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systems. The delays due to electronic systems for the HartRAO station are discGhsgdan
4.

Two searate software suites will be used for either SLR or LLR analysis, as although
some of the corrections are similar (e.g. station displacement due to the solid Earth tides) the
analysis problem is in fact quite different. Not all these factors are disguBseher
information can be found in the references provided, and only corrections for a few factors are
discussed to illustrate the importance of considering these factors in the LLR analysis package.

In a simplified version, th&oF of the laser pulses can be described by
ToF=T, D, & Tt ¢ (210

whereTsy represent actual time interval measurement by the station (discussed in details in
Chapter 4)Dat is the time delay due the atmospheré&: is the General Relativity correction,

Tw is the time variation induced by tidal effects a@dincludes all other corrections not listed

above and unknown3he ToF is the actual time interval measurement at the station which is
composed of several components. The stationmi ng system does not dk
single contributions but measures just the gross sum as a time inteyvalhere rather the
Atrueodo Moon di s To)nltdsehe hantgsk obdata mratessing to account for

the true Moon ditance by removing the other disturbing contributions. Practical examples are

givenfrom Section 2.5.1 to 2.5.fbr selected parameters.

2.5.1. Tidal correction on station position

The gravitational attractions of the Sun, Moon and planets on Earth, resufoiceathat
deforms the Earthodés gravitat iMativierketalf, 200d) d and
This is coupled with ocean and atmospheric logdiffects 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 solicComnir(nck

and Suberlak, 2007ppace geodetinstruments such as LLR are affected by these continuous
deformation effects and they 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 wih high accuracy in order to improve the range bias. The Earth tide, pole tide and
ocean tide effects are well described in McCarthy and Petit (2013) and readers are referred to

this reference for more information.
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The solid Earth tides can be convenienttypdelled as variations in the standard
geopotential coefficient&nn andSm (Eanes et al., 1983) and candescribed as
_ k. .2 GM,aRr nél_

DC,. -i B, S 1§2GME§£E §an(sin Je™ {withs ¢ (2.12)

In Equation(2.11), knm is the nominal Love number for degre@nd ordem, Rerepresents
equatorial radius of the EartﬁiME is the gravitational parameter for the Earth, gravitational
parameter for the Moon (j=2) and Sun (j=3yigen byGMj , the distance to thgeocenteto

the Moon or the Sun is representediby F,- is the body fixed geocentric latitude of Moon or
Sun, /J- represent body fixed east longitude (from Greenwich) of the Moon or SuP@nd
represents the normalized associated Legendre function.

A library developed iFORTRANto compute station displacement due to Earth tides
was developely Petrov (2005) and it is currently used by the Satellite Data Analysis Software
(SDAS) developed at HartRAO (Combrinck and Suberlak, 2007). The same library was also
used in this study to illustrate the effects of Earth tide on the Earth crust forrtiA\Besite,
where the LLR telescope is located. A continuous station displacement can be clearly seen with
different magnitudes ranging frori6 cm to 30 cm in vertical displacemerigure 8).
Gravitational pull by the Sun, Moon and planets atsultin ocean tides, an additional weight
by ocean loading influences crustal displacement and results in temporal variations of telescope
coordinates. Stations that are inland aften lessprone to these perturbationempared to
stations that are close tioe coast. Currently, there are plans to move the new LLR station at
HartRAO (once completed) to Matjiesfontein in the Great Karoo, Western Capab(inck
and Botha, 2014
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HartRAO Site Lat: -25.887/Long:27.685
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Figure 8. Station vertical displacement for HartRAe, simulated for the month of January
2015.

This new site is about 240 km from the Southern Ocean, the effects of ocean tides are
expectedo have more influence on the station position as compared to the current location
(HartRAO, Krugersdorp). To better understand and model the effects of ocean and Earth tides,
atmospheric loading and local hydrological cycles requires instruments such as
superconducting gravimeter, whiclught to bemounted 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-and this isvery sensitive to model
these effects to millimetre accuracy or better (Sinclair, 1997). HartRAO has installed a

gravimeter to compensate for these effects and to improve the existing models.

2.5.2. Tropospheric delay correction

The troposphere introduces @rsficant delay (up to several metres) both in the radio and
optical wavelengths. Different models have been developed to account faekysthe
recommended models for laser ranging observations across the full optical spectrum are
described infMendesand Pavlis, (2004) and Mendes et al., (2002). The delay increases with
decreasing pointing elevation angles. Data from a network of radiosondes and ray tracing

distributed worldwide are used to create and validate tropospheric models. The routines to
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perform atmospheric corrections described in Mendes and Pavlis, (2004) and Mendes et al.,
(2002) are available at (ftp://tai.bipm.org/iers/conv@@hapter9/). | convert the routingem
FORTRANto MATLAB for easy simulation.

To illustrate the amount afelay introduced by the atmosphere at different elevation
angles for 0.532 um wavelength, daily average values measured by MET4 unit at the HartRAO
site: 24.5 °C, 859.6 mb and 58.7% relative humidiye used Figure9 illustrates range delay
at different elevation angles. A step of 0.1 in elevation angle change will require ~6 mm
correction forthe HartRAO site Combrinck, (2010).

Range Delay (m)

4 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 20
Elevation Angle

Figure 9. Range élay due to the atmospheric effect® &32 um wavelengthlrhe model is
based orMendes et al., (20028nd Mendes and Pavlis (2004). The models were applied to
the HartRAG:site.

2.5.3. Degradation of lunar retro-reflectors

As reported in Murphy et al., (2010), thenlr retrereflectors havelepicteda decrease in
efficiency over the years. This is mainly attributed to dust caused by the descending and
ascending stages of the lunar modules. Temperature variation on theuriaee £an vary

from 115°C to-180°C during noon and midnight respectiveBrdmers et al., 1971). These
extreme temperature variations will also degrade the performance of theefegtetors and

thus limit the capability to improve the precision of LbfRasurements. The next generation

of lunar retrereflectors are being developed with an increase in size and better thermal stability
(e.g, Preston and Merkowitz, 2013).
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2.5.4. Timing systems

Timing systems are crucial in space geodetic and astronomical iesttaiton. 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 f Alan deviation at 1 s using
rubidium/quartz crystal oscillators (ILR2009), while the hydrogen maser clocks used in
VLBI techniques are better thanat 1 s (ILRS, 2015). Most stations are limitedifilising

highly accurate timing systems suchaaserclocks due 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 stationtiisk the newly
developed380A-GPS disciplined master timing reference by Microsemi Corporation. This
unit has an Allan deviation of #8at 1 s and less than 10Reot Mean SquargRMS) timing
accuracy. A low jitter event timer of 3 ps RMS and a solid state photon detector (Siogba
Avalanche Diode) with Quantum Efficiency (QE) of 50 % will be integrated to allow for sub

centimetre ranging precision.

