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Astrometric and geodetic Very Long Baseline Interferometry V(BI) at the
HartebeesthoelRadio AstronomyObservatory (HartRAOontribute to the realisation of

the International Celestial Reference Frame (ICRF) and determination of the International
Terrestrial Reference Frame (ITRF). Geodetic VLBI also provides fieeeree point of

the HartFAO 26 m antenma used in cdocation of thel5 m antenna and three other space
geodetic techniques and al so as guredyiegr ence
system. The VLBI Global Observing System (VGOS) is currently being introduced
worldwide to brm part of the Global Geodetic Observing System (GGOS). The HartRAO
VGOS antenna will soon become operational and will have to beatiegrately to the

26 m and 15m antennas. If HartRAO is to contribute to GGOS and continue participating



in ICRF realiséion and ITRF determation, GGOS requirements ofrdm accuracy and
0.1mm/yr stability on global baselines will have to be neatd statiorspecific errors
degrading the accuracy of astrometric/geodetic VLBI results will have to be minimised.
Stationspedfic errors addressed in this study relate to meteorological data, antenna
calibration and pointing, antenna axis offset (A@yl ahe local tie between tt# m and

15 m antennas

The quality of HartRAO meteorological data used in VLBI and shdiggl andysis was
investigated by compang it with meteorological data from al@al Navigation Satellite

System (GNSSktation and a test installation. Thpagity correction applied t82 GHz
observations on th26 m antenna was investigated by comparison ecipitable water

vapour (PWYV) values calculated from HartRAO and GNSS meteorological data as well as
Suominet integrated PWV. T m antenna is one of only a few antennas capable of

CRF realisationn the Southern Hemisphere at GQRiz, the latter requing accurate

pointing. The26mant ennadés poi nti ng [Gelzwee deteamnede and
from gain calibration observations. A possible correlation between heating of the antenna

structure and degraded pointing was investigated.

The AO of the HEGRAO 26 m and 15m antennas and the baseline length between the
antennas were estimated in geodetic VLBI data analysis with the Vienna VLBI and
Satellite Software (VieVS) for comparison with the more accurate ground survey values to
determine whether it ipossible to estimate these values with the required accuracy in
VLBI analysis. Possible seasonal variation of the AO and baseline length were also
investigated. The antenna axis offset altitude correction (AOAC), which accounts for the
effect of the orietation of the eqatorially mounted®26 m antenna on the tropospheric path
delay, was simulated in VieVS to study its effen the estimated AO of ti# m antenna.

Short baselinéSBL) experiments between the two HartRAO antennas were also scheduled
and amlysed with VieVS in order to estimate the local tie vector between the antennas
more accurately and to dete@ine whether the GGOS goal binm accuracy is achievable

on such a short baseline at the very least. The results for baseline components ered basel

length were compared with the corresponding results from the most recent ground surve
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CHAPTER 1 INTRODUCTION

Geodesy is the scientific discipline that deals with the measuremeéntpresentation of

the Earth, its gravitational field, and other geodynamic phenomena, such as crustal and
polar motion as well as ocean tides (Committee on the National Requirements for
Precision Geodetic Infrastructure, Committee on Seismology and y@&wits and
National Research Council, 2010). The Hartebeesthoek Radio Astronomy Observatory
(HartRAO) performs both radio astronomy and space geodetic research. The HartRAO
Space Geodesy Programme focuses on the four major space geodesy tec¢hXiguyes

Long Baseline Interferometry (VLBI), Global Navigation Satellite Systems (GNSS),
Satellite Laser Ranging (SLR) and Doppler Orbitography and Radiopositioning Integrated
by Satellite (DORIS).

The HartRAO26m and 15m radio antennas regularly participate astrometric and
geodetic VLBI doservations at the standard S/X dbahdfrequencieq2.3/8.4GHz) and

at the higher Kbandfrequency(22 GHz). Astrometric VLBI provides thdnternational
Celestial Reference Frame (ICRF), realised throughnteasuremest of positions of
extraglactic reference radio sourcdhese same radio sources abservedn geodetic

VLBI to determire station positios and velocitiestectonic plate motiorEarth orientation
parameters (EORyndtropospheric parametemmongst diers,as well as tocontribute to

the realisation of the International Terrestrial Reference Frame (I{SRuh and Béhm,
2013). According to Combrinckt al (2015), geodetic VLBI at HartRAO also provides
fé absolute refer enc elocatadigeotiesc ingturdents to ackasb et w
constraints in global solutions using different techniques and as control point for the

geodetic survey system of SA (Hartebeesthoe
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As part of the Global Geodetic Observing System (GGOS), which airosnibine the

major geodetic techniques into a single highly accurate observing system (Gross, Beutler
and Plag, 2009), a next generation VLBI system, the VLBI Global Observing System
(VGOS), is currently being introduced worldwide. In accordance with GGOS
requirements, VGOS aims at an order of magnitude improvement in astrowuadric
geodeticprecision. Global baselines need to be accurate to 1 mm and stable to 0.1 mm/yr
(Niell et al, 2006). The VGOS antennase often colocated with legacy antennas,
allowing VGOS antennas to be linked to the legacy antennas and for the antennas to be
accurately tied together (Petrachenko, 20I8)e legacy antennas provide long stable time
series in  some instances more than 20 years OfLBI observations
(Petrachenketal., 2009). However, while VGOS observations will take over geodetic

VLBI observations, operations oédacy antenrsawill be maintained for astrmmical

VLBI and for some time also for ICRF astrometric VLBI observatiwshigh require high
sensitivity According to Petrachenketal (1 2014) fAé more Southern
are required to support ICRF definition, and, in general, a more uniform global distribution

of stations is required to support | TRF de:

HartRAO recently and is expected to become operational in due course.

Astrometric VLBI enables the determination of precise and accurate positions of
extragalactic radio sources at the suoitliarcsecond (nanoradian) levalhese same radio
sources are obsved in godetic VLBI to determire positions and velocities of radio
antennas in the global network at an accuracy level of several millimetres. The positions
and velocities can be inferred from the difference in the arrival time of a radio signal
emitted by an extragalactic radio source, such as a quasar {gjedar object), at the
different antennas forming the baseline. This geometric delay, together with additional
contributions which affect the propagation of the radio wave or that change its path,
constitute theprimary observable o&strometridgeodeticVLBI, the group delay. This
delay observable is corrupted by various stasipacific structural, instrumental and
propagation error sources, degrading the accuracy of astroaredigeodetic VLBIresults
(Schuh and Behrend, 2012).
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In this study, statiobased effects that could be corrupting YHeBl delayobservableat
HartRAO were identified and, where possible, investigated in order to discover possible
courses of action to eliminate or aa$ mitigate these sources error with a view to
meetingGGOS accuracy requirements and improving ITRF and ICRF realisstioifst it

was not possible tmvestigate certain of the error budget contributors that were identified,
such as an outdated pbimg model, faiing bearing and aged encoders, antenna structural
effects (particularly gravitational and thermal deformation), unstable antenna foundations
and instrumental effects (specifically the stability of the hydrogen maser clock and phase
and cabg calibration systems), error sources related to degraded meteorological surface
data, antenna calibration and pointing, antenna axis ¢#€2t and the local tie between

the antennas wernavestigatedin this study. Although the current study focused tbe
HartRAO 26 m and15 m antenna, it is anticipated that findings from this study may also

be utilised towards improved VGOS operations at HartRAO in the near future.

1.1 RATIONALE

At HartRAO, the longterm monitoring of Earth processes with four space ggode
techniques from the very same site provides a trustedtérng data record. The €o

location of the four space geodetic techniques makes HartRAO one divehke fiducial

geodetic sites worldwide5GOS, 2022)It is also the only fundamental statiam Africa.

Located in Africa as well as the Southern Hemisphere, the statiationis of strategic
importance in the worldwide space geodesy netwQdr{brinck and Combrink, 2004

HartRAO is not only a key fiducial station in the global geodetic netwbtk also

provides the absolute reference point for Southfri A a 6 s survey S
(Combrincketal., 2015. The HartRAO26m antennd@s VL Bl reference po
the reference point for the docation of thel5 m antenna, GNSS and SLR stationssie

and as reference datum for South Africads s

HartRAO is one of only a few astrometr@nd geodetic VLBI capable stations in the
Southern Hemisphere and the only such station on the African cordimgiistone of only
two stations in theSouth that participatein ICRF observations at 22 GHEartRAO is

soon to become one of only two stations in the Southern Hemisphere with VGOS
3
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operability. The HartRAO stationis thus an indispensable contributor to impng the

ITRF and ICRF in the &ith To meetGGOS accuracy requirements and contribute to
improved ITRF and ICRF realisation, HartRAO has to deliver accurate astrometric
geodetic VLBI results. It is therefore essential that local stdiamed error sources
corrupting the VLBI delay olesvable be identifiedand minimised Error budget
contributors of particular concern at HartRAO currently and detailed in this study, are as
follows: (1) degraded meteorological surface data used to determine tropospheric delay,
antenna thermal deformatiaas well as atmospheric absorption (opacity) and refraction
corrections; (2) inaccurate antenna pointingthe 22 GHz frequency band used for
celestial reference fram@RF) work; (3) a possible change in antenA@® dueto an
antennabearing replacemerdnd (4) the need for accurate local ties between the HartRAO
antennas, especially with a view to tyitig VLBI reference point of the VGOS antenna to
that of the26 m legacy antenna. These statibased errors (as well as the other error
budget contribute mentioned in the previous sectionttigere also identified but not
investigated in this study), ultimately leadléss accuratstation and source coordinates
and thus alsdo less accurate measurementdasfal and global baselines and therefore

needto be addressed

1.2 PROBLEM STATEMENT

In order to meet the more stgent accuracy requirements set by GGOS and towards
improved ITRF and ICRF realisation, statispecific error sources corrupting the VLBI
delay observable and degrading VLBI results needogoidentified, and their error
contributionsreduced. Such error sources therefore need fovastigatedand mitigated

at HartRAO. Suspected degradedsitu meteorological surface data at HartRAO could
lead to inaccurate modelling of the tropospheré amtenna thermal deformation, as well
as to iraccurateatmospheric absorption and refraction corrections being applied. The
pointing of theHartRAO 26 m antenna isnot sufficiently accurate, especially not for
higherfrequency observations a2 ZHz. Degaded declination pointing and differential
heating of the support structure could be contributing factors. With a cmtigadshaft
bearing failurehat occurredn 2008 and with yet another bearing failure imminémgJife

expectancy of the HartRA@6 m legacy antenna is uncertain. The bearing failure could
4
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have caused a change in AO. Tltem antennas also exhibiting signs of reaching the end

of its lifetime. The VGOS antenna urgently needs to be tied to these ahtiennas,
especially to the26 m legacy antenna with its long stable time seriewill be possible to
isolate problems to a specific antenna bgeyung with all three antennasimultaneously.

The VGOS antenna is, however, not operational yet. This allows for time to identify,
investgate and mitigateerror sources connected the station andantennas before
conductinglocal tie observations with the VGOS antenna includied also necessarp
accurately determine th&O of the antennad’he most accurate method of determining the
AO and the local tie is by terrestrial survey, but these surveys are not performed on a
regular basis, with the last-¢ocation survey having been conducted at HartRAO in 2014.
It is therefore important to establish whether it is possible to estima#Qhand local tie

in VLBI analysis with the required accuracy in order that AO and local tie observations

may be pursued as soon as the VGOS antenna does become operational.

Research questions are as follows:

1. HartRAO error sources:
a) Which stationspecific error sourcesare possibly corrupting the VLBI delay
observable at HartRAD
b) What course of action is required to reducedilze of the errorgwolved?
2. HartRAO weather data:
a) What is the state of HartRA®Dm situmeteorological surface sensers
b) Wha isthe quality of meteorological data used in astrometric/geodetic VLBI and
singledish calibration?
3. Antenna calibration and pointing:
a) Whatis the HartRA@Q6ma nt e n n a 6perfopnaricenaind gairgat 22 GHz?
b) Could there be a correlation between ddgrhdeclination pointing and differential
heating of the support structure?
4. AntennaAO:
a) What are the values estimated in VLBI analysis for the AO of the HartR&@
antenna, beforbearing failureand after bearing régcement as well as for the

15m antenna?
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b) How do these estimated values compare with values measutieel mostrecent
ground survey?

c) Are GGOS accuracy goals achievable with the estimation of AO in VLBI analysis?

d) Is there any seasonal variation in AO?

e) What is the effect of thantenna ais offset altitude correctionAQAC) on the
estimated AO of the HartRAO 2&ntenn&

5. Baseline length and local tie:

a) What is the value estimated in VLBI analysis for the baseline length between the
HartRAO 26 m and15m antennas?

b) How does the estimated val compare with the value measured in the most recent
ground survey?

c) Are GGOS accuracy goaBchievable with the estimation of the local tie and
baseline length in VLBI analysis?

d) Is there any seasonal variation detectable in baseline fength

1.3 AIMS AND OBJECTIVES

Theaim of this study is to identify and investigate HartRAO stasipecific error sources
corrupting the VLBI delay observable and to establish a possible course of action to
mitigate the adverse effect of such error sources towards meeting GGEBacy
requirements and improving ITRF and ICRF realisation. It is also aimed at determining
whether the AO of the HartRA@6 m and15m antennas as well as the local tie between
the two antennas can be estimated in VLBI analysis in accordance with G&OB&cy

requiremerd

Objective 1:
Identify HartRAO statiorspecific error sources corruptitize VLBI delay observable, and

suggest possible courses of action to mitigate them.

Objective 2:
Assess the state of of HartRA®situ meteorological surfacgensors and the quality of
theirdata used for astromet@mdgeodetic VLBI and singlelish calibration purpose
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Objective 3:
Investigate the HartRAQ6ma n t e n n tnd erfopmancarand gain at &Hz

Objective 4:
Estimatethe AO for the HartRAD 26 m and15 m antennas in VLBI analysis ammbmpare
these values with those measured in the 20Hbaation survey. Investigatpossible

seaonal variation

Objective 5:
Edimate the baseline length between the HartR26n and 15m antennas in VLBI
aralysis and compare these values with that obtained in the 20letatmn survey.

Investigatepossible seasonal variations in baseline length between thmaste

1.4 METHODOLOGY

The methodology followed to answer the Research questions and to meet thandims

Objectives of this study is to, firstly, i@hapter 3 and in line withResearch question 1

and Objective 1 identify HartRAO statiorspecific error sources considered to be of the

highest priority for mitigation by the HartRAO station itself or by wider International

VLBI Service for Geodesy and Astrometrywv@) community. The error sources to be

investigated in this study are identified by consulting with HartRAO Engineering,

Operations and astronomers as well as by taking IVS requirements md@eamation.

Each of the these sources of error are then investigated individually in subsequent chapters

as follows:

1 HartRAO surface meteorological data as possible source of error are investigated in
Chapter 4 in line withResearch question@hdObjecive 2 by comparing theuality
of historical and current meteorological data from HartRAO meteorological sensors
used to providan-situ measurements of ambient temperature, relative humidity and
barometric pressureand its possible degradation over timwith longterm
meteorological data provided by a Paroscientific MET3 unit of the HartRAO GNSS
reference station as well as with shi@itm data from a new Paroscientific MET4 test

installation. The opacity correction applied in gain calibration obsemnatof the
7
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HartRAO 26 m antenna at 22 GHz is also investigated by comparing the effect of
making use of precipitable water vapour (PWV) values calculated from surface
measurements of temperature and humidity provided by the HartRAO meteorological
sensors iad the GNSS MET3 unit as well as estimated values of PWV integrated along
the Global Positioning SystemGPS signal path agprovided by Suominet for the
HartRAO GNSS statian

1 Pointing performance and gain of the HartRR6&m antenna at 22 GHz as possible
source of error are investigated @hapter 5 in line with Research question &nd
Objective 3 by conducting and analysing gain calibration observations with Jupiter as
calibrator source. A possible correlation between differential heating of the support
structure and an observed deterioration of the pointing during the gain curve
observations is investigated by comparing differential heating of temperature sensors
mounted on the antenna support structure during the gain curve observations with the
time range over which the pointing correction degraded.