The impact of timing systems on the observed range measurements can e seen
Figure10, wherethe normal point data quality of the Potsdam SLR station between 2003 and
2011 indicatehigh variation ranging from 10 to 25 mm (ILRS, 2009). During the 2011 period,
an old timing systenof the Potsdam SLR statiomas replaced with a more modern timing
system with better specification§gble 2). Noticeably, the Single Photon Avalanche Diode
(SPAD) with QE of 28 % was replaced with the SPAD that has QE of 40 % and low jitter. As
a result, the normal point data afearacterisetly low vaiations, which can be directly linked

to the improvement of the timing systems (amotiger improvements) post 2011.
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Table 2. Historical improvement of the Potsdam SLR station timing system (ILRS, 2009).

Date installed: 2001/07/20 20012004 2011/05/01
Timing Equipment

Detection type SPAD (AD230) SPAD (MPDICTC)
Quantum efficiency

(%) 28 40

Jitter (ps) 75 20

Signal processor CFC (TC4S4)

Time measurement Interval Event Event
Model SR620 AO31-ET AO32-ET
Resolution (ps) 4 1 1
Precision (ps) 20 10 7

SPAD, singlgphoton avalanche diode; CFBpnstant fraction discriminator

Potsdam, Germany 7841

pass average LAGEOS normal point rms
ave 15.83  3.12 max 46.58 min 7.10 for 2466 data points
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Figure 10. Potsdam SLR station performance measured based on normal point RMS for
LAGEOS ranging data (ILRS009).
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2.6. Towards understandingO i C parametersand their sources

The goal of LLRdata analysissoftware at HartRAQs to minimise the residualex, )

computed between the obserygd andcomputed time delay_) as
Dt =t t. (212

To achieve this goaMulholland,(1972) and Larden, (1983)an beused to understaritie O-
C parameterd€ach term irequation(2.12) contans many parameters thatst be understood

The first term to be explored is the computed time delay

t. =t (ET) -t(ET) %‘pd‘l(") (9 D (1) (2.13)

In Equatiorf2.13), df is the Eartkiide deformation vector for the telescope positigns the
vectorbetween the telescope and the re@ftector (se€igure7). The dot product is calculated
betweendr and p and divided byc, the velocity of lightto convert the results to tim&he
term ¢, (eT) describes the time at whidaserphotors are transmitted by the telescojfsee

Equation(2.2)). The termdr can be modelled as describedSaction2.5.1 The relativistic

correctionsp(t,) and D¢, )are approximated usirigquation(2.3).

The time at which a photon is detected at the telescope is given by

t,(ET)=4,(ET) +.D 3% (2.14)
The atmospheric contributiop,and gravitational effect, on the photon durinthe average

travel time of the photon-.5 seconds) remains relatively the sareg p, = £ Modelling

atmospheric effects can be achieved as describgeciion2.5.2 In this caseit was assumed
that the telesape coordinates from the time of transmission to recepti@matonwould not

change significantly during the round trip journey of the pholbe.observed compone )

involves measuring internal system deleglibrating thesystem by way of ranging to onsite
stable pier, r a n grefleaor and usibghphotoiM detectidnssystene tor o
measure the returns. Photons interact with the atmosphere and they are affected by gravity, all
these effects must be taken intac@aent during data analysis. It is important to note that
parangters such as internal system delay can only be deterrfithedtelescope is in working

condition
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T(residuals)=T(Observed)-T(Computed)

y

Pointing model corrected for:
-refraction

Telescope |«
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-lunar libration, etc..

As described in
section 2.4 and 2.6

Transmit laser pulses:
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Atmospheric effect
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Figure 11. Summary of the processes involved in computatidd-6f residuals.

In Figure 12, improvement in the precision of LLR data since the first observations
were maden the 197@s can be seerThe improvements can be linked to ttmprovements in

the observed componeng_) of Equation(2.12). The hardware improvements in ramg

stations (see&section2.5.49 and model improvements play a crucial part in improving the
accuracy of LLR estimated parameteidie LLR station atHartRAO needs botlgood
hardware and software to fully operate at-saltimetre accuracy regime, an example of this
isthe APOLLO station(see Section 2.7.1 for more details)
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Figure 12. Analysis of theresults fromLLR data indicate an increase fangeaccuracy.
Currently, the APOLLO stationcan achieve subentimetre accuracy (Sourc€rawford,
2009).

2.7. Examples of lunar laser ranging systems

2.7.1. Apache Point Observatory Lunar Laserranging Operation (APOLLO)

The APOLLO timing system is based on thech@nnel Timeo-Digital Converter (TDC,
model 7186H) developed by Phillips Scientific (www.phillipsscientific.com). The TDC has
12-bit (25 ps) resolution and operates together wiBPSslaved clock, which provides100

MHz frequency reference signal to UTC. The precise time interval between the 4x4 Avalanche
Photodiode (APD) detection events and the next clock pulses is maintained by the TDC. This
configuration was designed to copéth multiple photon returngiven that,the APOLLO
system was expectdd detect 210 lunar return photons per pulse. In contrast, the HartRAO
LLR systemis expected toeceive only 35 photons per minute due to its smaller telescope (1

m versus 3.5 mThetiming systermat APOLLO performs at ~20 ps resolution, for more detail
description of the APOLLO system refer to Murpdtyal, (2000) and Murphst al, (2002).

The APOLLO station is depicted Fgurel3.
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Figure 13. APOLLO station (photoredit: Tom Zagwodzki/Goddard Space Flight Center).

272. Observatoire de | a Ctte dbé Azur (OCA)

The OCA LLR station(depicted inFigure 14) timing system is based on the HP 5071A
commercialCesiumatomic clock; GPS provides the system w#l200 MHz reference
frequency signal. The frequency accuracy of the clock is lower th&n\iih Allan variance
root square of 5x1in atime intervalof 0.2 <t > 3 s. The time precision of the OCA station

is 5 ps and the resolution is 1.2 ps (Samain et al., 1998).
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The timing system configuration for this station is simple comparedeté\POLLO
timing system configuration. At a rate of 10 Hz, Me#:YAG laser emits four short pulses with
an interval of 1.6 ns, 4.1 ns and 5.7 ns respectively. The infrared light generated by the laser is
detected by an InGaAs photodiode detector, whidoigled to a fast comparator to send out
the start signaio the start timer (precision of less tHaps).The return photons are detected
by the APD (SSOAD230H) operating under Geiger mode. The signal is then sent to the event
timer and th& oFis determined. This approantinimisesthe problem of multiple return lunar
photons mixing in the detection system as experienced by APOLLO.

Figure 14. Grasse station (photo credit: Jédarie Torre/OCA).
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2.8. Lunar laser ranging contribution to science and society

Earth observation techniques have a direct impact on the social lives of people. Imagery from
remote sensing techniques are widely applied in areas such as agriculture (Bastiaanssen et al.,
2000), ecosystem magement (Kerr and Ostrovsky, 2003; Cohen et al.,, 2004), water
management (Jackson et al.,, 1996), disaster management (Madry, 2015) and weather
applications (Lazzara et al., 2011). These applications provide examples of the use of Earth
observation techniqseto assist in planning, early warning for natural disasters and
management of Earth resources. More advanced remote sensing techniques such as VLBI,
GNSS, LLR and SLR contribute in the same way as satellite remote sensing to the society. The
derived datgroducts such as the International Terrestrial Reference Frame (ITRF), Celestial
Reference Frame, Earth Orientation Parameters, gravity field, atmosphere and ionosphere
parameters form part of the foundation of Earth observation technologies (Rotha®agr, 20

A set of station coordinates and velocities derived from the geodetic techniques are used to
construct a reference frame that allows connection and comparison between different geodetic
datasets over varying space and time. This is done theoagilinationof the datasets using
scientific software such as CATREF (Altamimi, 2006) and taking into account the local site
ties. The latest ITRF2008 has an accuracy ofcartimetre (Altamimi et al., 2008). This
system provides a basis for local referen@ank systems, which arealisedbased on the

ITRF, thisincludes, for exampléhe unified African geodetic reference frame (AFREF), which

can be used for cadastral surveys, mapping and Civil engineering applications (Drewes and
Hornik, 2013).

The LLRtechnique, in particulagontributes towardte advancemenmf the field of
space geodesy, lunar science, the Ellitlon system dynamics and gravitational physidse
increasedaccuracies in range measurements fror8@@&m in early development stages t
about 23 cm in recent developments, has provided ways to test and evaluate General Relativity
Theory (Drewes and Hornik, 2013and the gravitational constant with ranging accuracy at

picosecond level. Williams et al. (2013) derived geophysical antpatameters of the Moon;
the gravitational constant was evaluated to®G=4 °9 B0 yrlpy Williams et al.

(2004) and a more recent value-d.7 °3.8 30" yrlis reported in Hofmann et al. (2010).
The LLR system at HartRAO is being deweéd by HartRAO stafas well as théhD and

MSc students registered at various South African Universities, hence capacity building and

skills transfer are at a high level. This project will support society through contribution to
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environment monitoring tlough proxy parameters, these parameters meastiugling the
state of the atmosphere, gravity fields (for groundwater storage monitoring), seismic activities,

which are important to society.

2.9. Proposed geodetic site at Matjiesfontein

2.9.1. Introduction

Matjiesfontein is set to host the S/LLR system that is currently in development at HartRAO
site. The proposed site is located 5 km south of Matjiesfontein in the Great Karoo. The proposed
site resides ima small depression to protect the instruments friaumarinduced noise
interferences (se€igure 15). The site underwent extensive investigations, which include
geophysical surveys hyilising magneticelectromagnetic and seismic refraction surveys. The

site was declared suitable and stable to host geodetic instruments. Preliminary results obtained
from investigating atmospheric and astronomical seeing conditions by using a small
astronomical refractdf0.8 cm aperture) indicated good seeing conditions ranging between 1

2 arc seconds (Combrinck et al., 2007).

The GPS station MATJHgure 16) on the ste indicates velocities of 19.36 + 0.26
mm/yr, 15.86 + 0.28 mm/yr ané).7 £ 1.07 mm/yr in North, East and Up components,

respectively (Munghemezulu, 2018)igure 17 illustrates snapshots of the proposed site and

current egtvelopments in Matjiesfontein.

Figure 15.Left: Google map of the proposed site. Right: an insertaepicting the location
of Matjiesfontein in the Western Cape of South Africa.
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Figure 16. The panorama of the proposed site in Matjiesfontein village. The GPS station
(MATJ) and the meteorological unit are already instatiadhe site. The site is locateda
valley, this allows the instruments to be protected from radio signals.

Figure 17. A: Lord Milner hotel in Matjiesfontein village. B: Indigenous plants found on the
site C & D: Natural streams that cresst the road to the site, bridges will be constructed to
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allow easy access to the valley. E: A vault was constructed on site andtainsoa
seismometer, gravimeter and accelerometer. F: View of the proposed site facing the NE
direction.

2.9.2. Progress made on the eXOCA 1 m telescope

The exOCA 1 m telescope is beingtilised by HartRAO to develop the system that will
support both SLR andLR techniques. The current developments and history on taG#x
telescope are detailed in Combrinck, (201Ea&urel8illustrates the current infrastructure of

the system at HartRAO. A masssteelfoundation was built to support the ~ 4.1 metioicnes
telescope. Such a foundation is necessary to allogitsenpointing; the telescope must be
stable enough to allow smooth tracking of the satellite or the Moon. If the telescope is not stable
in both axis i.e., azimuth and elevation, this might resudtl@ss accurate pointing model and

fewerphoton returas.

The runoff enclosure or housing for the telescope was designed and constructed at
HartRAO Figurel8: B). It is moved by electric motors and ikés approximately 2 minutes
to move to its parking position, while MOBLAG station takes about 8 minutes to close the
telescope. The reaction time is very important in the case where there is rain, storm etc., to
closeup the telescope as fast as possanle protect sensitivequipmentFigure18.C depicts
the refurbished telescope, the tube was removed for refurbishmentdod@ane (overhead
gartry) is used to move heawqguipment The telescope is painted with a special paint (i.e.,

Ceratec and Supa Seal) to minimikermal distortions.
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Figure 18. A: Massivesteelfoundation for the telescope. B: construction of the mobile housing
for the telescope. C: eRCA telescope has beesfurbishedand painted, the housing has been
moved as seen behind the telescope (picture credit: Combrinck, L).
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2.10. Concluding remarks

In this chapter areviewedof 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 the emphasis was on factors that contribute to range bias, asulsebe mcorporated 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 supporting-sooimmic 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 thei®ern Hemisphere.

Data products derived from highly technical space geodetic techniques such as LLR
have indirect or direct benefits to the society; hence, the LLR project at HartRAO has received
local and international support from organisations suddASA (USA) and OCA (France).

There are a number of factors that must be taken into considerations during the implementation
of the LLR analysis software. The first step is to ensure that highly accurate simbisygstems

are implemented (sybicosecond level) 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 cuaedtfuture space

programs both in Africa and internationally with societal benefits.
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Chapter 3

Site selection for thdunar laser ranger timing antenna

Abstract

Accounting for multipath in Global Navigation Satellite Systems (GNSS) is a difficult task and
an important one, especially duririge preiinvestigationphase for the installation of a
permanent GNSS station for positioning or timing applications. Sites with a high level of
multipath can cause positioning errors or timing errors resulting in the quality of GNSS
products (position or timgy) becoming degraded by several meters or nanoseconds.
Investigaibn and attempt to map multipath as part of the site investigation for the installation
of the timing antenna for lunar laser ranging applications at the Hartebeesthoek Radio
Astronomy Obseratory (HartRAO)were undertakenA highresolution wavelet power
spectrum and a standard deviation paranseused to map multipath in both the time and
frequency domain as well as spatial variations on the sky plot. The high standard deviation
values @ the sky map are attributed to reflections due to shrubs or trelke ite, while less
standard deviation areas are attributed to bare soil or less vegetated ground as this would give
constant reflection over time provided the ground has constantumgistonclude that the

site is suitable for installation of the timing antenna and that a mask-@0t%levation angle

will be applied to the timing antennaranimise multipath at lower elevations
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3.1. Introduction

Multipath signals in most Global Navigation Satellite Systems (GNSS) applications are
considered noise. Multipath occurs when an electromagnetic signal arrives at an antenna, not
along a direct path, but via an indirect path duthéxeflectionof the sgnal by an object or
surface near the antenna (Larssimal., 2008 Multipath signals are caused by surrounding
features such as trees or geflectingtransmittedsignals from the satellites to the antenna.
The errors caused by multipath on GNSS data prodochsde positioning (Closas et a).