1 In Chapter 6 Research questionahdObjective 4are addressed by estimating antenna
AO valuesfor the HartRAO26 m and 15m antennas in geodetic VLBI data analysis
and comparing it with the more accurgt®und survey values, including those of the
most recent cdocation survey performed in 2014, order to establish whether the AO
can be estimated in VLBI analysis with the sulilimetre accuracy required for
meeting the GGOS/VGOS goal dfmm accuracyin station coordinates. Possible
seasonal variation of the AO is investigated by dividing sessions into seasonal
groupings for VLBI analysis. The effect of the AO altitude correc(®@®AC) on the
estimated AO andoordinates of the equatorially mountedrtR®O 26 m antenna is
also investigated by simulation as welllgsVLBI session analysis.

1 In Chapter 7 Research question &nd Objective 5are addressed by estimating the
baseline length between the HartRA2Bm and 15m antennasn VLBI analysis of
locd short baselinéSBL) experimentsand comparing it with the more accura@14
co-location surveyalue, in order to establish whether it is possible to estimate the
local short baseline in VLBI analysis with the subillimetre accuracy required for
meetng the GGOS/VGOS goal of mm accuracy on global baselines. Possible
seasonal variation of the baseline length is investigated by dividing sessions into

seasonal groupings for VLBI analysis.
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1.5 STUDY CONTRIBUTIONS

This study contributes to understandiagd, where possiblejdentifying solutions to
mitigate error sources afflicting astrometric and geticl VLBI operations at HartRAO, a
core geodetic site and indispensable contributor to imprayioigal reference frames in
the Suth. Identifying and understating stationspecific error sourcest HartRAO
contribute to improved VLBI modelling and analysiditigation of error sources or
improved modellingvould contribute tanore accurate higprecision globakstrometric
andgeodetic VLBI measuremeni®ased a the results from this studstationsshould, for
example,upgrade or replace outdated or faulty meteorological equipmeraly#ts can
adjust values, strategies and methods and/or update models accorftingdyample,
updati ng & priort &t®emadA® values or taking unreliable meteorological
surface dataat HartRAO into account.The study also contributes towards ensuring
Hart RAO6s continued relevance in gl obal
especially towards preparing for VG@§gerations at HartRAO and being able to meet the

stringent GGOS accuracy requirements

The study contributes specifically to understanding the:

1) accuracy and continuity requiremertts meteorological surface data for astrometric
and geodetic VLBI

2) pointingaccuracy required of tHg6 m antenna at 22 GHz faontinued contribution to
CREF realisation inhe Suth;

3) the impact of bearing replacement on antennaafA@ thepossibility of estimating AO
with the required accuracy in the VLBI analysasd

4) requiremats fordedicated short baseline sessitmsccurately tie the VGOS antenna
to the26 m legacy antenna and of estimatingseline length in VLBI analysis with the

required accuracy

The various investigations motivate for:

1) the upgrade / replacement of HRAO meteorological sensofgquipment;
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2) an update of the pointing (and incorporated) mogelsceded byearing replacement
and installation of highiesolution encoders, as well as for comprehensive amplitude
calibration of the26 m antennaand

3) implementation of an automated total station for continuous measurement of the VLBI
reference points, AO and local tie: (a)investigate possible correlation of AO with
various statiorbased effects towards improvement of the AO model used in the VLBI
analysis;(b) identify techniquedependent parameters that adversely affect the accuracy
of either VLB or total station measurements; (c) improve the local ties between the
various techniques on site; and (aprove our understanding of the HartRAO

complex

1.6 LIMIT ATIONS

The outdated pointing model of the HartRAZB m antenna was identified as being one of

the statiorspecific error sources requiring the most urgent attention. The pointing model

can however not be updated before the faulty bearing has not beecedeplad in

addition, higher resolution encoders have et beeninstalled. The effect of degraded
meteorological surface data on the atmospheric refraction correction, which forms part of

the antenna pointing model, was not addressed in this studyt @ksible sources of

error that were only shortly described but not investigated in this studih@r26m
antennabs bearing and encoder s, structur al
deformation) and antea foundations for both tH26 m and15m antennas, the hydrogen

maser clock used by both antennas as well as the phase (both andechealple Z6 m

antenna only) calibration systems.

Global astrometriandgeodetic VLBI sessions in which both the HartR2®&m and15m

antennas participed were required for determining the local tie (baseline) between the
antennas. Since the starttbe 15mant ennadés operations in Oct
these sessions have been offloaded td.§m antenna. There are therefore not that many
sessiond n which both antennas ©participated (A
simultaneous sarmsource observations are scheduled in such dual sessions, which would

preclude more accurate estimation of the local tie vector for two antennas observing
1C
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throudh the same troposphere. Only eleven of the tw&BYy experiments conducted
between the two antennas have been correlated thus far. Correlation is required to provide
the processe®GOS database (vgosDB) files used in the VLBI analysisestigating
seasaal variation in baseline length was therefore curtailed by the paucity of dual global
sessions and tHeBL experiment lacking correlated sessions for October and November as
well as any seasonal overlap. The automated total station for continuous mgndabri
vector ties has not been implemented yet. This precluded the planned comparison of the
local tie obtained from continuous ground survey measurements with that estimated in the

VLBI analysis ofSBL experiments running itandem

1.7 ETHICAL CONSIDERATIO NS

TheVienna VLBI and Satellite &tware (VieVS) that was used in the VLBI data analysis

is developed and maintained by the Department of Geodesy and Geoinformation, Vienna
University of Technology. It is made freely available and should be referencetingy ci
Bohm et al (2018) Processed geodetic VLBI data from observing sessions are freely
available fromthe InternationalVLBI Service for Geodesy and Astrometry (IV8ata
centres. Use of VLBI data and results are acknowledgetiting Nothnagekt al (2017)

i http://ivscc.gsfc.nasa.gov/publications/citation.html

1.8 OVERVIEW OF STUDY

Chapter 2provides backgund to astrometri@nd geodetic VLBI with respect to data
acquisition and analis parameter estimation in VieV&ference frames and the IVS and
GGOS/VGOS Stationspecific error sources at HartRAO, limiting the accuracy of VLBI
results, are identified and described briefty Chapter 3 The state of HartRAO
meteorological sensoend quality ofin situ meteorological surface data are investigated,
and the impact of degraded data on astromatribgeodetic VLBI is briefly discussed in
Chapter 4 while its impact on singldish calibration is explored further. Pointing
problems of he HatRAO 26 m antenna at 265Hz are addressed by investigating pointing
corrections and antenna gain @hapter 5 A possible correlation between degraded

declination pointing and differential heating of the support structure is also explored. In
11
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CHAPTER 1 INTRODUCTION

Chapter 6, the AO estimate$or the HartRAO26 m and 15m antennas determined in
VLBI analysis arecompared with the AO values measured in the most recent ground
survey. The effect of thAOAC on the AO estimated in VLBI analysis ftrte HartRAO

26 m equatoriallymounted antenna is also examined. Local tie results estimated in the
VLBI analysis of IVS global sessns in which both the HartRA@6 m and15 m antennas
participated as well as dBL experiments conducted between tin antennas, are
compared with radts from the most recent ground surveyGhapter 7 Plans for the
implementation of an automated local tie measuring system are also disclisspeir 8
provides a summary dindings, recommendations and future work as wett@sclusions

reached rela&d to this study

12
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CHAPTER 2 VERY LONG BASELINE
INTERFEROMETRY

Very Long Baseline Interferometry (VLBI) is one of the four major space geodetic
techniques used to observe <changes i n the
Astrometric and geodetic VLBI contuite to realisation ofthe International Celestial
Reference Frame (ICRFgstablishment and maintenance of the International Terrestrial
Reference Frame (ITRFjJo linking these reference frames biserving the full set of

Earth orientation arameters (EB) as well as to uniquely providing direct rag@ments

o f nut ation parameters an-tUTC}t (Bobhuh BredrBbhmp s r o
2013) In the following, background to the VLBI technique as employed in astrometry and
geodesy is provided, based anaverview by Schuh and B6hm (2013) and comprehensive

works by Sovers, Fanselow and Jacobs (1998), Takakasl. (2000) and Nothnagel

(2018).

2.1 GEOMETRIC PRINCIPLE OF VLBI

The geometric principle of VLBI is depicted iigure2.1. Signals from an extrgalactic
spacefixed radio source, such as a quasar, billions of light years away, arrive as planar

wavefronts at two Eartfixed antennas (1 and 2), separated by baseline véctand
simultaneously pointig in the direction of the radio sourcg,. The wavefront first arrives

at antenna 1 at timg and sometime latet, , at antenna 2. The difference in arrival times,

t,-t, i's the time del ay, o . the primary obs

equation of VLBI Schuh and Bohm, 20):3
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t= k-)—c- &t (2.1)

where b is the baseline vector from antenna 1 to antenaad?s, is the direction to the
radio sourcec the velocity of light and, andt, the arrival times bthe signal at antennas

1 and2 respectively.

2
> Y
N
\
N

A Sample, Sample,
digitize, digitize,

record record

N v

A [\ Correlator
1

ZN—T,-H

[

Figure 2.1 Geometric principle of VLBi wavefronts emitted by an extgalactic radio

source, such as a quasar, located at positgn are received at antennas dnd 2,

separated by baseline, at different ti mes. The ti me
at antenna 1 and antenna 2, is the scalar product of the baseline)(and source §,)

vectors and is the primary observable of VLBI (SchuhBiitum, 2013)
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2.2 DATA ACQUISITION

Data acquisition proceeds from scheduling of observations, through observing the radio
sources according to the schedule and recording the data, to sending thecdatelators

for crosscorrelation, fringefitting and postprocessingfinally producing the database files
containing the observed delays used in the VLBI analysis software for parameter

estimation.

The first step in the data acquisition processciedulingof observations. An observing
schedule is generated for each, typicallyh@lir session, comprising antennas selected
from a global network of stations, together observing multiple stable and compact radio
sources of high flux density with optimsky-coverage at various azimuth and elevation
angles, in numerous scans. During each scan, a network emesumbrk/s of the
participating antennas simultaneouslysetve the same source. The asnfior antennas to
participate in the maximum number ofass with minimum slewing time between scans,
but not compomising on optimal sky coverage, which provides forinestion of
troposphere delaydgsach scan must be of sufficient duration for the required stgnal
noise ratio (SNR) to be reached. Specialisgteduling software packages, such as SKED
(Gipson, 2018 and VieSched++Schartner and Bohm, 20l @%llow for schedules to be
optimised to achieve the specific session objectives.

The next step in the data acquisition procassilsobservingthe radiosources together

with other participating stations following the schedule for that particular sedsion.
geodetic VLBI, observationg@ conducted at frequencies8 GHz (Sb a n & 13cra)
and8.4GHz (X-b a n d& 3.5cm) simultaneouslywWhile theprimary observing frequency

is at 8.4 GHz observations at 2.3 GHare used forionospheric calibratiah the
ionosphere is adispersive medium at radio frequenciemd the duaklfrequency
observations allow for mitigatinigs effect o the observed delayhe radio sourcsignal

(radio frequency,RF signal)arrives at the antenna andr ef | ect ed 1 nto th
feedhorn where it is convertedto a voltagePhasecalibraion tones arealsoinjectedat

the feedhorn to calibrate system delays and detect variatiosgnal phaseA cable

calibration system monitorshanges in cable length caused by temperature variations and
15
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flexing of cables. e RF signal is amplified wi alow-noise amplifier (LNA), mixed

with a local acillator (LO) signal, heterodyned to intermediate frequencies, and then
downconverted to baskand frequency channels (BBC) in ttigital basebandconverter
(DBBC) where it is also digitised, tirtagged with a highly stable hydrogen maser clock

and famatted, before being transferred to the recorder where the data are recorded to hard

drive.

In the final step of the data acquisition process, data from all stations participating in a
session are shigg to the correlator via electronic data transferctorelationand fringe

fitting. The correlator makes use of thistdbuted FX (DiFX) software to first Fourier
transform (F) and then croessrrelate (X) signals from the participating antenna pairs
forming a baseline. The signals recorded at the antennas are combined pairwise. The
difference in the signal arrival times at the two antennas, the time delay, is provided by the
peak of the interference pattern. The correlator finds this peak by shifengvth bit
streams, representing the voltages of the two antennas as functions of time, in time relative
to each other, until their crogerrelation function is maximised. The correlation process is
carried out simultaneously for all frequency channelschEaf the channels produces
average amplitudes and phases ever¥ deconds for each of the statio(Ssovers
Fanselow and Jacolk998. During fringe-fitting, the phase samples from the frequency
channels are Fourier transformed from the frequency amel domain to the delay and
delay rate domain respectively, which are then searched for peaks. The peaks provide
a priori values for the leastquares fit which determines the phase and group delay as well
as phase rate observabl&oyers Fanselow and Jabs 1998). The group delay is the
fundamental observable in astrometaind geodetic VLBI. The data are further prepared

for analysis by removing ionospheric effects, and correcting for instrumental delays by
applying the phase calibration tones. In fartlpostprocessing, database files which
include ambiguity resolution as well as station cable calibration and meteorological data,

are created. The database files are now ready for use by VLBI analysis softwar

1€
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2.3 DATA ANALYSIS

As depicted irFigure2.2, the flow diagram for geodetic VLBI data analysis at first follows
two separate paths which eventually converge for parameter estimation in-sgleasts

adjustment

VLBI observables a priori station || a priori source
(group delays 1) coordinates coordinates
instrumental ) deformations
calibration of the Earth
ionosphere —> a priori Earth relativistic
orientation delay
troposphere B parameters model
source structure ]
thermal deformation
axis offsets —>
reduced observed delay theoretical delay

i) C———

least-squares adjustment

l

single sessions global solutions
y y
station coordinates terrestrial reference frame
source coordinates celestial reference frame
Earth orientation parameters geodynamical parameters
troposphere estimates astronomical parameters
clock parameters

Figure 2.2 Flow diagram depicting th&LBI analysis process the difference between the
reduced observed delay and calculated theoretical dela€)@ used in a leastquares

adjustment to estimate the parameters of intgf®shhuh and Béhm, 2013).
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In the path on théeft in Figure2.2, corrections and models to account for instrumental and
environmental effects are apgli to the observed group delay,, del i vered
correlator, to produce theeduced observed delay (OForrections for instrumental
calibration include those pertaining to systematic clock instabilities, electronic delays in
equipment such as cable delagsd group delay ambiguitiedue to the multichannel
frequency setup used in geodetic VLBI. loplosric corrections obtained from differences

in the S and X-band group delays are applied to the primarbaxd observations. The
delay caused by the hydrostatic part of the tropospierenodelled. Thermal and
gravitatioral deformation of the antenna structure are also modelled for, as is the antenna
AO, which exists for antennas with namtersecting rotation axes. Extended structure in
radio sources causes a change in source coorsliaatehato be corrected for. In the path

on the rightin Figure2.2, models are applied @ priori values of VLBI model parameters

to calculate aheoretical delay (C)n close agreement with the reduced observed delay.
The Comsensus modelEHubanks, 1991 as recommended by thatérnational Earth
RotationService (IERS)Conventions 2010ERS, 2010, is followed.Thea priori station
coordinates are corrected for Earth deformations at the time of observation by applying
stationdisplacement models for tectonic motion, solid Earth tides and station dependent
loading effects, such as ocean and atmosphere loading, pole tides and ocean pole tides, as
well as for other local station motion. The station coordinates are then trargfiyome

the terrestrial into a celestial reference system by a series of rotations usagribea

EOPIn orderto connectsource and station positions.general relativistic delay model is
applied to account for gravitational delay of the radio soaigeal passing near massive
celestial bogks. In order to determine the total theoretical delay, models have to be applied
also for the hydrostatic part of the troposghéelay and delays caused by thermal and
gravitational deformation of the antennasvesll as the antennaxis offset AO). The
difference between the reduced observed delay and the calculated theoretical delay
(observed minus compute@,i C) is determinedor each observation in a VLBI session.
These residuals are then entered into at-legsare adjustment for estimation of the
parameters of interesParameter estimation is discussed in the following section as it
relates to the geodetic VLBI analysis software package used in this study, i.e. the Vienna
VLBI and Satellite Software (VieS,Bohmetal., 2018).