2009, timing (Ray and Senior, 2003) and Integrated Precipitable Water Vapour (IPWV)
(Tregoning et al., 1998). Howevercent studies have shown that multipath can be used in the
GNSSReflectometry (GNS®) technique to study soil moisture content around GNSS
antennas (Larson et al., 2010; Mironov and Muzalecsjiy, 2012), snow depth estimation
(Botteron et al., 2013), and esation ofheightandmoisture content of the vegetation around
GNSS antenna®Van et al., 2015). Application of GNSSis also important in characterising
sites for geodetic applications, where accuracy is of high priority such as time transfer
techniguesusing GNSS (Ray and Senior, 2003). In ttimpter | present an experimental
study, which aims to map multipath around the new site for the timing antenna for the new
LLR station.

Radio signals transmitted by the GNSS satellites are also affected iopadlsehere.

The i onosphere is the upper | ayer of the atmn
it contains free ions and electrons that are produced by the solar radiation (Ratcliffe, 1972).

The ionosphere causes a delay of radio signals ionosgfect can result ia delayof up to

30 ns (Giffard, 1999). However, the error introduced by the ionospheric effect can be
minimised by using dudtequency receivers and applying doudhiiéerencing method (Pullen

et al., 2009). The troposphere alstroducesa delayof up to meters in the radio frequency.

The delay introduced by water vapour in the troposphere increases with a decrease in elevation
angle. This delay is usually corrected by applying tropospheric delay models such as the
GPT2w developd by B6hm et al(2015).

The Hartebeesthoek Radio Astronomy Observatory (HartRAO) is currently building
the Lunar Laser Ranging (LLR) station. The LLR station requires an accurate timing system,
which must be steered by Global Positioning System (GR®).GPS satellites broadcast
position and time information to the ender. Satellites are constantly updated with accurate
timing information from the grounased network o€esiumand Hydrogen maserocks

(Allan, 1980) whichis referred to as time transfer aB&S plays an integral part in this regard.
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One application of geodesy that requires precise timing is station time. Station time is required
in order to be accurate enough (within nanoseconds of UTC) to be able tBaréekrbiting
satellites or retrgeflectors located on the surface of Meon with high accuracy.

The technique of LLR involves transmitting short laser pulses to theredteators
that are located on the surface of kh@on. The rounekrip ToF of the laser pulses measured
using an event timer. The event timer requires stable frequency (which can range from 5 to 100
MHz) from the local timing system (e.g. rubidium clock). The local timing system drifts over
time and this requires accurate timenfr the GPS to be updated and monitored. The
measurement data are used to support and maintain International Terrestrial Reference Frame
(ITRF), determination of théloon orbit, study geodynamics and Eaifoon dynamics.
HartRAO aims to achieve millimetr@nging accuracy. This will require alibsystemé@hese
include pointing model, timing, laser, transmit and receive path efficiencies, etc.) to be
accuratefor the minimisation of station error budget to better than centimetre level. A detailed
review ofthe LLR technique is given in Munghemezulu et al., (2016) and the references

therein.

3.2. Material and methodology

3.2.1. Study area and data

HartRAO is locatedin valley of Magaliesberg mountain ranges, 50 kwrth-west of
Johannesburg. HartRAO is collocated with four instruments that are fundamental for space
geodetic techniques, namely: Very Long Baseline Interferometry (VLBI), Satellite Laser
Ranging (SLR), Global Navigation Satellite System (GNSS) antenna and Doppler
Orbitography and Radipositioning Integrated by Satellite (DORIS). Currently, the
observatory is building a Lunar Laser Ranging system and a new 15 m VLBI2010 Global
Observing System (VGOS) anteniagure19).

The site for the timing antenna was chosen according to the following considerations:
(i) the site must be close to the control room to minimise signal delay due to cable length, as
this reduce the systematic errors introduced by the cable and variations of the ambient air
temperature, (ii) the site must have minimal objects that can introduce multipath such as trees
and reflective objects such as the LLR enclosure and the 26 m VLBI anterwavédpsince

some of the objects cannot be removed, an observational strategy of observing above certain
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elevation angle has to be established to minimise the effects of mul&gaire20illustrates
the visibility of the satellites at the HartRAgde;the centre point represents the location of the

proposed site for the timing antenna.

An experiment was carriazlit using a Topcon antenna and a Topcon receiver, GB1000
models for the period of 10 days. Observations were scheduled for days when there was a clear
sky as cloudsften introducaandom multipath errors (Rao et al., 2013). The raw observations
files were converted from Topcon Positioning System (TPS) format to the Receiver

Independent Exchange (RINEX) format as recommended by Gurtner (2007).

4 .vLLR Control room, attached
is the pole for the timing
antenna

LLR
Enclosure

TSR

SLR MOBLAS-6

s g2

Figure 19. Space geodetic techniques collocated at HartRAO. The timing antenna will be
mounted on top of the control room. The continuous operating GNSS station (HRAO) is
important as it acts as a based/control station in solving positions of other points.
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Figure 20. Horizon profile of the proposed timiragntenna at HartRAO.

3.2.2. Methodology

A method for computing pseudange multipath errors (MP1 and MP2) was devised to assess
the level of multipath in the vicinity of GNSS antenna by making uieediranslation Editing

and Quality Check (TEQC) software (Eg and Meertens, 1999). Bilich and Larson (2007)
indicated certain limitations associated with MP1 and MP2 derived from TEQC software to
map multipath environment. One limitatios the use of RMSrror values to represent
multipath. In the currenwork, the RMS values that resulted are showiable3. The RMS

error values lack spatial component and as a result, multipath around the GPS station cannot
bevisualised The second limitation involves MP1 and MP2 being a measure of psaugie®
precision and highly dependent on smoothing algorithms, fireelanges of the antenna or

the receiver (Ray and Senior, 2003).
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Table 3. Averaged Root Mean Square (RMS) calculated for all the satellites in view during
specific days of the experiment. Each observation lasted for 24 hours.