18
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2.4 PARAMETER ESTIMATION IN THE VIENNA VLBI A ND SATELLITE
SOFTWARE

Several software packages exist for the analysis of geodetic VLBI data. Since VieVS was
used for the analysis of geodetic VLBI data in this study, the estimation oetgeod
parameters as it relates to the use of VieVS in this study is discussed here. Various
geodetic target and auxiliary parameters can be estimated in VieVS, by making use of
iterative leassquares adjustment following th@aussMarkoff model (Koch, 1999, in

which the squared sum of the residuslsninimised. Accuratea priori information is

required for small adjustments to these values to be estimated. Parameters can be estimated
in either singlesession analysis or in a global solution of multiplesgms. In single

session analysis, local parametavhich change over timare estimated for the specific
observing session, while for the global solution, global parametlish remain constant

over time are estimated for a batch of sessions ieiit$rety.

The VieVS software is modular in structure ($egure2.3) with each module consigned

to a specific task and able to operate independently but also in combination with the other
modules. In addition tahe control modile, VIE_SETUP, which includes thgraphical

user intefface (GUI), there are three main moddléglE_INIT, VIE_MOD and
VIE_LSMd and three supplementarynodule® VIE_GLOB, VIE_SCHED and
VIE_SIM.

VIE_SETUP (Graphical User Interface - GUI)

| VIE_SCHED g . VIE_INIT
VIE_MOD
i ———

VIE_LSM VIE_LSM_scan
l l \4

Figure 2.3 Modular structure of VieVS (Madzak al,, 2013).
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Databasdiles containing the observed delay and delay rate are loaded and read by the
VIE_INIT (initialising) module of VieVS. In this study, database files in thetidhal
Geodetic SurveyNGS) format, Vesion 4 or higher, were used. The Version 4 NGS card
files contain the total time delay with ionospheric correction already applied and group
delay ambiguities already resolved. Also included are station meteorologicailremeants

for modelling of tropospére delay, station cable delay to be added to the observed delay,
as well as other antenmelated information. The VIE_INIT module retrieves station and
source coordinates froterrestrial and celestial reference frami®F and CRlrcatalogues

in VieVS, respectively. This module is also tasked with the exclusion of problematic

stations, sources, baselines and station cable calibration as well as elimination of outliers.

In the VIE_MOD (modelling) module of VieVS, the theoretical delays and their partial
derivatives are calculated from models recommended in the IERS Conventions 2010
(IERS, 2010).

The leastsquares estimation of geodetic parameters is pee by theVIE_LSM (least
squares matching) module of VieV8arious geodetic target parametersghsas station
coordinates and velocities, source coordinates, EOP, antenna AO and baseline vectors, can
be estimated. Parameters can either be estimated or fixadotiori values. Auxiiary
parameters, such as tropospheric zenith wet d@¥§D) and gradents as well as station
clock offset and driftpropagate into thtarget parameters and have to be estimated as they
cannot be observed or modelled with the required accuFmydatum definition in the
estimation of station coordinates, since it isqilde for the entire network of observing
stations to be translated or rotated without changing the distances measured by VLBI, it is
necessary to constrain tlaepriori station coordinates of all stations or a selection of at
least three stable stations ithe oberving network by neetrotation (NNR) and
no-nettranslation (NNT) conditions. Stations that have experiencedinear motion due

to an earthquake, for example, are excluded from the d&adho source coordinates are
usually fixed toa priori values in thdCRF-3 (Charlotet al, 2020)but can be estimated

for radio sources with positional instability due to structural variation, for example. For
datum definition in estimation of radio source coordinates, only the NNR condition is

applied tostable radio sources, as the sources are considered to be at an infinite distance.
2C
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Sources with positional instability are excluded from the datwn.a 24hour observing
sessnn, station coordinates and E@pblar motion, Earth rotation angle and precass
nutation) are typically estimated over thel#ur interval. For each of the stations in the
observing network, the troposphere ZWD and horidogtadients are estimated with
continuous piecewise linear offsets (CPWLO), typically at 3@ninute and Zhourly
intervals, respectively. Differences between the station clocks and a fixed reference clock
(the most stable station clock in thesebving network) are estimatems quadratic
polynomial functions with CPWLE) typically at hourly intervalsif a clodk break is
detected at a station, the station and epoch at which the clock break oecasgecified

in the OPT file and separate quadratic polynomial functions are estimated for before and
after the breakA change in reference clodk also specifiedn the OPT file. Outliers
identified in the VIE_LSM module are removed in VIE_INIT.

In multi-session analysisa global solution of multiplesessions is performed in the
VIE_GLOB (global) module of VieVS.Single sessions are combined by stacking the
nomal equation systems of the single sessions into a global normal equation gystem.
global adjustment is then performed to estimate global parameters that are constant over
time, such as station and source coordind€Pas well as antenna A@lthough hese
parameters can be estimated in sirggsgon analyss, a long time series is required to
estimate them with high accuracy. Terrestrial and celestial reference f(aREsand
CRF) are determined by global solutioim addition to constraints for datudefinition as
applied in singlesession analysisvelocity constraints can be applied where the same
velocity is estimated for two antennas at the same site with a known lodabrtistations
with position discontinuities, it is also possible to estameonstant velocities over all

intervals.

Automated observation schedules for astrometric and geodetic VLBI sessions can be
generated with th¥IE_SCHED(scheduling) module of VieVS. Catalogue files containing
information related to the sourgesnd antanas and equipment at the stations in the
observing networkas well as the experimental setup for the particular session serve as
input. The scheduling software is automated to construct the schedukbyseeam,

optimising for the number of scans, skgverage and scan duration. The schedule
21
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produces a list of scans in tirsequence for the partiar session, indicating which
sources should be observed at a specific time for a specific duration by the antennas in the
observing network.

Simulated obsertions are performed in thélE_SIM (simulating) module of VieVS.
Monte Carlo simulations are carried out in which the three main stochastiseurces in

VLBI & tropospheric ZWDandstation clock and instrumental errdrare simulated using
random number in each of a large number of simulations, and subsequently combined
with the theoretical delay to generate realistic observations. The output is saved in the
format of National Geodetic SurvefNGS) card files and the simulated time delay can be
analysd in either singlesession analysis or within a global solution to estimate geodetic

parametersf interestand obtain statistical information foomparison.

2.5 REFERENCE FRAMES

Reference frames provide the link between the three pillars of géotlesyEarth s s hap e,
rotation and gravity field (Angermann, Seitz and Drewes, 2013). Accurate and stable
reference frames are therefore of vital importance for accurate geodetic results. The
reference frames have to be determined at the lev@ladfal Geodetic Obseing System

(GGOg accuracy and stability requirementer global baselinesof 1mm and
0.1mml/year, respectively, which were set as such specifically to be able to monitor sea

level rise.

The International Celestial Reference Frame (ICRF) anrnational Terrestrial
Reference FramelT{RF) provide the metrological basis of all Earth observations
(Plagetal., 2009) andhllow for connecting measurements separated in space and/or time
(Gipson, 2020)The ICRFprovides accurate positions for extragalacéidio sourcesThe

ITRF provides accurate terrestrial geodetic station coordinates and velo€hied/LBI
technique uniquely realises the ICRF and contributes towards determining the ITRF,
together withSatelite Laser RangingS[LR) defining its scalSchuh and Bhm, 2013.

The ICRF and ITRFareconnected by the @& (UT1-UTC, precession and nutation, and
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polar motior), which desa be i rregul ari ti eand arenalsauniguehfEar t h
defined by VLBI

These reference frames are used for, arstootfpers: determiningtiiear t hés or i ent ¢
space, planetary ephemerides and satellite orbits; studying tectonic plate motion, loading
effects, land subsidence and skwel rise testing the theories a$pecial and general

relativity; for atmosphed and climatological studies; as well as for navigation, both on

Earth and in Spadélaget al, 2009; Angermann, Seitz and Drewes, 20T8e ICRF and

ITRF also contribute tohe realisationof 6 AGlobal Geodetic Reference Frame for

Sustainable Developmet Wnitefl Nations General Assembly Resolution 69/266, 015

The latest realisation of the ICRF is ICRKCharlotet al, 2020). It was adopted in028

by the International Astromoical Union (IAU) and is based on ~40 yearsasfrometric
andgeodeticVLBI data observed at SEXK- and X/Kaband radio frequencies and is the

first realisation of a mukwavelength framégDe Witt et al, 2022) The ICRF3 contains
positions for 4588 sources with positions of 600 of these sources available in all three
frequency bands. Its axes are defined by a subset of 303 uniformly distributed sources, the
so-called ICRF3 defining sources. These sources are the most stable, compact and most
observed sources at Sbéand and their positions are thus known with high acgura
Looking towards a future ICRF, further improvement can be expected from densifying
observations and spatial coverage in theuth and increasing the observations on rorth
south baselines, monitoring source structure variation and mitigating its eféeatsll as

the integration of the radio frames with the Gaia optical frame.

The latest realisation of the ITRIy thelERSis ITRF2020(Altamimi et al, 2022) It is

based on extended time series of station positions and EOP observed by the four space
geodetic techniques, VLBI, GNSSSLR and DORIS, a well as oninter-techniquelocal

ties at celocation sites Wweremore than one of these technigaesoperatonal The inter
technique combinationtilisesthe specific capabilities of each technigtieus providing

for high accuracy and robustng$daget al, 2009).The International VLBI Service for
Geodesy and AstrometryMS) contribution to ITRF2020 consisted of solutions from

eleven IVS analysisantres using six different VLBI analysseftware pacliges to analyse
23
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VLBI data from ~6600 24our IVS sessionsdr the period 1980.G 2021.0(Gipson,
2020). The analysis centre solutions were thmymbined into single solutions for the
individual sessions bye IVS Combination Cent¢lVSCC) andsubmittedo the IERS.

Colocation of instruments from the different techniques and the-tetbmique ties

between their reference points are crucial for establishing a uniqgue and common reference
frame for the various techniques, for detecting techngpeeifc biases and for separating

signals of various Earth systepnocesses (Rothachet al, 2009; AngermanSeitz and

Drewes, 201B The local ties between docated instruments have thus far been
determined in cdocation ground surveys. However, with thévant of GGOS and its

demand for higher accuracy, it is now required that local temeas ment s fbe per
with 0.1lmm accuracy, in a fully automated way
(Rothacheret al, 2009).1t is further required that other docated instruments, such as
meteorological sensors, water vapour radiometers, gravimeters, etc. at core sites also be

tied in.

2.6 INTERNATIONAL VLBI S ERVICE FOR GEODESY AND ASTROMETRY

The International VLBI Service for Geodesy & Astrometry (IVS) coordinattsometric

and geodeticoperational activities of a global station network and supports geophysical
research (IVS, 2022). As a service of the International Association of Geodesy (IAG) and
International Astronomical Union (IAU), it is mandated to delivégh-quality ITRF,

ICRF and EORproducts. Thignandate is fulfilled by close cooperation of the various IVS
component® network stations and correlators as well as operation, analysis, data,

technology development, outreach and communications and coandicatitres.

The IVS observing network comprse50 stations throughout the world. Antennas from
these stations participate in the IVS observing sessions on-affiesbasis. Only nine of
these IVS network stations are located in the IS=at Hemisphed the
ArgentinearGerman Geodetic Observatory (AGGO), Fortaleza in Brazil, HartRAO in
South Africa, Hobart, Katherine and Yarragadee in Australia, Warkworth in New Zealand

and OO6HIi ggi ns andoadwhigholeads td an weak metaorkcgeametry,
24
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skewirg the data towards the North, thereby reducing the accuracy of the estimated

astrometricand geodetiparameters and compromising the quality of the VLBI products.

The IVS schedules and coordinates astrometnd geodetic/LBI sessions which are
typically 24 hours in duration (excluding the hdang Intensive sessions). The IVS
observing programme encompasses several different types of sessions, each with a specific
purpose in mind, be it to provide results for determining TRF, CRF, E@@PThe
observabn network configuration and observing strategy depend on the purpose of the
particular type of session.The Rapid turnaround and Intensive sessions are observed most

frequently.

The Rapid turnaroundVS-R1 and IVSR4 sessions are aimed at providing E@Bults

twice weekly, and are observed on Mondays (R1) and Thursdays (R4) for 24 hours each.
The observing network preferably consists of at least eight globally distributed core
stations supplemented by up to six other stations, all depending on thebityaitd
antennas. The network geometry for the R1 and R4 sessions differ somewhat addythe 3
separation between the start of these sessions allows for monitoring of periodicity in tides
and nutation. In addition to EOP determination, the R1 and Rosssalso contribute to
strengthening of the TRF.