Pseuderange multipath error
Day Number MP1 (m) MP2 (m)

254 0.295173 0.298755

255 0.298189 0.298982
256 0.298902 0.300827
257 0.301725 0.294977
258 0.299806 0.301071
259 0.31159 0.303643
260 0.300505 0.300962
261 0.300956 0.296886
262 0.290297 0.294945
263 0.290814 0.288795

264 0.292615 0.292331

Bilich and Larson (2007) introduced a method of extracting multipath from Signal to
Noise Ratio (SNR) data that is reported in the standard RINEX file format, where SN1 and
SN2 SNR dataepresents raw signal strength values as given by the receiver for the L1 and L2
phase observations. In the multipath environment, the SNR values measured by the tracking
algorithm are a compositef direct and indirect signal€Equation(3.1) gives SNR (in an
environment where only one indirect signal is introduced) as a function of multipath amplitude
Anm, direct amplitudé\s and multipath relative phage . Referto Bilich and Larsa (2007) for
the derivation oEquation(3.1). However, this method works well when high data rates (1 s

sampling interval) are available.
SNR* A =& +A 2+ Acoy (3.1

TEQC ®ftwarewas used to derive MP1 and MP2 valuesfdrther enhance multipath

mapping by creating a gridded sky plot from the derived multipath values using linear
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interpolation method and computing the wavelet power spectrum of the multipatbetirag
dat to understand the magnitude in relation to the spatial location of the objects inducing
multipath.

Multipath signals from GNSS are natationarysignalssince the frequency of the
signalsvaries in space and time. This makes Wavelet Analysis (WA) suitable for studying
multipath behaviour over time as compared to traditidGt@lrier Transform (FT) method.

Morlet waveletwas used agiven by
yo(h= P'expl ,wexp(-* /8) (3.2)

Where# is the time andu is the wavenumber (Torrence and Comp@98).To construct a

picture depicting the amplitude of any feature with its variations over time and scale, a
continuous wavelet transfornvy ) defined as the convolution ok (MP1 and MP2) time
serieswith a scéed and translated version pf is used to derive the wavelet power spectrum,

which is given inEquation(3.1),

Wi(9 =

N-1 N
.- ,@(m n)at .1 (33)

Vo§ s ]

nj=0

WhereN is the length of the data at sampling time intetv4B0 seconds) and ) represents

the complex conjugat@orrence and Compo, 1998).

The standard deviation is calculated for each pixel of the linear interppohatipath matrix

s = ’%ai (x -X)°. (3.4)

Wherex is the linear interpolated MP1 or MP2 values axdas the mean value of MP1 or

as given byequation(3.4),

MP2. This data is projected to azimuth | and elevation £ ) as a function ofime i.e.
t- / (t), 4t). A higher value of will indicate areas that have high noise (e.g. trees, variation
in moisture content) and low values indicate a uniform medium over time (e.g. clear sky or dry
bare soil or lessegetated areas). However, it must be noted that this method is limites to
time span of thelatasince S will change depending on the number of observations available.
Therefore, multipath analysis using this method requireg tomeseries (e.g. more than a
month) to capture all the seasonal variations due to changes in seasons, which will affect e.g.
growth patterns of the trees and this will affect reflected patterns of the L1 and L2 signals.
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3.3. Results anddiscussion

The GPSsatellites provide many data points, but these points are only concentrated at specific
satellite tracks and some parts of the sky are not fully covered (e.g. areas b@@vesmmd

270 azimuths have a poor coverageFigure21). The gridded plots ifrigure21 (C, B and

D) provide a complete picture of the distribution of multipath as well as sigmatlise ratio

(SNR) around GPS station. As illustratedrigure21, most multipath errors occur bel@0
elevation angle and this is associated with low SNR ratio values. Radio signals from satellites
at low elevation angles travel longer in the atmosphere (i.e. troposphere) than when the
satellites are at high elevations (Degnan, 1993). Hence, the obses\uaiow30 elevations

are noisier compared to thoseadttighere | evati on. The fspaghetti o
plots of Figure 21 at both low and high elevations indicate a variable atmosphere and these
features could be attributed to clouds or cirrus clouds that vary in space and time. Infrared
satellite cloud cover datadicated variable cloud cover during the time of the experiment. The
data for the cloud cover can be retrieved from (http://www2.sat24.com/) for the given dates of

the experiment.

The satellite number 17 was selected for the waeglalysissince the dallite tracks
at both low and high elevation angldsgure 22 and Figure 23 illustrate wavelet power
spectrum for MP1 and MP2 signals respectively. Two different clusters of peaks are evident at
0.001 and 0.005 frequencies for MP1Rigure 22, which corresponds to 21 min and 4 min
cycles, respectively. The MP1 signal has a strong cycle at 4 min compared to MP1 signal in
Figure23, which reveals a strong cycle at 21 min and a weaker cycle at 4 min. The two signals
appear to respond differently when reflected by the same features and this is largely due to the
fact tha MP1 and MP2 are derived from different radio wavelengths where L1= 19 cm and

L2=24.4 cm, respectively.
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Figure 21. Enhancedisualisation of multipath and SNR data, the normal sky plot indicate
satellite tracks across the sky while gridded plots indicate a complete picture distribution of
multipath around GPS station.
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Figure 23.The nultipath signal derived fronthe L2 band and its associated wavelgbwer
spectrum.

The standard deviation mapsHigure24 depict variations of the multipath over the 10
days observation period. Areas on the sky plot with low standard deviation indicate either
stationary reflective objects like grourméflections at low elevation angles 30 ) or
atmosphere, which is expected to have very little variations at high elevation arg@®9.(>
Areas with high standard deviation will only occur at lower elevadiogles, objects such as
shrubs/trees will introduce multipath with different magnitudes resulting in high standard
deviation values on the map. Both MP1 and MP2 maps indicate areas of high standard
deviations and low standard deviations, low standarcatiexiareas are therefore attributed to
reflections due to bare soil and less vegetated areas and those of high standard deviation are
attributed to reflection due to shrubs as they can be seen from the image m@&ic\wéw

of thearea.

There is very little that can be done in terms of physically removing shrubs to minimise
multipath. Most applications such as positiondggpendon receivers that can filter GPS noise
Amul tipatho at | ow el evati oloetals20tih Hoavever,ad ap't
this approach is limited to visualisation and the spatial distribution of the source of the
multipath. In other applications such as GNS&lectometry,visualisation of multipath is
important to understand the source of signals that might be related to e.g., vegetation

monitoring using GPS (Chew et al., 2015). In the case of positioning applications where time
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accuracy received from the GPS antenna depends on the position stability of the, amenna
observational strategy will be employed i.e., observing only satellites aboa® Bfevation
angles to minimise multipath.

More improvements still need to be made in this approach of mapping multipath to
allow for mapping the distance of reflectifigatures on theky-plot. The current approach
does not provide exact distances from the GPS station to the reflection points on the ground.
This is important in preliminary site survey using GPS as objects that can result in significant

multipath can benapped and removed before full installation of the GPS for different purposes.

5]
MP2 standard deviation (m)

Figure 24. Standard deviation maps of MP1 and MP2 as viewed from the GPS timing antenna
derived from 10 days of observations. The mosaics of ngistdepict the actual site B60
view.
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3.4. Concluding remarks

Mapping multipath from GNSS signals is a difficult task given the many variables that change
over a short and long period of time. These variables include mogintent of the soil or
vegetation, canopy structure and clouds. The technique of multipath mapping can be very
useful in preliminary site investigation for geodetic applications sutheasstallationof the

new GNSS base station for timing or positional applications. RINEX observations for 10 days
to map spatial location of multipath and its variation over time to aid in understanding the
distribution of multipath before an installation for the timiswgtenna at HartRAO for LLR

timing reference.