The IVS Intensivesessions are of-Aour duration and are performed on a daily basis to
provide a daily UT1 measurement. Three types of Intensive sessions are observed
throughout the week on E&adtest baslines sensitive to changes in UT1. The {N8'1

sessions are observed from Monday to Friday on baselines between two or three stations,
usually on the baseline between Kolksek( Ha wai 61 |, USA) and Wett ze
IVS-INT2 sessions are observed Saturday and Sunday on either the single baseline
between the Very Long Baseline Array (VLBA) station, NKBA (Mauna Kea,

Hawai 6i ) , and Wettzell (Ger many) or on add
Ishioka (Japan). The IM8NT3 sessions are sbrved on Monday on baselines connecting

Ishioka (Japan) (or Seshan, China)-Algsund (Norway) and Wettzell (Germany). Since

the start of 2022, the above mentioned Intensives, conducted oiWEsistbaselines

between Northern Hemisphere stations onlyehlbeen augmented by Southern Intensive
2%
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(SI) sessions. The Sl sessions were initially observed on baselines between the southern
IVS network stations, HartRAO, Hobart and Yarragadee, but once it had been established
that the HartRAGHobart baseline produderesults comparable to those of the three
station network, Yarragadee, being unable to deliver the recorded data within the short
time frame required for daily UT1 determination, was excluded from the observations. The
Sl sessions are currently being alveel on Mondays at 06:30 UT to provide an overlap

with the IVSINT3 sessiongBohmet al, 2022)

The IVS Reference frameessions are divided into sessions for determining the CRF and
the TRF. The IVS CRF and CRF degputh (CRI3) sessions consist of asinetric VLBI
observations aimed at improving the current realisation of the CRF as well as at extending
and densifying the CRF by observing new radio sources not included in the existing CRF
realisation. The IVECRF sessions are observed six times a yatlr at least three, and
sometimes up to seven, participating stations from both the Northern and Southern
Hemispheres. Due to the dearth of southern network stations, th€RZS sessions are a
concerted effort to expand skpverage and densify sourasd observations in the South.
These sessions are observed six times a year with as many as possible of the southern
staton8 f r om a pool consisting of AGGO, Hart RAC(
Yarragade@ participating. In IVST2 sessions, the TRF isonitored approximately bi
monthly. All network stations participate in at least two T2 sessions a year with between
10 and 14 stations participating in any one session. Stations which infrequently observe are
tied to stations observing on a regular basid station coordinates are determined for all

the stations. In order to determine highly accurate station coordinates, as many as possible
of the stable legacy antennas are included in the T2 sessions. Since 2021, -T&PI\«8

T2++) sessions have beadded to the yearly observing schedule, in which the number of
participating stations has been increased to between 20 and 25 and the observing mode
enhanced for yet higher accuracy in station coordir{&etsry, 2021)

The IVSResearch & Developme(itvS-R&D) sessions are speciplirpose sessions with
specific scientific goals and also aimed at improving the VLBI technique and its products.
Currently, ten R&D sessions are observed throughout the year with six to nine stations

participating in the sessis focused on observing opticallyight ICRF3 sources selected
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from the Gaia optical catalogue (Gaia transfer sources) in order to align the3ICRF
determined by VLBI with the Gaia optic@lRF. The Research and Development VLBA
sessions are astrometrictgietic sessions observed six times a year with thstdtidn
VLBA together with eight IVS network stations with a long history. The purpose of these
sessions is to determine and maintain faghuracy CRF, TRF and EOP. Sources are
imaged and source struceé is studied to provide a core set of reference sources with

known structure and precisely known positions.

The IVSregional campaignéclude, amongst others, sessions dedicated to improving the

VLBI technique in the Southern Hemisphere, such as th&TRAL and OHIGGINS

sessions. The AUSTRAL sessions are observed at least once a month with stations of the
AuScope VLBI arrag Hobart, Katherine and Yarragadetgether with the HartRAO

and Warkworth (New Zealand) stations. Intially, AUSTRAL astrometric gaddetic

VLBI sessions were focused primarily on strengtheningdR& and TRFRn the Southern
Hemisphere Rlank et al, 2017. Recently, the AUSTRAL mixednode (AUM/AUA)

observing sessions were introduced, in which the Hobart and Katherime atennas,

already fitted with VGOS wideband receivers, observe in the standarfrelga¢ncy S/X

mode along with the rest of the antennas in the AUSTRAL sessions to provide an
uninterrupted position time series for the two antennas before they transition to @8 VG
wideband operationsThe OHIGGINS sessions (IVOHG) are observed six times
throughout the year by the IVS network stations in AntarétiCed Hi ggi ns dand Sy
together with the other southern network st
the southeramost of the northern stations, is also included to ensure a robust network
geometry and an increased number of observations per scan. These sessions are aimed at
providing an optimal tie of the stations in the Southern Hemisphere and a highigtaccu
regional TRF around the SduPole and also further improttee CRF in the South.

The VS continuous (CONT) campaigrare conducted roughly every three years and
consist of 15 days of consecutive-Rdur sessions observed with geographically well
distributed stations configured in a strong network geometry. The aim is to produee state
of-the-art data sets for testing the accuracy limits of the VLBI system as well as the

performance limit of the network. The most recent CONT campaign, CONT17, featured
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three indepedent observing networks whighcluded two legacy networks observing at
S/X-band and a VGOS network observing in VGOS wideband mode. The two legacy
networks providedor two independent data sets which allowed for comparison of results
and nework geometry. The VGOS network was aimed at demonstrating VGOS
capabilities. One of the legacy networks comprised fourteen IVS network stations while
the other comprised four IVS network stations together with the ten VLBA stations. The
VGOS demonstratiometwork consisted of six VGO&pable stations. The higjuality

data sets derived from the continuous observations allow for studies of phenomena such as
high-frequency EOP variations, ocean and atmosphere tidal loadingdagybsite
motions, referencérame stability as well as for investigating atmospheric effects and
testing theoretical models (Behreeidal, 2020).

The IVS productgderived from the session data are made available through the IVS data

centres and include the following products:

- EOPresults;

- TREF (station positions, velocities);

- CRF (updates to the ICRF);

- analysis products for combination within the IVS or with other other space techniques
(allows for estimation of polar motion, UTWT1-TAI, LOD and station positions);

- tropospheric prameters (total and wet zenith path delays and station meteorological
data); and

- time series of baseline lengths

Observing schedules for all IVS sessions can be downloaded by the stations participating
in the sessions from the IVS data centre serveasioBispecific instructions are generated

from the schedule file by processing it with ¥eBI Field System (FSoftware package
(Himwich et al, 2003) During the session, the FS provides automated control of the
antenna and other data acquisition ha&dwe , st eering the antenna
observing schedule.hE FS furthermore records auaily data, such as station timing,

cable delay and meteorological data, in a station log file for each scan in the observing
schedule. The auxiliary tlare used for station corrections and modelling in subsequent

correlation and analysi
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2.7 GLOBAL GEODETIC OBSE RVING SYSTEM

In 2007, thelAG establishedhe Global Geodetic Observing System (GG@Sjneet an
increasing demand for open, reliable and timedytlk observation dataf the spatial and
temporal changes of the shape and gravity field of the Earth and temporal variations of the
Earthodés rotation, towards an i mproved wunder
2022). In order to achieve the aforemioned, GGOSims atintegratng the various
geodetic techniques to provide geodetic refeeeftames with an accuracy ofnim and
stability of 0.1lmm/year. The geodetic VLBI commmity, in the form of the IVS,
responded to meeting the increased accuragyired br theVLBI technique toform part

of GGOSby initiating a project for a nexgeneration geodetic VLBI system, now known

as theVLBI Global Observing System (VGO$he VGOS goals were set aiin position

and 1 mm/year velocity accuracies, comiious measurements for EOP, and rapid
generation and distribution of IVS products, remaining focused on providing the uniquely
VLBI-defined CRF as well as UT1 and nutation products (Miedll, 2005).New VGOS
observing systems consisting of smé&Hl2m) fastslewing antennas with broadband
receivers covering the frequency rangel® GHz are warrently being introduced
worldwide in order to meet these goals. VGOS observing network of at least 20
geographically wellistributed VGOS antennas is requirddr continuous EOP
measurement. Currently, nine stations, all located in the Northern Hemisphere, regularly
participate in VGOS observing, hich includes VGOS Operationallntensive,
Researcl& Development and Test sessions (Behrend, 2021). An additidgn®GOS
stations are either being planned, under constructiontbe process dfstalling a VGOS
receiver. Six of these stations are located in the Southern Hemisph#reAustralia
hosting three (Hobart, Katherine and Yarragadee), Africa (HartRAQthS&frica) and

South America (Fortaleza, Brazil) one eaemd Tahiti in French Polynesia another.
Legacy antennas need to be upgraded and maintained for TRF cootinaiad CRF
realisation (Nielletal., 2005). Where VGOS antennas arel@cated with lgacy antennas,

the VGOS antenna has to be tied to the VLBI reference point of the legacy antenna. The
VGOS stations are required to install an automated system for continuous measurement of

antenna podibn and antenna location with respect to the refergumint at the site with
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submillimetre accuracy. Systematic instrumental, mechanical, loading and radio source

structue errors have to be minimisadd/or calibratedbr.

3C
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CHAPTER 3 HARTRAO ERROR SOURCES

Station-specific errors limit the accuracy of astrometand geodetic VLBI results by
corrupting the signal delay, displacing the antenna VLBI reference point and reducing
antenna pointing accurac$tationspecific error sources will have to be eliminated or at
least mitigatedor theHartRAO antennago be ableto contributetdic ont i nui ty of
and € enhancement and maetah 2005amdtoneet@dbalt he CI
Geodetic Observing SysteneGOS requirements of basak accuracy and stability of

1 mm and 0.Jnm/yr respectivelyHartRAO staibn-dependent errorspecific to both the

26 m and 15m antennas wer@vestigate to determine a possible course of action to
mitigate the sources of these errdBsationspecific errorseither of particular concern at

the station or in the wider IVS camnunity currently were identified by consulting with
Engineering, Operations and the astronomers at HartRAO as well as by giving
consideration to recent IVS resolutions requiring IVS network stations to address specific
stationrelatedissueq1VS, 2019; IVS, 2021a,h)

3.1 BACKGROUND AND SCOPE

The K-band collaboration for the realisation of the CRF reporteddstaction of radio

sources in Kband astrometric observations on the single baseline between the HartRAO

and Hobart 26 m (Australia) antennas(C. Jacobs, personal communication,

1 SeptembeR016) HartRAO Operations indicated that spot calibrator measurements
showed kband pointing on th@6 m antenna to sometimes b# by up to a quarter of a
half-power beamwidth (HPBW) and also reported significantidatitbn pointing offsets

of up to 30mdeg in kband pointing observations. Astronomers at HartRAO detected steps

and a repeating pattern intémant ennads poi nt source sens

from Jupiter gain calibration observations at G}az. Recent Jupiter gain curve
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observations on th86m antenna at 22 GHz revealed the appearancexiginded first

ant esing and settiny éséeigureB. a m o n

sidel obes below the
as well as an unexplainedalease in antenna gai
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Figure 3.1 Extended first sidelobeis Jupiter gain curve observations on the HartRAO
26m antenna at 2ZHz in right circular polarisation RCP for observations at ON
(black), half-power North HPN, red) and falf-power South IPS, green) posibnsi as
Jupiter rises in the ast, an extended firsidelobe appearsn the left(top), beconesless

pronounced as the antenna moviesotigh zenith(middle) and then reformon the right

with Jupiter setting in the we@tottom)
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The Bonn correlator reported nafetection of radio sources during geodetic VLBI
sessions at SA¥and, particularly at band and on the baseline between the HartRAO
15m antennaand AGGO(Argentina) 12m antenndor recent sessions. AGGO reported a
possible dependency of the sigi@noise ratio (SNR) on elevation for the HartRAGm
antenna for two of the four sources with significant-detections in a recent IVS geodetic
session, R1101{H. Hase, personalommunication, 13 October 202Ihe plot of SNR
versuselevation for the few scans of the four sources that were detected seems to confirm
an increase in the baseline SNR with increasing elevation of the HariBA&Qantenna

for two of the four sources, B2-403 and 2052474 (sed-igure3.2).

SNR vs Elevation - R11014
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Figure 3.2 Nondetections irscans of the four sources 03681, 0332403, 2052474 and
2204540 on the HART15MGGO baseline are indicatedyla baselinesignatto-noise
ratio (SNR of zero. The baseline SNR seems to increaselhétalevation of the HartRAO
15m antenna in the fewcans of the two sources 03823 and 2052474 that had been

detected
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In 2019,HartRAO Engineering reported ailing bearing on the west declination shaft of

the 26 m antenna, discovered whilst installing and testing a new encoder at the end of the
shaft (sed-igure3.3). The bearing was observed toddeling back and forth axially along

the shaft by 10 mm (seeFigure 3.4). Installation of new higher resolution encoders was
necessitated by intermittent failure of current encoders. HartRAO Operations indicated that
the current encoders also were not able to igeowsufficient resolution for Koand

pointing.

The IVS has recently brought out resolutions requiring stations to monitor weather data
and conduct gravitational deformation surveys. It was indicated that thermal expansion
modelling could be improved by aking use of temperature sensors mountedthen
artenna structure. Instrumental stabilisuch as that of the hydrogen maser clock and
phase and cable calibration systestspuld be monitored on a continuous basis. Stations
are also required toonduct leal tie surveys to accurately determine éixes offset AO),

VLBI reference point and position of all antennas on site and to accurately tie the antennas

togethe.

' Encod i
\k. ncoder housing

mounting plate
Encoder
removed S

Figure 3.3 HartRAO 26 m antenna west endf declinationshaft with encoder removed.
Photo cedit: J. Grobler.
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Displacement of
faulty bearing
along shaft axis

Figure 3.4 Bearing at west end afeclinationshaft shows displacement of + 10 nithoto

credit: P. Mey.

3.2 POSSIBLE SOURCES OFERROR IDENTIFIED BUT NOT INVES TIGATED
IN THIS STUDY

Sources of error identified as requiring priority treatment, but not forming part of this
study, are briefly discussed here and possible courses of action are suggested.

3.2.1 Pointing model

In an attempt to compensater fpointing inaccuracies, a pointing model is applied in
observations of the &tRAO 26 m and 15m antennasA pointing model attempts to
correct for pointing offsets due to systematic (repeatable) errors, such as mechanical
misalignment and gravitationadeformation of the antenna. The pointing model is
determined by observing a large number of well distributed radio sources with accurately
known positions angberforming a leassquares fit on the pointing offset dataderive
coefficients for the termsfathe pointing equation, which normally comprise the RF
collimation error, axis skew and tilt, encoder fixed offset, gravitational sag and residual
error due to refraction as well as any other systematic errors unique to the aatehoa (

terms). The paiting model cannot correct for stochastic (random) errors caused by wind
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and thermal loadingand pointing observations should therefore be conducted on a regular

basis under varying environmental conditions.

One of the highest priorities for the HartRAZB m antenna is to update the current
pointing model, which has not been updated since July 2015. The pomadgl can
however only be updated once the bearing has been replaced and the new encoders have
been installed. In thmeantimejt should beine st i gat ed whet her the b
might be contributing to pointing errors. After the recent spate ofdetections on the
HartRAO 15m and AGGO 12n baseline, the Bonn correlator requested that HartRAO
Operations investigate thd5m a nt e n n@idgs A pewi pointing model was
subsequently generated and installed ornlthe antennabut the correlator report for the

first session after the update to the pointing modeteo again indicatedseveral
non-detections in both -Sand Xband. A possible reor in the atmospheric refraction
correction component of the pointing model is currently under investigation. It might be
responsible for thd5mant enna 6 s qlaect®ns artdiwoulyl alsoaegrade the

pointing of the26 m antenm.

3.2.2 Bearing and ercoders

Antenna axes rotate on bearings, and encoders measure the position of the rotation axes
and thus of the antenna. Mechanical inaccuracy of bearings as well as encoder errors and

resolution therefore influence the pointing accuracy of an antenna.

In an upgrade of the main parabolic reflector of #em antenna during 1998 to 2005,
perforated surface panels were replaced with solid panels, which increased the load on the
bearings and can influence the expected lifetime of the bearings. After 47 ofears
operation, the26 m antenna suffered a critical failure of the south polar bearing in 2008,
which caused the polar shaft to sag by more than 1 cm. There were also pointing anomalies
observed around the time of the failure which can be attributed tdetjradation of the

polar shaft bearing. After th26 m antenna was repaired and a new bearing installed, a
survey was conducted in 2010 to confirm that the polar shaft had been returned to the

correct position. A failing west declination shaft bearing tbe 26 m antenna was

3€
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discovered in 2019, whilst testing the resolution and accuracy of a new encoder. Damage
to a flexible coupling connecting the encoder to the west declination shaft indicated a shift
along the shaft. A micrometer dial gauge shows tlaibg to be sliding back and forth

axially along thedeclinationshaft by £10 mm with a change in antenna orientation.

The current aged encoders have been failing and misreading intermittently. After
increasing a marginal power supply voltage and furthaftware improvements, the
reliability of the encoders returned to acceptable levels in 2020. Howeverurtentc

19-bit encoders on the declination and polar shafts provide insufficient resolution for
K-band pointing. Mw higher resolution 26it encodes wereprocured before discovery of

the failing bearing. The failing bearing is however preventing the new encoders from being
tested. It would also make sense to implement a more accurate pointing model only after

installation of the new encoders.

A sersor has been installed to monitor the movement of the declination bearing to
determine whether it is deteriorating and to motivate for its repair. The sensor is measuring
along the declination axis. Movement along the axis would not have a significartogffe
pointing offsets, unlike movement orthogonal to the axis. A strategy should therefore be
developed to investigate possible orthogonal motion of the failing bearing and its impact

onthe26mant ennads pointing

3.2.3 Structural effects

Dish surface accurgcand antenna pointing accuracy are degraded by panel fabrication
errors and misaligments, optical misalignment as well as by distortions, deformations and

deflections caused by thermal, gravitational and wind loading effects. These loading
effects give ise to antenna structural instabilities, displacing the VLBI reference point and

introducing path delay errors at the millimetre level.

Due to the stringent requirements placed on dish surface accuracy at the higdred K
observing frequency, itist#®mant ennads performance at 22
by these sources of errorhe replacement of the perforated surface panels o2éme
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antennads mai n parabolic reflector wi t h S
completed in 2003. It wastlowed by initial mechanical panel alignment with theodolite

and tape measure and realignment of therstlbctor in 2004. Microwave holography was
performed in 2007 and i ndallowedferdighertreqiency he di
observations @2 GHz(Klein, 2008).Holography tests, during which tl22 GHz receiver

had been removed and two surface panels adjusted, were also conducted at the end of 2017
but was not completed, providing insufficient data for a fmggolution image. Recent
nondetection of radio sources during ICRFB&nd observations as well as a significant
declination pointing offset (suspected of being caused by differential heating of support
beams) and the appearance of extended coma sidelobes (caused by gravitational
deformaion of the dish surface) duri®2 GHz gain calibration observations, indicate that

the 26 m antenna is no longer able to attain the required dish surface accuracgldz 22

Further suspected causes for the mediocre performanceGii22re surface palsethat

might not have been reset accurately after the 2017 holography campaign as well as

gravitational deflection of the stieflector relative to the primary reflector and its focus.

For the smalled5m antenna, operating exclusively at the lowerdgim S/X frequency

bands, a measurement campaign &nde elementanalysis (FEA) conducted in 2007

(Bester, 2007) and a microwave holography campaign conducted in 2010 during its
experimental operation asakooArray Telescope (KAT)prototype, confirmedhat it was

performing within specification. Recent ndetections in geodetic VLBI sessions are
suspected to be due to pointing issues. Dry patches odStheant ennadés comp:
reflector surface caused water ingress, necessitating a surface re@i6imhich could

have impacted on the surface accuracy. Structural and performance analyses of the VGOS
antenna conduatein 2016 and 2017 (Eisentrdger, Herold and Hartm&®i6 and
Eisentrager, Herold and Kretl2017), making use of FEA, indicated th&etVGOS

antenna satisfied design and performance specifications.

The smallerl5m and VGOS antennas with their solid concrete pedestals are less affected
by gravitational and thermal deformation than the much ld&2§en antenna with its steel
structure.The VGOS antenna was designed to minimise the effects of gravitational and

thermal deformations. However, thermal expansion is now a conventional model in IVS
38
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data analysis, while a recent IVS resolution requires that all IVS antennas be surveyed for
moddling of gravitational deformation. A possible course of action for modelling thermal

and gravitational deformation of the HartRAO antennas is discussed forthwith.

Thermal deformation:

Thermal deformation causedifferential expansion and contraction ¢fie antenna
structure which displace the VLBI reference point, and requirmodelling in VLBI data
analysis. A thermal expansion model derived for th26m antenna
(Nothnagel PilhatschandHaas 1995) was improved and extended to include all antennas

in the IVS network (also the HartRATh m antenna) and is now a conventional model in
IVS data analysis (Nothnagel, 2009). This model incorporates dimensions for the antenna
construction elements, expansion coefficients for the material of the antennarstruct
(steel, concrete)n-situ measurements of air temperature, time delay between change in air
temperature and expansion of the antenna structure, and a global reference temperature, to
arrive at a delay correction. Wresné&t al (2007) recommended thiastallation of
temperature sensors on antenna structures. They foaddlledcorrections to agree better

with local thermal deformatiormeasurements when they used the temperaturieof
antenna structure rather than that of sherounding airThe26 m antenna already has 10
temperature sensors mounted at various points on its support structure. These sensors were
installed to determine whether any correlation could be found between structural
temperature variations and an observed diurnal pointingtiari The VGOS antenna also

has several temperature sensors mounted on its strushiof, could be used to derive a
thermal expansion model for the antenlamperature sensors should be installed on the
I5mant enna6sTheslVS thecnaluaxparsi models for the26 m and 15m
antennas should be investigated and compared with local thermal deformation
measurements to arrive at improved models for thermal deformdtiomght also be
possible to employ thermal imaging to determine thermal defmmaidf the three

antennas.
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Gravitational deformation:

Gravitational deformation of antenna structures introduces elev@gjp@endent variations

in the signal path length and height of the VLBI reference point at the centilesstdor

large antennasThe IVS has brought out a resolution in 2019 recommending that all IVS
antennas be surveyed for modelling of gravitational deformation. Such a survey should at
the very least include measurements of elevadigmendent focal length and variations in

the distance between the vertex of the main reflector andrefldrtor or primefocus
feedhorn (IVS, 2019). Gravitational deformation models do not exist for any of the
HartRAO antennas. However, models have been produced for six IVS antennas surveyed
thus fa. These models are all based on the model by Clark and Thomsen (1988) in which
gravitational deformation causes signal path length variations due to displacements of the
primary reflector and receiver and changes in focal length. If certain input parssatsh

as the focal length and edge tapering of the illumination function @adthbbondanza

2010), are known, some of these modalgy.(Sarti et al, 2011 Artz, Springer and
Nothnagel 2014) could possibly be applied to at least1Ben azimuthelevation azel)
antenna. For the e mountedl5m and VGOS antennas, the elevation axis bears the
gravitational load and gravity acts normal to the horizontal azimuth axes. For the polar
mounted26 m antenna, gravity does not act in the same plane ladyavity vector
rotates relative to the backing structure of the dish and with respect to the quadrupod legs.
Gravitational deformationf the 26 m antenna is therefore more complex and will have to

be calculated using fanite elemeit model(FEM). A gravitational deformation model has

been derived for one of the VGOS Onsala twin telescopes (OTT) (Ld$ders and
Eschelbach2019). The possibility of adapting this model to the HartRAO VGOS antenna,
which is of similar design, should be investigated.

Except for thermal and gravitational surveys that should be conducted for all the HartRAO
antennas, a comprehensive holography campaign woolthipgly also be necessary for
determining dish surface accuracy and possible panel misalignment as well as alghment
the primary reflector, sukeflector and feed on tH&6 m antenna. However, the first step in
determining the contribution of structural effects to the error budget of astrometric and

geodetic VLBI would be to investigate the various techniques empltyeneasure the
4C
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position, dimensions, separation, deformation, distortion, deflection, displacement and
misalignment of antenna structural components, including the antenna logtiesary
reflector, subreflector (quadrupod), vertex and feed/receivédre Thost suitable and cest
effective measurement techniques, instruments and sensors should then be identified from
current techniques in usie holography, photogrammetry (also using unmanned aerial
system (UAS) / drone), terrestrial survey, terrestriakdascanner, laser tracker, total
station, thermal imaging, thermal and electronic distance measurement sensors and
inclinometers. Although wind speeds at HartRAO are for the most part very low and wind
gusts occur infrequently, wind loading effects on @iméenna structure, especially that of

the large26 m antenna, should also be investigated

3.2.4 Antenna foundations

Stable antenna foundations are required for stable antenna positions. Geotechnical surveys
have been conducted for each of the HartRAO antetenassure founding on the same

solid bedrock connecting to the continental plate. There is however some concern
regarding possible ground instability and hydrology loading associated with the foundation

of the 15m antenna. The engineering geological irigegion for the 15m antenna
recommended founding on unweathered, meelant andes# volcanic rock at a depth of

~1.8 m (HollandMu t er , 2006) . According to Combrinc
weathering leaves boulders suspended in the soil thad ¢@ founded on by mistake.
Kleinhans (2002) also notes that irregular weathering of andesite causes solid outcrops to
occur within metres of a deep soil profile and warns that andesitesimores and ‘floaters'

could result in a misleading interpretati of the bedrock depth and geotechnical
conditions. One of the test borehol es was
foundation was eventually laid. The geological investigation also revealed a fluctuating
water table to be present during theiny season. ASatellite Laser Ranging (R)
calibration pier in close proximity to th&5m antenna recently displayed a sudden
positional shift of several centimetrebelieved to be caused by the movement of
underlying clay material during the rainy asen. Seasonal variation in underlying
groundwater may cause antenna positions to vary. Seasonal variation of ground water and

soil moisture and their effect on foundation stability and antenna position should be

41

Department of Geology, Geoinformatics and Meteorology
University of Pretoria



CHAPTER 3 HARTRAO ERRORSOURCES

investigated with a view towards determigi local hydrological loading model for
HartRAO. For determining intraomplex baseline vectors, such as for the short baseline
ties between the HartRAO antennas, it is essential that the antennas are attached to the
same stable bedrock and that theirijja@ss remain stable (Jacolet al, 2017). Local
instabilities may be revealed by site velocities that differ between the antennas
(Munghemezulwet al, 2014)

3.2.5 Hydrogen maser clock

The hydrogen maser clock provides the necessary accuracy and stabiliéfesence

timing system for VLBI observations and analysis, and is the currently preferred
fundamental frequency standard in astrometrnidgeodetic VLBI. However, these station
reference clocks may exhibit instabilities and drifts, contributing to thieuimental error

and corrupting delay measurements. The performahdbe HartRAO hydrogen maser
clock curreatly being used for astrometric agéodetic VLBI on both th&5m and26m
antennas, the iMaser72 clock, was evaluated in 2016 by comparisoa GNSES UTC

time receiver and a frequency comparator (Munghemestudli, 2016). It was reported to

be performing at the required level for astrometric/geodetic VLBI. However, residuals
displayed a pattern which may have been caused by thermal variatibresmaser room,

and it was cautioned that the room should be kept at constant temperature to minimise
frequency fluctuations. It was also advised that the hydrogen maser clock performance be
monitored and corrected for drifts and ageing characteriséicsimilar performance

evaluation of the HartRAO maser clock should be carried out on a regukar basi

3.2.6 Phase and cable calibration systems

Phase and cable calibration systems (pltadeand cableal) allow for monitoring and
calibration of instrumental pba and delay changes as well as cable length changes. The
cablecal system measures cable length changes in all ssgnaling cables, including
those of the phaseal system and cable wrap as well as in the cable carrying the frequency
reference signalrém the hydrogen maser. Phase and delay variations, due to temperature

changes and flexing of cables, cause errors in the receivipngs t mstrgnéentation,
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electronics and cabling, which affect the VLBI signal delay and limit the accuracy of
astrometricand geodetic VLBI resub. Intermittent phaseal and local scillator (LO)

instability in 2015 pointed at possible damage tolBenant ennads cabl es

antennads cable wrap mechani sm. I n the f ol

the faulty cable wrap mechanism and had to be replaced before the azimuth wrap was
finally upgraded in 2019. Th26 m antenna displayed intermittent phase and cableal

values due to a loose connection in the cable between the antenna and the groumd units i
2016. Cables subjected to frequent twisting, bending and stretching should be investigated
for possible correlation between phase delay and cableal measurements with antenna
orientation, as this could bias the delay in a specific direction whighresalt in an error

in the estimated station position. Cables should be inspected for damage and faulty
connections on a regular basis and should be-inslllated from thermal effects. The
diurnal variation of the phasmal phase and cabtal amplitudeand phase should be
monitored to display the expected thermal variations. Spurious signals that corrupt phase
cal phase and amplitude should be detected and ameliorated. IVS procedures for phase
calibration and cable measurement system tests (as detaildbdei VLBl System
Documentation for the Mark IV Field SysterSFC, 199B as well as general Field
System (FS}kystestprocedures for instrumental and stability tests (as detailed in various
station VLBI equipment testing documentation for continuous (COMWLBI campaigns

and also in IVS Technical Operation Workshops Notes), should be carried out on a
frequent basis. The FSystestsovernite procedure allows for extended automated
monitoring of the stability of station auxiliary data, such as phase and calioration.

The possibility of installing a cable calibration system for #en antenna should be

investigatel.

3.3 POSSIBLE SOURCES OFERROR INVESTIGATED | N THIS STUDY

It was possible to investigate the following sources of error in this study. Theebdedly

discussed here and more thoroughly addressed in the chapters to follow
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3.3.1 Meteorological surface data

Observations at higher frequencies, such as 22 GHz, are also degraded by inclement
weather conditions. This requires an opacity correction topipéea in the analysis of

22 GHz gain curve calibration observations for determiningZ6enant ennadés PSS,
is used to convert from antenna temperature (gain) due to an observed source to a source
flux density. The PSS is an indicator of ttemtennd@ s aper t u and, excdpfim ci enc
those instances where antenna hardware changes have taken place, is supposed to remain
constant Since the opacity correction is calculated from surface meteorological
measurements, unreliable meteorological data wtedd to incorrect antenna gain and

PSS values for th&6m antenna and ultimately to incorrect source flux densities.
Unexplained steps and a recurring pattern observed in the PSS as well as a decrease in
antenna gain during recent gain calibration oket@sas with the26 m antenna prompted

an investigation of HartRAO meteorological data as a possible source of error. Surface
meteorological data are also used in astrometric/geodetic VLBI for determining
troposphere delay and thermal deformation modelsalioof the HartRAO antennas. In

these instances, degraded meteorological data could lead to inaccurate determination of
station heights and VLBI reference points. rAsolution regarding monitoring and
submission of meteorological data h&gady been appved by the IV®irectingBoard.