High-resolutiontime-frequency wavelet analystemonstratethat the MP1 and MP2
signals peak at different frequencies with different intensities when reflected by the same
feature. This analysis allows fortexction of information such as what time will the GNSS
station receives maximum multipath and for how long and an observational strategy can be
implemented. Through standard deviation mapxynclude that the multipath dhe siteis
mainly due to reflettons from the mountains surrounding the geodetic site and that the site
offers clear sky view of the satellites with minimal multipath from as B6nand above in
elevation.The hgh standard deviatiois attributed to reflectionsiwe to shrubs, vegetation and
bare soil around the site. An observational strategy at 15° to 20° will be implemented as these
areas offer minimal multipath and a good environment for the timing antenna to operate at

maximum efficiency
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Chapter 4

Integration of the lunar laser rangingtiming subsystem

Abstract

The Hartebeesthoek Radio Astronomy Observatory (HartRAO) in South Africa is developing
an observationalkystemcapable of ranging picosecond laser pulses toretre-reflectors
locatedon theMoon, a technique called Lun&aser Ranger (LLR). The new LL&ation in

the Southern Hemisphere to be installed at Matjiesfontein ikah@owill contribute towards

a better understanding of the dynamics of the Beidbnsystem. Onef themost fundamental
applications of the LLR system is to determine the EBition orbit parameters abigh
accuracyevels. As the observable of the LLR technique isTib€ of the laser photons to and
from theMoon, a picosecond level (1 picosecond =!36econd) accuracy timing system is
one of the keylesignconsiderationsequired br the new LLR system. Hefegpresentresults

of an integratedesignof the timingsubsystenfor the HartRAO LLR station. Alsubsystems
that directly affect the timingystemperformanceare described, including operational and
environmental anditions. Based on the specificatiarfthe equipment nder consideration,
results indicate that the timirsgibsystenwill achievea sub-picosecond Allan deviation at 1 s,
a phasenoise of-110 dBc at 1 Hz, and a drift rate of 5x¥0per month(on free run).
Furthermore, the cumulative RMS noise from the proposed system is estimatetBtmive
per pulseThis noise level will require the station to range toNtaon for a longer period (at

a rate of 5 photons per minute) in order to collect adegplabtons to statistically achieve
millimetre precision for normapoint calculation The current design specifications present a

promising future for millimetre ranging at HartRAO.
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4.1. Introduction

The Hartebeesthoek Radio Astronomy Observatory (HartRAQO) in South Africa is currently
developing a Lunar Laser Ranger (LLR) to range to +edfiectors that are located on the
Moon (Figure25). This observatory is the only geodetic and radio astronomical site in Africa
and has collocated all fundamental space geodetic techniques, including geophysical
equipment such as a seismometer, gravimeter argdeacmeter. In particular, the site hosts
several Global Navigation Satellite Systems (GNSS) receivers, a NASA Satellite Laser
Ranging (SLR) system (MOBLAS), two Very Long Baseline Interferometry (VLBI)
telescopes (of sizes 26 m and 15 m) and a Dopptbitd@raphy and Radiopositioning
Integrated by Satellite (DORIS) system. These techniques contribute towards the determination
of geophysical parameters such as Earth Orientation Parameters (EOP), station positions and
velocities, definition and maintenamnof the International Terrestrial Reference Frame (ITRF)
and the International CelestiReference Frame (ICRF) (Plag et al., 2009). Overall, these

parameters contribute towards improving geodetic parameters of theMisotisystem.

Space geodetic techniques require very accurate timing systems in order to make
accurate measurements during observations. Timing components are an integral part of
geodetic instruments as the stability of the timing systems determines the accuracyhat whic
measurements can be made (Poultney, 1972). For instance, an accurate and stable clock such
as a hydrogemaserCesium rubidium or OverControlled Crystal Oscillator (OCXO) is often
used as a timing reference system depending on the application reapi@echthe budget of

the experiment
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AS14-67-9386 HASA/Alan Shepard

Figure 25. A: Location of theretroreflectorson theMoon deployed by the APOLLO and the
Soviet missions. B: An array oétro-reflectorsfrom Apollo 14 on theMoon (Source: NASA).

These clocks areharactesed by good short and lontgrm stabilities, drift rates over
time as well as phase noise (Niell et al., 2007). In terms of the LLR, it is essential to consider

these parameters for sgbntimetre ranging accuracy.

The new LLR sgtem being constructed at HartRAO has to meet minimum
requirements set by the International Laser Ranging Service and the Global Geodetic
Observing System (GGOS). Part of the LLR requirements are that space geodetic techniques
should make observations withillimetre accuracy and precision. This is a very stringent
requirement that is yet to be attained in practice (Rothacher et al., 2009). In this regard, the
main objective of the HartRAO LLR system is to have-sabtimetre level accuracy in
measurementnd normal point (i.ethestatisticalverage of a set of ranges) range data. These
stringent requirements necessitate that all other subsystems being developed at HartRAO
function in harmony, such as the pointing model for the telescope, compensation of structural
deformation due to thermaffects, etc., to achieve these requirements (Combrinck et B
2014). The emphasis of this chapter is plamedhe design of a timing referensebsystem
and a photon detecti@ubsystenfor the new LLR station based at HartRAO.
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4.2. A brief history on time and frequency standards

The development of time keeping technologies have enabled and advanced most of our day
to-day living experiences. For example, in positioning applications, timing accuracy of 10 ns
yields a corresponding position accuracy obwb3 m Hellwig, 2003. However, by
combining modern algorithms to mitigate delays due to atmosphere, a millimetre positioning
accuracy can be attaineflable4 lists the time and frequency standards, their evolution and
accuracies. A laser cooled Cesium fountain currently provide the most accurate timing systems
(Meekhof et al., 2001 However, thes are very expensive for general public to use and most
satellite/lunar laser ranging stations are still using 1sitadole Quartz and Rubidium oscillators

with an accuracy of about 1x18or better.

Rubidium oscillators @ usually better than quar@yenControlled Crystal Oscillator
(OCXO) or TemperatureCompensated Crystal Soillator (TCXO) due to their lorterm
stability and reliability. The OCXO and TCXO are adversely affected by environmental
changes (i.e. temperature, pressure, humidity anmatidins). Their aging characteristics can
be in he order of about less th&r10° per day Lombardi, 2005. Lombardi, (2005) described
the operations of Rubidium frequency standard as folldwgufe 26): they operate at
6,834,682,608 Hz, which is the frequency resonance of Rubidium &&n);(a quartz
oscillator is controlled by the frequency of the Rubidium; a crystal oscillator generates a
microwave signal that is applied to tH&b vapour within a cell; this process forces the atoms
into a particular energy state. An optical beam éntpumped into the cell and is absorbed by
the atoms as it forces them into a separate energy skégesef al., 1998 According to
Berquist and Collins, (2004this process produces two isotopes, which results in two

resonances and a filter cell is dde filter out one resonance.