HartRAO surface meteorological data as a possible error source is addreShegter 4

i HartRAO Weather Dat

3.3.2 Antenna calibration and pointing

Of particular concern at the HartRAO station currently is the imminentdadfia bearing

on the declination shaft of th& m antenna and its influence on the pointing accuracy,
especially at the higher observing frequencies. The failing bearing is also preventing the
installation of highresolution encoders and an update af #ntenna pointing model.
Astrometric observations towards celestial reference frame (CRF) realisation at the higher

22 GHz observing frequency place great demands on 26en ant enna 6 s poir
accuracy. Most of the error sources identified are therefsseciated with the largéém

antenna. Nofetection of radio sources as well as a significant declination pointing offset
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at K-band prompted an investigation of the pointing performance and gain @bthe
antenna and are addressedGhapter 57 Antema Calibration and Pointing Also
investigated in the aforementioned chapter are optimal settings for thefidbor focus
position of the26 m antenna as well as a possible correlation between degraded pointing
and differential heating of tH&6 m antenna support structar

3.3.3 Antenna axis offset

TheV L BI reference point of an antenna is | ¢
rotation axes. In cases where the rotation axes do not intersect, such as for the HartRAO
26 m and 15m antennas, an antennaDAexists. An error in the AO would affect the
antennads VLBI reference point and cause ar
AO is considered to be fixed, major antenna repairs, such as the bearing replacement on

the 26 m antenna in 2010, coulcbnceivably cause a change in the AO. In order to reach

the VGOS goal of 1 mm accuracy in station coordinates, the AO needs to be known with
submillimetre accuracy. IChapter 67 Antenna Axis Offsethe AO of the HartRAO

26 m and 15m antennas are estated by VLBI analysis and compared with AO values

measured in a local ground survey

3.3.4 Local tie

The ability to reach the VGOS goaf 1 mm baseline accuracy on the shottl3m

baseline betweethe HartRAO26 m and15m antennas at least, is addresse@hapter 7

i Baseline Length and Local Ti#he26mant ennadés VLBI referenc
reference point for the elocation of thel5m and VGOS antennas. The VLBI reference

points of thel5m and VGOS antennas need to be accurately tied t¥itiB# reference

point of the26 m legacy antenna with its much longer and stable position time series. Short
baseling[SBL) sessions were conducted to determine the local tie and measure the baseline
length between the HartRAQ6 m and 15m antennas. The baselifength estimated in

VLBI data analysis was compared with that measured in a local ground survey. By running

the Iccal tie sessions between tl2&m and 15m antennas before and after bearing

repair/eplacement on th86 m antenna, it should be possible dscertain whether any
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change has occurred in AO, VLBI reference point and ultimately antenna position. Such
local baseline experiments also allow for monitoring local ground motamts for

discovering statiorspecific errorgPlank, 2014)

3.4 SUMMARY

In this chapter, HartRAO statiespecific errors of particular concern at the station or in the
wider IVS community were identified in consultation with HartRAO Engineering,
Operations and astronomers as well as by taking IVS requirements into consideration.
Thee errors are sumarised inTable 3.1 Possible sources of error specific to the
HartRAO site andHartRAO 26m and 15m antennas, which could be limiting the
accuracy of astrometric/geodetic VLBI results. Entries in bold are further investigated in

this studyEntries in bold are further investigated in this study.

4€
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Table 3.1 Possible sources of error specific to the HartRAO site ldadRAO 26 m and

15m antennas, which could be limiting the accuracy of astrometric/geodetic VLBI results.

Entries in bold are further investigated in this study.

Error source Problem Antenna
Pointing model outdated; error in atmospheric refraction
. 26m, 15m
correction
Bearing and failing; insufficient resolution (encoders) "
m
encoders
Structural effects | dish surface inaccuracy; panel and optical
misalignments; thermal and gravitational 26m, 15m
deformation
Antenna ground instabilityhydrology loading 15
m
foundations
Hydrogen maser | instability; drift )
Station
clock
Phase and cable | instability; dependence on antenna orientatiol
. . 26m, 15m
calibration systems
Weather data inaccurate, unreliable; errors in opacity and
refractions corrections, troposphere delay Station
and thermal deformation models
non-detections; significant declination
Antenna o ] _
o pointing offset; extended first sidelobes;
calibration and _ N 26m
o optimal sub-reflector focus position;
pointing _ _ _
differential heating of support structure
Antenna axis possible change in due to antenna repairs
offset (26 m); inaccurate VLBI reference point, 26m,15m
station coordinates
Local tie accurate tie of15m VLBI reference point to
_ 26m,15m
that of 26 m required
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Accurae and continuous meteorological data are of great importance in geodetic and
astrometric VLBI processing and analysis as well as in the processing and analysis of data
from other space geodetic techniques and from astronomical-slisglend VLBI. The
metorological sensors a&tartRAO providein-situ measurements of barometric pressure,

ambient temperatuyeelative humidityas well as wind speed and direction

The IVS Network Coordinator recayntrequestd updated information regarding IVS

station metemlogical dataThis request was followed by a newly approved IVS resolution
which recommended continuous recording of meteorological data at network stations and
delivery of such data to the Wettze#&nless Auxiliary Data Archiv@Vs, 2021a). At the

sane time, unexplainedstep changes in the HartRA@m ant ennabs poi nt
sensitivity (PSS) at 22 GHz were also detected. Observations at higher frequencies, such as
22 GHz, are particularly weatheensitive. An opacity correction therefore has to be
applied to the observations in the analysis
correction is dependent on surface meteorological measurements recorded during the
observations. The atmospheric refraction correcfist addressed in this studyyhich

forms part of the antenna pointing model and is also dependent on sudtemological
measuremeniscame under review at this time as well. The aforega@mpted an

investigation of meteorological sensors and data at HartRAO

4.1 WEATHER PARAMETERS F OR ASTROMETRIC AND G EODETIC VLBI

High-quality meteorological data are of great importance for astrometric and geodetic
VLBI processing and analysis. Accurate and continuous meteorological data are required

for accurate determination of troposphere dedag antenna thermal deformation. For
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troposghere delay, surface measurements of barometric pressure are used to determine the
apriori zenith hydrostati delay(ZHD). A pressure change ofmibar corresponds to a

path delay oft 2.3mm (Teke Nilssonand Béhm, 2013). For suimmm accuracy of the

ZHD, an accuracy of 0.thbar in the measurement of surface pressure is required. An error

in pressure of 8bar results in an error in estimated station height bmm (J. BBhm,

personal communication, 12 Mar@021). For antenna thermal deformation, surface
measurements of temperature are used to determine structural deformation of antennas due
to variations in temperatur@&his causes variations in height of the VLBI reference point

ranging from 46 mm (Nothnagel, 208).

Meteorological sensors providing-situ measurements of ambient temperature, relative
humidity, barometric pressure as well as wind speed and direction for astrometric and
geodetic VLBI (as well as for all other HartRAZB m and15 m antenna observans) are

listed inTable4.1. During ageodetic/astrometric VLB$ession, the temperature, pressure
and relative humidity values are recorded in the station log file in response Feeltie

System ES) 'wxX command for each obsation.

The state of the HartRAO meteorological sensprsviding in-situ measurements for
astrometric andyeodetic VLBI, and thejuality of historical and current meteorological

data from the HartRAO sensors andpitssible degradation over time wéngestigated.

4.1.1 Methodology

Once the HartRAO meteorological sensors (henceforth referred to ax gensors) had

been located and their operational environment and condition had been inspected, the
HartRAO antenna log books, IVS station log files and seteszhnical data sheets were
consulted to establish possible previous replacement or calibration wixteensors as

well as performance and accuracy specifications. The HartRAO IVS station log files as
well as ground survey reports assisted in determgiwixisensor proximity to theé m and

15m antennas respectively as well\as sensor height above ground level and above or

below the antenna reference points.
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The quality of historical and current meteorological data fromwkesensors, and its
possibé degradation over time, were investigated by comparison with-téonyg
meteorological data provided by the Paroscientific MET3 of liiternational GNSS
Service (IGSGNSS reference station HRAO. The HartRAO IGS station log file as well as
ground surveyeaports were consulted to determine height above ground level, proximity to
and height above thex sensors as well as accuracy specificati@ea sets of thevx
sensors and the MET3 were also compared to -$tornt data from a new Paroscientific
MET4 ted installation, used as a caigtor. The MET4 technical data sheets were

consulted to determine the accuracy of its sensors.

4.1.2 Results and discussion

Investigation of HartRAO meteorological sensors

HartRAO meteorological sensor characteristics are sursgthrin Table 4.1. The
temperature and humidity sensors are enclosed in a Stevenson screen located on the lawn
between the control room building and 2@&m antenna, the pressure sensor is located in

the control room and the anemeter is located orhé roof of the control room Hding
(seeFigure4.1 andFigure4.2). All sensors are locateebO m from the26 m antenna and

~100m from thel5m antennaThe wx sensors have not beealibrated or upgraded for

the past 1§ears. The temperature and humidity sensors were replaced and the pressure
sensor was calibrated at the beginning of SeptefiiEt, just before the start of the
CONT11 campaign
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Table4.1 HartRAO meteorological sensors providingsiiu measurements for astrometric
and geodetic VLBI.

Parameter Instrument
Manufacturer Model Sensor Accuracy Calibrated (c) | Height Height above @)
/ replaced (r) above /| below (b)
ground antenna
level reference point
Ambient
+0.5°C
temperature HE4006 15m: ~5.5 m (b)
Huato External 201109-02 (r) ~1m
Relative EX 26m: ~12 m (b)
+0.5%
humidity
Barometric Variable + 0.05% 15m: ~2.9 m (b)
Setra 270 20130905 (c) | ~35m
pressure capacitance FS 26m: ~9.2 m (b)
Speed:
RM Young 05103L £0.3m.¢ 15m: ~3.5 m (a)
Wind Mechanical I Unknown ~10m
Wind Monitor Direction: 26m: ~3 m (b)
+3

Figure 4.1 The Stevenson screen the lawn in the foreground houses the temperature and

humidity sensors for astrometric and geodetic VLBI.
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Barometer

Figure 4.2 Location of HartRAO meteorological sensors and MET3 and M#nits with

respect to thd5mand26 mantennas.

Meteorological sensors and MET3 comparison

The MET3 was installed in 2005 and is located on the roof of the facility's building at a
height of ~6 m above ground leve{see Figure 4.3). It is located~2.5m above the
barometer in the control room ar@0 m away. It is located5 m above the temperature
and pressure sensors in the Stevenson screer&hd away. Accuracies aof 0.5°C,

+ 0.1 mbar andt 2% are quoted in the IGS station log file for temp&e pressure and

relative humidity respectively
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- L

Figure 4.3 The Paroscientific MET3 unit of the HRAO IGS GNSS station used in the
comparison is located on the roof of the facility's dinil). The new MET4 is temporarily
installed ~12m behind the MET3 (obscured by MET3 in image).

The difference between the MET3 and HartRAO sensor values for both temperature and
pressure displays a nelarear instrumental offset and drift for the period justobe and
shortly after replacement of the temperature sensor and calibration-arsdafiation of

the pressure sensor at the end of August / beginning of Sept@@ber(sed-igure4.4 and
Figure4.5). For the pressure, a minimum resolution granularity due to data collection and
storagei a resolution of 0..Bar for wx and also for GNSReceiver INlependent
EXchange (RINEX)Yormati is apparent. Some pressure senserg. MET3 and MET4)
provide much kgher resolution and data resolution may have to beieaed. The
HartRAO relative humidity sensor persisted with an incorrect lower ceiling value, reaching
a new low after sensor replacement in 2011, followed by a sudden rise in ceiling value in
June of P15 (sedrigure4.6). Sulphur from orsite diesel generators might be responsible

for sensor contamationThe relative humidity sensor has never reachedstile
however. It needs to be investigated whether this is due taragvpiroblem or a problem

with the sensor itself. After the 2011 sensor replacement, a gap also appears in the data at
~70%, which could possibly be ascribed to electronic scaling afailty analogueto-

digital converter ADC).
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Figure 4.4 The temperature difference between the IGS GNSS MET3 and HartRs\@ on
sensor X) displays a neatinear instrumental offset and drift for the period before and

after sensor replacement in 2011.
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Figure 4.5 The pressure difference between the IGS GNSS MET3 and HartR8si@ on
sensor {X) also displays a nedinear instrumental offset and drift for the period before

and after sensor calibration in 2011.
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Figure 4.6 Left: The relative humidity from the @ite sensorwx) displays an incorrect
lower ceiling value before and after replacement in 2011 and also a gap in the data at
~70% after replacement. Right: During 201Betpersistent lower ceiling value increased

to ~ 90%.

Meteorological sensors and MET4 comparison

At the start of Decemb&020, the MET4 was installed on the roof of the facility in the
vicinity of the MET3 (~12m away) and at a height of5m above grand level.
Accuracies oft 0.5°C, + 0.08mbar andt 1% are indicated for temperature, pressure and
relative humidity respectively. The differential offsets in temperature between the
HartRAO sensor andvé MET4, as displayed rigure4.7, may be due to roof heating and
radiation, caused by the temporary location of the MET4. The slight offset in pressure
between the HartRAO sensor and the MET4 can be explained by the difference in height
above ground levg4 m). The HartRAO redtive humidity sensor persisted in displaying

a lower ceiling value, possibly due to a combination of effectsHigpre4.8).
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Figure 4.7 The nonrlinear temperature offset tveeen the new MET4 unit and -eite
sensor \x) may be caused by heating and radiation due to the MET4's temporary location

on the roof of the facility.
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Figure 4.8 Left: The slight pressure difference beem the MET4 and esite sensorwx)
could be due to a difference in height between the two instruments. Right: Relative
humidity readings from the esite humidity sensorw) are clearly topping out when

comparing it with readings from the new MET4 unit
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The investigation into HartRAO meteorological sensors/data revealed the need for
cali bration/ upgrade/ repl ace mdenel metedrdiogicali nst al
sensor set and highccuracy pressure sensors are being planned. Pressure Igborato

standards will be acquired to enablehibuse calibration of sensors.

Following advice of the scientific community, a further melihg comparison of the
current HartRAO meteorological sensors with the new MET4 will be run in the interim.
The MET4 uni is to be installed on a pole located next to the Stevenson screen at the
height of the barometer in the control room. The MET4 will also be installed for a month
next to the meteorological system of each of the collocated space geodetic techniques on
site (GNSS MET3, NASA and Roscosmos SLR META4s) for further comparison. The exact
position of each meteorological system will be determined for tropospheric ties to be
applied in the comparison. Henceforth, allste meteorological data will be monitored

andcompared continuously.

Discussions are still underway deciding on the best location for the new MET4 unit. It will
in all likelihood be installed at the reference height of the VGOS antenna with the
Paroscientific pressure sensors being installed atetieeence heights di5m and 26 m
antennagHeinkelmann Béhm and Schuh2005). The current HartRAO meteorological
sensor set used for astrometric/geodetic VLBI will be replaced/calibtatedlso planned

to include aVaisala WXT533rainfall and windsensor as well as a Campbell Scientific
CMP-3L Pyranometeto measure solar irradiance in the MET4 installation. Warld
Meteorological Organization (WMO)Xommission for Instruments and Methods of
Observation (CIMO) siting standaréts siting and exposte of meteorological equipment
(WMO, 2018)will be used as wgdelines for the installations. A summary of pertinent
guidelines appears ifableA.1 in Appendix A

4.2 WEATHER PARAMETERS F OR SINGLE-DISH CALIBRATION

Accurate and continuous meteorological dataadso required in order to apply accurate
opacity corrections during calibration of the HartR26m antennaas well as to apply

accurate elevatiedependent atmospheric refraction corrections for antenna pointing.
57
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Singledish calibration of the HartRAQ6 m antenna at 22 GHz is achieved by using
Jupiter, for which the flux density is known, as calibrator source in order to determine the
conversion factor or antenna PSS that should be used in converting from antenna
temperaturgTa) in Kelvin (K) producedoy an observed source to a source flux density in
Jansky (Jy).

Observations at 22 GHz are extremely sensitive to the water vapour content of the
atmosphere An opacity / atmospheric absorption correction has to be applied in the
analysis of22 GHz gain calibration observations. Together with corrections for pointing

i naccuracy and Jupiterds varying si ze as
atmospheric absorption correction allows for obtaining the corrected antenna temperature

(TaOncorrected)prduced by emission from Jupiiter at

Ta On corrected = Ta ®n atmospheric aison correction® other corrections | (4.1)

The antennaébés point source sensitivity (PSS
(LCP and RCP) can then b e deadsikytaedrtimicorrealed f r om
antenna temperature for Jupiter in the specific polarisation

PSS = Total planet flux density / 2 apkt Ta On corrected) [Jy/K/p 4.2)

The source flux density in each polarisation follows from the PSS as determined above and

the corrected observed antenna tempegattithe source for the specific polarisation

S =PSS source Ta On corrected (4.3)

Surface meteorological measurements of temperature and humidity provided by the
HartRAO wx sensors are recorded for each observation and used to determine the
atmosphec absorption correction (ATM ABS COR) at the time of the observation as

follows i

ATM ABS COR — éAUZZl/COS (P p /1180 (44)
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where ZA is the zenith angle of the observation and TAU221 is the optical depth at
22.1GHzi
TAU221 = 0.0140 + 0.00780 x PV (4.5)

where RVV is the precipitable water vapour obtained from surface measurements of

temperature (T) and relative humidity (RH)

PWV = 4.39 x RH /100 / T x4 (4.6)

The faulty HartRAO relative humidity sensocould therefore conceivably lead to
inaccurate atmosphie absorption corrections being applied to observations. This
prompted an investigation of PWV values obtained from the HartRA@mperature and
relative humidity sensor measurements, the deratatbspheric absorption correctoas

well asthe PSS olatined from the corrected antenna temperatures of the calibrator source
used in the calibration of source observations and the impact on source flux density.

4.2.1 Methodology

The investigation consisted of compariR§VV and atmospheric absorption correction
values calculated fromtemperature and relative humidity measurements byHarneRAO

wx sensorver a yearor the period Decembef019 to 3November2020 with PWV
values calculated from temperature and relative humidity measurements by the MET3
sensors ofthe HRAO IGS GNSS station as well as witlokal Positioning System(GPS)
estimated PWV values for HRAO obtained from tBaomiNet GPS network for the
corresponding time period. Suominet PWV is obtained by converting GPS signal delays
caused by water vapo in the atmosphere to highly accurate integrated PWV estimates
along the GPS ray path every @inutes (Wareet al, 2000). In the comparison, an
observation frequency of 3f@inutes is thus used for all three sources of PW\Zenith

angle of 0 was empbyed to calculate the elevatialependent atmospheric absorption

correction.
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The investigation also consisted of comparing the PSS obtained from PWV and
atmospheric absorption correction values fraemperature and relative humidity
measurements by Ha® wx sensors during 22 GHz Jupiter gain calibration
observationsover the period 1Decembel017 to 2April 2021 with the PSS obtained
from Suominet PWV an@tmospheric absorption correction values over the same time
period. The maximum difference in PSfbtained from the two sources of PWV
observationalwx and Suominet data was used taestablishthe impact of aplying an
inaccurate PWV value fatetermining the atmospheric absorption correction, and thus the
PSS used in the calibration of source obsions, on the observed source flux density.
The periodl7 DecembeR017 to 2April 2021 was chosen as it corresponds to the latest
step change in the average PSS value foR#@Hz Jupiter calibration data set stretching
back to 2007. Althougthe PSSof the antenna is supposed to be a set value indicative of
t he antennaods 1aganskystofudluxeensty requied te pradyce an antenna
temperature of 1 K in each polarisatiorchanges in the PSS do occur due to antenna
hardware changes avéhe years. For the HartRA@6 m antenna, two such steps in the
average PSS are noticeable in the calibration dataiseine starting on the
22" of April 2014 when the ambier®2 GHz receiver was replaced by a cooled receiver
and another caused by then@val of the22 GHz receiver on the 12of Decembe017

for a holography campaign with reinstallation taking place on thefBecembef017.
4.2.2 Results and discussion

Comparison ofprecipitable water vapouand atmospheric absorption correction from

wx sensor data and Suominet data

In order to determine theffect of a suspected inaccurate humidity sensor reading from the
HartRAO wx sensor on the determination of PWV and the atmospheric absorption
correction applied in the calibration and analysi®f5Hz observations, values derived
from wx and MET3 sensor surface measurements of eéeatppre and humidity as well as
from Suominet PWV were compared for the period fronDetembef019 to

30 November202Q
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The plots of yearly variation in the PWV antim@spheric absorption correction (see
Figure4.9) follow a similar seasonal pattern, as expected from the relation between these
values, with maximum values occurring during the rainy summer monthswvX kensor

and MET3 valuesra lower than the Suominet values in summer and higher during winter
time. In comparison to thealuesderived from surface measurements of temperature and
relative humidity for thevx and MET3 sensors, the Suominet PWV, being derived from
GPS signal delasyalong the GPS ray patbrovides a more accurate reflection of the water

vapour content of the atmosphere above the antenna.

PWV- Suominet, WX & MET3 - Suominet
50 - 1 December 2019 to 30 November 2020 “WX
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o o
1 1
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Figure 4.9 Yearly variation inprecipitable water vapourRWYV, top) and atmodperic
absorption correction (bottom) values from Suominet @B®/ed PWV datas well as
from PWV calculatedrom wx and MET3 sensor surface temperature and humidity
measurements for the period 1 December 2013 Novembel02Q
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The plots of the differgce in atmospheric absorption correction (and similar for the
difference in PWV) between Suominet and tineand MET3 sensors display a seasonal
pattern of greater differences in the values for summer than for winteFitpae 4.10)

with the maximum difference occurring at the start of spring T&d#e 4.2). A similar
pattern exists for the difference betweenwheand MET3 sensors but here the maximum
difference occurs during autumn and is much lov8eiominet values seem slightly lower
during the winter months compared to values fromvik@nd MET3 sensors. Again, the

Suominet values from integrated PWV are considered to be more accurate.

62

Department of Geology, Geoinformatics and Meteorology
University of Pretoria



CHAPTER 4 HARTRAO WEATHER DATA

N Atmospheric Absorption Correctior)ZA = 0 - SuominetWX-
0.25 - 1 December 2019 to 30 November 2020

n Atmospheric Absorption Correction)
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N Atmospheric Absorption Correction)ZA = 0 - SuominetMET3-
1 December 2019 to 30 November 2020

n Atmospheric Absorption Correction)

N Atmospheric Absorption Correction)ZA = 0- WX-MET3-
0.25 - 1 December 2019 to 30 November 2020
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Figure 4.10 Difference in the atmospheric absorption correction between Suomineband
sensors (top), Suominet and MET3 sensors (middle) as wek asd MET sensors over
the period 1 December 2019 to 30 November 2020.

Department of Geology, Geoinformatics and Meteorology
University of Pretoria



CHAPTER 4 HARTRAO WEATHER DATA

Table4.2 Maximum differences iprecipitable water vapourRW\) and the atmospheric
absorption correction between Suominet andvitiend MET3 sensors as well as between

the latter over a year.

Maximum difference

PP WV ( mm) PABSCOR

+19.8 +0.18
Suominet-WX
2020/08/3102:15 UT

+20.1 +0.18
SuominetMET3
2020/08/31 02:15 UT

+8.5 +0.08

WX-MET3
2020/03/26 06:15 UT

Comparison ofpoint source sensitivitand source flux density from wx sensor data and

Suominet data

In order to detamine theeffect of inaccurate PWV values, and therefore also inaccurate
atmospheric absorption correction values, on the PSS used in the calibration of source flux
densities at 2%BHz, PSS values derived fromvx sensor surface measurements of
temperatureand humidity during22 GHz Jupiter calibration observatiormwer the period

17 Decembef017 to 2April 2021 were compared with PSS values derived from

Suominet PWYV at the corresponding time.

The plots for both PSS LCP and RCP show the PSS derived fromiiset PWV to lie
slightly above that of the PWV from observatiomat temperature and humidity sensor
surface measurements over most of the time péseeFigure4.11). The Suominet PWV
values are therefore cespondingly lower than PWV values from thw& measurements
during the observations. The slightly higher average PSS values in both LCP and RCP
from Suominet PWV compared to that from PWV framx surface measurements are

indicated in
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Table4.3. The standard deviation, and thus the scatter, of the PSS in both LCP and RCP
are similar for the two instances, indicating that using Suominet PWV would not
necessarily offer an improvement in this regard. The maximum ditferen PWV of
13.4mm (with the wx PWV being the higher) for this time period would produce
differences of 0.79 and 0.75 in PSS for LCP and RCP respectively. This lies within the
respective errors for the average LCP and RCP PSSvisoRWYV during the calikation
observations. The maximum difference between PWV fronwtheensors and Suominet

was used to predict the resulting difference in source flux density for sources with
corrected antenna temperatures (Ta On corrected) in the range from OHK. tAsl
displayed in the plot iffigure4.12, should thevx PWV value be higher than the true value

by 13.4mm (with the Suominet PWV considered as truth here), it would cause the source
flux density thus obtained to bewer than thdrue value by ~80énJy for a 1K source,

which can be considered significant. The stronger the source, i.e. the higher the Ta On

corrected, the greater the difference between the calculated and true value would be.
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PSS LCRObswx vs Suominet 17 Dec 2017 to 2 Apr 2021
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Figure 4.11 Point source sensitivity &3 left (top) and righ (bottom) circular

polarisation (CP and RCP) derived from PWV calculated framt sensor surface

measurements of t@erature and humidity during22 GHz Jupiter calibration

observations over the period DeécembeR017 to 2April 2021 are compared with PSS

LCP andRCP values derived from Suominet PWV at the corresponding time.
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Table4.3 Averagepoint source sasitivity (PSS left and right circular polarisation (CP

and RCP values during latest step change in the average PSS value f@2iGélz
Jupiter calibration obsevations from 1MDecembef017 to 2April 2021, derived from

PWV calculated fromwvx sensor arface measurements of temperature hachidity during
calibration observations as well as from Suominet PWV. The differences in PSS in both

LCP and RCP for the maximum difference in PWV during this time period are also

indicated.
PSS (Jy/K/pol) LCP RCP
Averagewx 7.02+£0.79 6.42 + 0.82
Average Suominet 7.11+0.8 6.51 £ 0.83

PSS for pRWYIi mum
0.79 0.75

(= SuominetObswx = -13.4 mm)

N Source fux density AS) for maximummPWV GuominetObs wx =-13.4 mm)-
over period 17 December 2017 to 2 April 2021

= 9007 s e
'g 800 - *NS_RCP .
;)’: 700 - .
g o9 .
2 500 - . ¢
() °
T 400 - :
x
= 300 - §
S 200 ¢
3 1 .
o 100 - .
= 0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ta On corrected (K)

Figure 4.12 The difference in observed source flux denfditya maximum difference in
PWV of 13.4nm between PWV from thex sensors and from Suominet (withx PWV
higher) becomes significantly greater as the corrected antenna temperature (Ta On

corrected)of the source increases.

It has been the norm to use t@nerage PSS for both LCP and RCP over the edip#er

22 GHz calibration data setstretching back to 20070 scale source flux densities at
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22 GHz. However, such an approach does not take the step changes in PSS due to changes
in hardware into accotinA new approach is being considered in which monthly averages

of PSS will rather be used for calibration purposes whilst being mindful of any possible
step changes. The calibration accuracy can be further improved by making use of near real
time estimats of PWV over HartRAOGombrinket al, 2004).

4.3 SUMMARY

Accurate and continuous meteorological data are required in geodetic VLBI for
determining troposphere delay and antenna thermal deformation, and in astrometric VLBI
for calculating the opacity correoti. At HartRAO, surface meteorological data are
provided byin-situ measurementffom meteorologicalwx sensors during observations.
Possible degradation @fx sensor data was investigated by comparison with Paroscientific
MET3 and MET4 data. The investigan revealed offsets and drifts in the temperature and
pressure data measured by #resensors compared to that measured by the MET3 and
MET4, and also the existence of an incorrect lower ceiling value for the relative humidity
wx sensor. The influencd the faulty humidity sensor on the opacity correction applied in
determining the HtRAO26ma nt e n n a 6 sGHPWaS invastigatdd2oy comparing
PWV values calculated fronwx sensor and MET3 temperature and relative humidity
measurements, as well as &Bstimated PWV values from SuomiNet. The investigation
revealed a seasonal difference betweemthsensor and Suominet values, with the latter,
obtained from integrated PVW, considd to be the more accurate. m further
comparison of theé6mantenndés PSS at 22 GHwaxsedserrPWVvand fr om
Suominet PWV, it was found that an inaccurate PWV value could lead to a significant
difference between the calculated and true flux density of a source. The HartRAO

meteorological sensor suite is in direed ofreplacement
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There are only a small number of antennas inStweth that are astrometrand geodetic

VLBI capable ana@ble to contribute to ICRF development. Even fewer of these antennas
participate in ICRF obg®ations at kband Currently, only theHartRAO 26 m antenna

and Hobar26 m antenna in Australia regularly participate in Southern HemispiR&
singlebaseline observatiorad K-band (B Witt, 2014. HartRAO, and its26 m antennan
particular is therdore crucial in maintaining and densifying the ICRF in tBeuth
(Mayeretal., 2014).A K-band celestial reference frame (CRF) of more than 900 sources
covering the full sky has been constructed using over 0.6 million observations from more
than 70 obseimg sessions from théery Long Baseline ArrayMLBA ) andthe HartRAG-
Hobartbaseline In the north, the VLBA is able to observe declinatiohs90° to-40°. In

the Quth, the HartRAGHobart baseline is currently the only baseline regularly observing

thesouthern sky at ¥oand for CRF development, coveridgclinations from90° to +0°.

The higher the observing frequency, the higher the demand placed on antenna pointing, as
the beamwidth becomes progressively smaller at the increasingly shorter wanse|&hgt
26mantennads pointing accur acy niobservatiorsate f or e
the higher22 GHz frequency required fo€CRF work and for HartRAO to be able to
contribute to CRF realisatiol’An unexpectedow detection of sources in the-tkand
singlebaseline sessions taeen the HartRAO and Hoba?Pt m antennasas well as a
significant declination(Dec) pointing offset detectable iB2 GHz pointing observations

prompted an investigation dhe HartRAO26 m antenna De@ointing offsetsand sub>

reflector focuspositionswith a view to improving HartRAO performance atbi&nd.In

this study, a first attempt is made to investigate the pointing problems experienced with the
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HartRAO 26 m antenna at Kband. Gain calibration observations with Jep#s calibrator
source are analysed to determine the pointing correction and antenna gai@H. 22
possible correlation between degraded Dec pointing and differential heating of the support

structure is also explored.

5.1 JUPITER GAIN CALIBRA TION AND FOCU S SETTING CURVES

In order to determine the pointing performaacel gain of the26 m antenna at 2&B5Hz,

gain calibration observations were conducted with Jupiter as calibrator.source

5.1.1 Methodology

LINES data reduction procedure according to M. Gaylard (paad P. van Zyl (2016).

Gain calibrationobservationswith the HartRAO26 m antenna at 28Hz consisted of
measuringlupited mtensity withtriple drift scansvherebythea nt e nn a 6 sdriftsai n b e
through Jupitefrom its rising above the local hown (easti hour angleHA < 0°) through

culmination (zenith hour angleHA = 0°) toits sdting below the local horizon @sti

hour angleHA > 0°) due to the rotation of the EarthA triple drift scan consists of a scan

through the nominal source pasit (ON)and two scans at half of a hglbwer beamwidth

(HPBW) north and south of the nominal source posjtiaif-power North (HPN) and

half-power South IPS), with these two scans used in determining the pointing correction.

Each of the three scams observed in both left and right circular polarisation (LCP and

RCP).

The observations were initially reduced and analysed with the LINES data reduction
program. Plots of the raw data were produced for each of the six scans in the triple drift
scan set. A example of a triple drift scan observed in RCP is showsigare5.1 on the

left with the ON scan displayed in black, the HPN scan in red and the HR $1sgaen.