The photocelldetector is used to measure how much of the beam is absorbed and its
output is sed to tune a quartz oscillatorhi¥ oscillator is then locked to the Rubidium
resonance frequency and standard frequenciesligususiHz and 10 MHz) as well asdps
are derived from the quartz oscillator and provided as output sigratsbérdi, 2005)The
Rubidium frequency standards aréeated by environmental changes. For instaddéerent
components operate optimally atferent temperatures (e.gas cell and quartz oscillator).
Recent developments to minimise these effects include voltage controlled crystal oscillator

(VCXO0), which provides temperature compensateghali output and microcontroller. This

56



uses theéemperaure signal to loockup a frequency error in a memory to offset the synthesizer
and adjust the VCXO to compensate for temperatdez ¢t al., 19983

Shielded Cavity

Rubidium Rb-85 Photo Cell
Lamp Buffer Gas Detector
—
Optical Path
L 4
Frequency Guartz Servo
Synthesizer Oscillator Feedback
6 834 682 608 Hz £ - - -

5 MHz =« LE—>1pp5

Figure 26. An example of aubidium oscillator (Sourcd.ambardi, 2005).

Time transfer techniques play a crucial role in geodetic applications such as Very Long
Baseline Interferometry (VLBI) and SLR/LLR to ensure accurate time is kept at a local station
and corrections are applied that may results from clock drift or clocidero There are
different methods that are used to distribute time and frequency signals such as usimnggihe opt
fibre over short distance$his method can reach stability of up to 10 ps (éefferts et al.,
1997) two way satellite time and frequency transfer (TWSTFT) using laser{ergmori et
al., 1993;Prochazka et al., 2010r GNSS (e.gL,ewandowski et al., 1993
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Table 4. Theevolution of time and frequency standards (Source: Lombardi, 2005)

Standard Resonator Date of Timing Frequency
Origin Uncertainty (24h)  Uncertainty (24 h)
Sundail Apparent motion of the Sun 3500 BC NA NA
Verge escapement Verge and foliemechanism 14th 15 min 1x102
century

Pendulum Pendulum 1656 10s 1x10*
Harrison Chronometer  Spring and Balance wheel 1979 350 ns 4x10°
(H4)
Short pendulum Two pendulums, slave and maste 1921 10 ms 1x107
Quartz crystal Quartz crystal 1927 10e s 1x10%°
Rubidium gas cell 8Rb resonance (6,834,682,608 H 1958 100 ns 1x1012
Cesium beam 13%Cs resonance (9,192,631,770 F 1952 1ns 1x10%4
Hydrogen maser Hydrogen resonance

(1,420,405,752 Hz) 1960 1ns 1x10%
Cesium fountain 13%Cs resonanc9,192,631,770 Hz 1991 100 ps 1x10%°

58



Table 5. Summary of time and frequentransfersignal and methods (Source: Lombardi, 2005).

Signal or Link

Time
Receiving Equipment Uncertainty
(24 h)

Frequency Uncertainty (24 h)

Dial-Up Computer Time Service

Internet Time Service

HF Radio (3 to 30 MHz)
LF Radio (30 to 300 KHz)

Global Navigation Satellite Systems
(GNSS)

Computer, client software, modem and phoi
line
Computer, client software, modem and phoi
line

<15 ms

<ls

HF receiver and antenna 1to 20 ms
LF receiver and antenna 1 to 100 us
GNSS receiver antenna <20 ns

Not recommended for frequency
measurement
Not recommended for frequency
measurement

10°to 10°
101%to 10%

<2x10%3
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4.3. Lunar Laser Ranging at HartRAO

The LLR technique was developed during the 1
deployedetroreflectorson the surface of theoon. The McDonald Observatory was the first
observatory to detegihotons reflected by the Apollo 11 reflector using a 2.7 m telescope
(Williams et al., 1996). Lunar laser ranging involves sending short laser pulsesModhg

the pulses are reflected by reteflectors back to the receiving telescope on the grolimel.

ToF is then measured using an event timer or interval counter. Therefore, given the speed of
light plus a number of corrections (e.g., relativistic effects, atmospheric effects and solid Earth
tides displacing the station position), the distancarndfrom the Moon can be calculated.
Among other factors (atmospheric effects, lunar librations, etc.) that affect the accuracy of the
measurements, timing systems have a significant contribution as well. The resulting distance
from the lunar measurements tains a wealth of information about the EaMloon system
(Dickey et al., 1994). The current International Laser Ranging Service (ILRS) network
geometry (see foFigure 5, Chapter ?is poor in the Southern Hemisphere relative to the
Northern Hemisphere. It has been reported that there are only four LLR stations that are

regularly ranging to th&oon (Hofmannet al., 2010).
These stations are:
A The Apache Point -@igisgeperaionoAPDLLQ B.mar L as

telescope), New Mexico, USAlate installe@000 6 s

A McDonald Laser Ranging StationdaeMLRS ¢
installed 198 6 s

AThe Observatoire de |l a Ctte doé Azur (OC;
date installed 198 6 s

A Matera (1.5 m telescope), Iltaly. Some d
Laser Ranging Observatory (Italy) and it is hoped that thisostatill become a
regular contributor (Hofmann et al., 2Q1@ate installed 20@.s

A number of planned LLR stations will support the network geometry in the future, i.e.
future LLR activity from theGeodetic Observatory Wettzell (Germany) and the Motron3o
Satellite Laser Ranging Observatory (Australia)particular, the HartRAO LLR station in the
Southern Hemisphere will potentially improve and strengttiem current network and

contribute to global LLR ranging observations.
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The geographical locatn of the proposed HartRAO station in the Southern
Hemisphere provides an opportunityperforminteresting scientific experiments with other
stations, particularly ranging simultaneously with the OCA station td/iien or satellites.

Such experimentsare expected to constrain station dependent biases, improve the
determination of the orbit parameters and the ranging geometry (Combrinck, 2011a). Other
scientific contributions include tests of tkgeneral Relativity Theory (GRT) (Alley, 1983;
Combrinck,2013) and contributions to the ITRF (Altamimi et al., 2011). Research on GRT has
already started at HartRAO to estimate ParameterizeeN&wgionian (PPN) parameteyand

b directly as part of the leastjuares solution of precise orbital determinatiomfiLAGEOS

| and Il SLR data (Combrinck, 2011b). The current test for gravitational constant variation is
at the levelG/G= 0.7 4 10* yr* (Wiliams and Folkner 2009; Hoffmann et al.,

2010). To understand small variations of the physical and gelcphparameters, millimetre

level measurements of tioonb s or bit are required.

The development of an LLR station at HartRAO is based on &% 1 m aperture
telescope obtainethroughcollaborationwith OCA and NASA (Combrinck, 2011&jigure
27). The telescope was used for SLR applications at @W@hthe laser beam was transmitted
through a beam expander (~18 cm in diameter). At BT, the telescopaanging
configurationis currently being modified such that the laser pulses will be transmitted through

the main 1 maperture t@nsure maximum collimation of the laser beam.

Software packages dewglkedinternallyfor the telescopmcludeLLRSteer, LLRServo
Control and LLRCentralControl, which will control and steer the telescope as well as control
othersubsystemsThese programs share data via the Dynamic Bathange (DDE) protocol.
Subsets of the C language are used to dpve@mgrams, whichare loaded into
microprocessors; these communicate via USB interfaces with the main programs-axe alt
mount and optical tube have already been disassembled to evaluate the condition of the
components; all seals have been replaced dndamted surfaces cleaned and recoated
(Combrinck, 2013). It is envisaged that the telescope will be moved to Matjiesfontien, Great
Karoo, where the seeing conditions were observed to be ranging from 1 to 2 arc seconds by
using a small astronomical reftar (10.8 cm aperture). This site is better than the current site

(HartRAQO) and higher return rate of photons can be expected (Combrinck et al., 2007).
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Mobile House for
the Telescope

LLR Control Room

o

1m Telespe

Figure 27. Subsystem®f the Lunar Laser Ranger. The timing refereaabsystenwill be
hosted inside the LLR control room and the measurement tsningystemsvill be located at
the telescope. The control room is kept at 2C.

4.4. Environmental factors affecting time and frequency transfer

Time transfer applications requires advanced algorithms to compute path delay (be®veen th
transmitter and the receivenhis is mainlybecauseach specific delay applied to the receiver

is site dependent. In the case of GNSS time transfer, ground baseckradtimarogen masers

and Cesium clocks are all steered to agree as closely as possible to the Coordinated Universal
Time (UTC) (ombardi, 200%. This time is used to steer on board GNSS satellite clocks,

which is broadcasted together with positional imf@tion of the satellites to the receivers on
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the ground. During thiprocessyariable atmosphere introduces delay to the transmitted radio
signals. For example, delay due to refraction at zenith can reach up to 6 ns and this value is
worse at lower elevain anglesl(evine, 2008) The ionosphere, troposphere and temperature
variation are among the factors that limit the accuracy of time transfer in the radio frequency,

these effects are discussed below.

4.4.1.lonosphere

The Total Electron Content (TEC) cae Hefined as the amount of free electrons available

along the path of the radio signal in the ionosphere, | TEC unit elé€trons/m (Buonsanto,

1999; Moeketsi, 2007 . An increase or decrease in TEC i
activity i.e., diring day light or geomagnetic storms, TEC will increase in the ionosphere and
decrease during night perio@lawepo et al., 20)5For more information on basic principles

and computation of TEC from GNSS data referdtonzah (2015) andBuonsanto, (1999)

To demonstrate the impact of TEC on GNSS timing applications, TEC was derived for
GNSS station HRAO using GPHEEC software developed at Boston College by Gopi, (2012)
and it was converted to time delalyiqure 28). The results inFigure 28 clearly indicate
variations in time delay ranging from In& to 11 ns for this particular day of observation, with
more variability during day time. A timing receiver #$B80A will need to be able to track
TEC variations in real time and apply appropriate correction to minimise errors when updating
the Rubidiumclock. Therefore, it is important that observed TEC is used to correct for time
delay due to ionospheric activities. Receiver and satellite biases play a crucial role in the

accuracy of determining TEC.
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Station: HRAO-Krugersdorp

1 T T T T

Time Delay (ns)

25

UT (hours)

Figure 28. Estimated timedelay due to TEC over HartRAO from the GNSS station HRAO,
date: 2016/09/26.

4.4.2. Troposphere

The estimation of tropospheric parameters and observed parameters can lead to about 300 ps
difference in clock solution in GNS3Hackman and Levine, 2004). Weinbaahd Schon

(2010) reported thamapping functions such asell Mapping Function NWM), Global

Mapping function GMF) andViennaMapping Function§VMF1) fail to reduce noise level of

the clock estimates, this was attributiedthe low temporal and spatial resolution of the
mapping functions. Clock estimates are directly related to the tropospheric parameters and this

is site dependent.

The tropospheric slant delay as a function of elevation angle of the satellite can be
mocelled as the sum of aenith hydrostaticdelay (ZHD) and aenith wet delay (ZWD)
components, with corresponding mapping functions (Weinbach and Schén, 2010).
Meteorological observations at the GNSS site (pressure, humidity and temperature) can be used
to estimate accurately ZHD component, however, the ZWD component cannot be accurately
estimated from ground meteorological observations (e.g. Ohtani and Naito, 2000) to resolve
small errors in GNSS clock solutions. A Raman Lidar sensing or Water Vapour Reatiome

(WVR) is recommended to accurately estimate ZWD component. However, these instruments
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are very expensive (Weinbach and Schon, 2010) and most software packages estimate ZWD
component fronkeast squareshile solving for other parameters. Niell et &2010) found that

ZWD estimated from VLBI technique gave better results compared to GNSS, Radiosonde and
WVR techniques, this is mainly due to VLBI measurements are independent of minimum
elevation angleFigure29 depicts Integrated Precipitable Water Vapor (IPWV) derived from
GNSS station HRAO using locally observed meteorological parameters at the GNSS station.
The observations indicate variable IPWMhe atmosphere that is characterized by the annual
and interannual seasonal variationdlashaba et al., (2016proposed an automated
computation of IPWV at HartRAO, this can be very useful during LLR observations as
incorporating IPWV as suggested lHgckman and Levine (2004) can improve clock solution.
Advanced dedicated PWV instrument such as WVR is required at the observatory to achieve

better accuracies.

gﬁg; — Four Patameter Modl E
T o M

Figure 29. Time series of the IPWV derived from HRAO GNSStista (Source: Mashaba et
al., 2016).

4.4.3.0n siteambient air temperature

The telescope structure and electronic systems are very sensitive to changes in atmospheric
parameters i.e., temperature, pressure and humi@itgperature being the largest contributing
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factor (Perry, 1943). Small degrees of variations in these atmospheric parameters can influence
the pointing accuracy of the telescope or affect the stability of electronic systems.

Historical atmospheric data #ite HartRAO site were considered to develop a better
understanding of the conditions at which the various time and frequency systems will operate.
Local atmospheric parameters are monitored using several meteorological units (MET3/4a)
with a time resolutin of 1 minute; data are publicly available from the SOPAC site:
http://garner.ucsd.edu/pub. However, a more accurate MET4 unit will be used for the LLR
station.Figure 30 depicts temperature and humidity variability at HartRAO for selected days,
during summer in January and during the winter period in June. The data clearly indicates
segments of linear trends, which can be considered separately toidet#dre rate at which
temperature changes for a given linear segment using a linear fit a6 summarises
the results of temperature stability for the selected time segments. As gianie6, the best
ranging period would be described by the change in temperature per minute for the given
period, if the values are betweéh°C/min and 1€/min. This threshold indicates the time
period in which the atmosphere is most stable anddseformance of the electronic systems

and the telescope can be achieved.

Figure 30. Variability of temperature at HartRAO for two different periods, during summer
(2014/01/15) and winter (2014/06/15).
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