The right ascensior{(RA) in degrees is displayed on theaxis while the antenna
temperature (Ta) in Kelvin (K) is displayed on th@xs. The antenna temperature (Ta)

represents the gain in the antenna system temperature (Tsys) due to the detection of the
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sourcesignal. Each of the scans consists of a main beamhencentre with the first

sidelobes visible on either side of the main beam.

2020d140_02h34m58s_Cont_marisa JUPITER.csv

0

y
” i" \)
| M \?"ﬂ'\‘ - "‘\'r]”"vw i
T iy
299

299.05 299.1

298.95
RA (deg)

ORDER 1 POLYNOMIAL FIT

T

Ta (K)

o 74..”4'”\&\1\4 A MAMAM‘NMMM
) N 4 L 1 . .

298.95 299 299.05 299.1
RA (deg)

ORDER 2 POLYNOMIAL FIT

I298.95' I l I '299 I I | ‘.299.05 | | I 299.1
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Figure 5.1 Top Jupiter triple drift scan observed on the “19f May 2020 with the

HartRAO26 m antenna at 2ZHz inright circular polarisation RCP) for observations at

ON (black), falf-power North HPN, red) and alf-power South KIPS, green) positions.

Middle: Baseline fitted through first nuthinima.Bottom: The main beam is approximated

with a Gaussian profile to which parabola is fitted to determine the peak antenna

temperature (Ta) of the source.
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In order to obtain an estimate of the peak antenna temperature (Ta), the user is required to
firstly remove any slope in the baseline due to a slow drift in the signal(treteivably

from changing atmospheric conditions or a slow change in the gain of the receiver system).
This is achieved by fitting the baseline through the minima or first nulls located between
the main beam and first sidelobes on either side of the beam (sedrigure5.1). A

second order polynomial (parabola) is subsequently fitted to the top part of the Gaussian
profile representing the main beam in order
amplitude above the bdsee, and hence the peak antenna temperature (Ta) of the source
for each of the ON, HPN and HPS scans in both LCP and RCP, i@nI@P/RCP,

TaN LCP/RCP and T&LCP/RCP (sedrigure 5.1). A pointing error results when the
soure does not pass through the centre of the main beam. The pointing correction can then
be determined from TH + TaS (for both HPN and HPS scans of good quality) or
TaOn+ TaN (for unusable HPS scan) or ©a+ TaS (for unusable HPN scan). The
pointingcorrection is then applied to the uncorrectedOhain both LCP and RCP to arrive

at the true peak antenna temperature at the centre of the beam, the corr@ned bath

LCP and RCP.

Initial Jupiter gain curve observations were conducted on thef Bovember2019
(2019d313) and £12 April 2020 (2020d102.02) but the data were severely degraded due

to inclement weather conditions. These observations were therefore followed up with gain
curve observations on the 389" of May 2020 (2020d139.40). Enlarged first sidelobes

were detected in the triple drift scans of the 2020€ll4® gain curve observations. Such
extended sidelobes, known as coma sidelobes, are due to astigmatism caused by
gravitational deformation of the dish and prevent proper fitbhghe baseline thereby
contaminating the pointing caction determined from the hglbwer scans. This
indicated that longer drift scan observations, extending data for baseline fitting beyond the

coma sidelobes to the second nulls, might be required.

The 2020d13940 observations were reduced with both the LINES data reduction
program as well as with the Drift scan Reduction améaksis (DRAN) program which
provides for fully automated data reduction based on LINES but with additional features,

develped by HartRAO PhD candidate, Pfesesani van Zyl. A comparison of the results
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produced by LINES and DRAN established that DRAN could be used for further data
reduction. Plots of the raw triple drift scan observations output by DRAN were inspected
to determme the effect of the coma sidelobes. Python plots of the Dec pointing correction
and TaOn before and after correction were produced using results from the DRAN
database to ascertain the influence of the coma sidelobes on the pointing correction, the
behavour of the latter over the range lobur anglesHAs) as well as the gain before and

after the pointing correction was applied. Plots of Ta ratios were also produced in Python
to determine that the correct HPBW was being used by the observing progratm and

detect possible pointing offsets to the north and south.

The Jupiter gain curve calibration observations were modified on the
11M-12" of August2020 (2020d224225) to observe at seven different seflector focus
settings in order to determine thmpact of focussing on the coma sidelobes, pointing
correction and the gain. The data were reduced with the automated software package,
DRAN. Coma sidelobes again interfered with baseline fitting, requiring extension of the
drift scan duration for subsequefocus curve observations. Follewp focus curve
observations were conducted on th& @7April 2021 (2021d117) over a narrower range

of more closely spaced focus settings with longer drift scan observations beyond the coma
sidelobes in place and withzzec pointing offset of 2éndeg to the north as determined in

test observations beforehand.

Follow-up Jupiter gain curve observations were conducted on the g%of May 2021
(2021d134) with longer drift scan observations to the second antlsa Decpointing

offset of 10mdeg to the north as determined in prior test observations. The data were
reduced with the automated software package, DRAN. Similar to the 2021d117 focus
curve observations, the data appeared degraded and with lowered gain. Thaltdnge
scans seemed to habeadimproved the baseline fitting however, and it was decided to
repeat the observatioreg an observing frequency of GHz to ascertain the effect of
frequency on the coma sidelob&fie 12GHz gain curve observations werendocted on

the 18"-19" of May 2021
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5.1.2 Results and discussions

First set of gan curve observations at 2@Hzi 2020d139140 (1819 May 2020):

In order to determine thgointing performance of th26 m antenna at 2&5Hz, triple drift
scan observations o@igiter from rising to setting witJupiter at a declination e21° were
conducted between 20:85T and 07:37UT on the 18/18 of May 2020.

The triple drift scan plots revealed the presence of a coma sidelobe, which switcBed side
in hour angle as Jupit rose and sefsee Figure 5.2). The sidelobe appeared less
pronounced at culmination with the antenna at or close to ze@dma sidelobes
appearing at low elevatisrand extreme hour angles are due to astigmatism caused by
gravitational deformation of the dish from a circularly symmetric paraboloid (G. Nicolson

personacommunication26 August 202))
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Figure 5.2 Raw plotsi 2020d13914071 scans atn elevation of 33F left, top to bottom:
HPN L&RCPand HPS L&RCP scans for Jupiter rising with coma sidelobes visible on
left; right, top to bottom: HPN L&RCRNnd HPS L&RCP scans for Jupiter setting with

coma sidelobesgisible on right
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The coma sidelolsemerge with the the main beapreventing the baseline from being
determinedseeFigure5.3). Inspection of theaw triple drift scan plots revealed the coma
sidelobes to be stronger for the HPS scaom)etimes even exceedirgetpeak of the main

beam. The stronger coma sidelobes in the HPS soditaid that the sidelobes were
typically positioned south of the main beanihe coma sidelobes also appeared stronger

for Jupiter settingThere were numerous instances of the coiak@abes blending into the

main beam preventing a proper baseline fit. Strong coma sidelobes appeared even at high

elevations where the gravitational distortion of the dish surface should be reduced

Plot of JUPITER observation 2020d140_07h36m54s at ( 22040.0 MHz)
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Figure 5.3 Fitted plotsi 2020d13914071 Jupiter risingi difficulty of fitting a baseline due
to the coma sidelobes is displayed in this plot depictindnaitfepower South left circular
polarisation HPS LCP) scanof thefinal observationat an elevation anglef 18° with
Jupiter setting in the west.

The influence of the coma sidelobesisorevealed in plots of the Dec pointing correction
and antenna temperature fthre onsource observations (Tan), before and after the
pointing correction had been appljeagainst hour angle (HA) for both LCP and RG€e

Figure5.4). The pointing is expected to degrade at lower elevation angles but the pointing
7€
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correction is supposed to vary smoothly with elevation and to be similar in both
polarisations. There is wide scatter in th@inting corretion from-90° to-40° for Jupiter

rising in the east. The pointing correction below HAs of 40° in the west and 30° in the east
appears to be unreliable. The coma sidelobes prevent the baseline irgnfitied
properly or at all and thus contaminate the pointing correction at the lower elevétions.
would seem as if btr resultscan be obtainedt 22GHz without anypointing correction
beingapplied.Longer drift scan observationgould be requiredo eliminate the influence

of the coma sidelobes on baseline fitting
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Figure 5.4 2020d139140 71 Plots ofdeclination Deg pointing correction and antenna
temperature for orsource scans (T@n) bebre and after Dec pointing correction for LCP

and RCRagainst hour angle (HA).

The plots of the antenna temperattgélect the decrease in gain (Ta) as the gravitational
deformation of the dish increases at the lower elevations. The plotsligfday again
asymmetry with the maximum being displaced from zerhthe eastPossible causes are
a misset primary reflector or the subflector not being central at meridian transit or being
deformed or the feed not pointing directly aetcentre of thesubreflector (feed axis

skew). Holography will be required to disentangle the various effects.

In order to determine whether the observing program wasguie correct HPBW
(assumed)the gain (Ta) ratidbetween the sum of antenna temperature forHiRN and
HPSscans divided by the antenna temperature foOtiscans in both LCP and RCP were

plotted (seeFigure 5.5 bottom). h the rangewhere the pointing can be considered
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reasmable, i.e. for HAs of betweed0° and +20°theplots of [(TaN + TaS)/ TaOn] for
both LCP and RCP (bottom plots) show this ratio to be ~1.05, which is close to the ideal

ratio of 1 (actual). The HPBW used by the observing program &t22thereforeseems

to be correct. The gain ratio (Ta) of HPOIHIPS scans is also close to 1 in the range of

reasonable pointing as displayed in the antenna temperature ratio plotdNdf/R@P

divided by TaSL/RCP (seeFigure 5.5 top) indicating that the pointing was not off to

either thenorth or south.
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Figure 5.5 2020d1391407 Plots of the antenna temperature (Ta) for North, South and On
ratios in both LCP and RCRgainst HA.
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First set of subreflector focus offsé gain curve obervations at 2Z5Hz 1
2020d224225(1212 August 2020):

As poor focussing could also be contributing to the coma sidelobes, the Jupiter gain curve
observations were subsequently modified to cycle through seven differengfledbor
focus positions in oef to investigate the impact of the focus settings on the sidelobes and

to determine whether it would be possible to improve the gain by fogussin

In order to determine thgointing perfomance of th&6 m antenna at 2&5Hz, triple drift
scan observatianof Jupiter from rising to setting andtiwviJupiter at a declination e22°
were conducted between 14:22117 and 01:41:3UT on the 11/1% of August2020 at
the default focus setting as well @focus settings differing bgn in/out linear movement
of +0.5,+1.0 and+1.5 and-0.5,-1.0 and-1.5cm from the default setting.

Raw plots of theriple drift scars for all focus settings displayed coma sidelobes for both
Jupiter risingand setting and even at high elevatigeseFigure 5.6 and Figure 5.7 for

close to optimal focus settings afigures A&.1ai e in Appendix A for other focus
settings).The sidelobes were again stronger for Jupiter setting and for the HPS scans, with
the sidelobes sometimexceeding the height of the main beam peak. Coma sidelobes
merging with the main beam prevented a proper baseline fit in many cases. Higher gain
(Ta) at the default (+0.0) and +0.5 focus settings indicated these focus settings to be close

to optimal
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Figure 5.6 Raw plotsi 2020d2242257 focus setting = +0.Q left, top to bottom: HPN
L&RCP and HPS L&RCP scans at elevation of 35° with Jupiter rising; right, top to
bottom: HPN L&RCP and HPS L&RCP scans at elevation of @4th Jupitersetting.
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Plots of the Dec pointing carction and antenna temperatoféhe onsource observations
(TaOn), before and after the pointingroection had been applied, against HA for both
LCP and RCP for the varying sueflector focus settings again revealed a contaminated
pointing correction due to the coma sidelobes preventing a proper base(sezfitgure

5.8, Figure 5.9 and Figure 5.10). The plots of antenna temperature again show a higher
gain for RCP compared to LCP and a pointing correction degrading the daouss.
There is wide scatten the panting correction below HAs 0f40° in the west and +60° in
the east. The pointing correction appears unreliable below 30° HA in both the west and
east. Béer results are achieved at @GPz with no pointing correction applied. A change
in focus position does naeem to affect the pointing as the pointing correction remains
similar to that obtained in the 2020d1340 gain curve observations at the default focus

setting
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Figure 5.8 2020d224225 1 Plots of antennaemperature for oisource scans (Ta On)

before Dec pointing correction for LCP and RC&jainst HA for the varying sub
reflector focus settings.

In the plots of the antenna temperature, the +0.5edfldctor focus offset ppvides for a
higher maximum aenna temperature around zenith than the default +0.0 focus setting but
drops below the default setting away from zenith. Most observations do not occur at zenith
however, and the default +0.0 stéflector setting provides higher efficiency at other HAs

and should be retained as a better average fixed value. Gain asymmetry was again apparent
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in the antenna temperature plotoonger drift scan observations would be required to

eliminate the influence of the coma sidelobes on baseline fitting. Observatittna w

narrower range of more closely spaced focus settings and at another declination for Jupiter,

I.e. a different time of year, would also be reqdire
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Second set of subeflector focus offsé gain curve observations at 22Hz 7 2021d117
(27 April 2021):

Test observations conducted prior to the focus curve cdnsemg revealed thahe Dec
pointingwasoff by more than half of the HPBW 22GHz, which precludéthe peak flux

from being estimated reliably. The triple drift scans were not straddling Jiipties

central orsource scan was observing less of the@s®than the HPN scan, while the HPS
scan was observing very little of the source. Several offsets were tested to eliminate the
imbalance and optimise the straddling. The Dec pointing offset wasoudmtly adjusted

by adding a 20ndeg offset to the ndrt

The initial subreflector focus offset gaircurve observations of 2020d2225 were
modified to incorporate longer drift scato the second nulls with a Bideg Dec pointing
offset to the north and to cycle through a narrower range of seven maly sljpaced sub
reflector focus positions with Jupitat a different declination 6fL3° at this time of year.
In order to determine the pointing performance of2éen antenna at 2&BHz, triple drift
scan observations of Jupiter from rising to settingenmnducted betweedD:18:42UT
and 11:35:48JT on the 2 of April 2021 at the default focus setting as wellagocus
settings differing byan in/out linear movement o0f0.25, +0.5, +0.75, and +1dn
and-0.25 and0.5cmfrom the default setting.

The raw plots of the triple drift scamsveaéd thedata to be noisy with much lower gain

than for the 2020d22225 focus curve observations, which complicated fitting of the
baseline and made it impossible to determine whether the longer drift scaiosdey
improvement in the baseline fittingdeFigure5.11 andFigure5.12 andFigures A2.2ae

in Appendx A for other focus settingslt is suspected that the noisy ebgationscould be

the result of the22GHz receiver not performing optimally during the 2021d117
observations. The observations could also have been degraded by high water vapour
content to which observations at @Mz are extremely sensitive. Pratgble water vapour

(PWV) values calculated from ground surface measurements of temperature and humidity
during the two observation runs indicate the PWV to have been similar during the two sets

of observation$ for 2020d224225 observations, the PWV decreafed ~9.5mm at the
84
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start of observations (14:22T) to ~7.5mm at sunrise and increased to vi® at the end
of observations (01:49T); for 2021d117 bservationsthe PWV decreased fronlt mm

at the start of observation@Q:48UT) to ~10.5 mm at sunse and increased to 3-15mm
towards the end of observationsl1:18UT). The PWV obtained from the surface
measurementequires validation by comparison with GB&ived PWV valuekowever

The raw plots of the triple drift scans for all focus settidgplayed coma sidelobdsr

both Jupiter rising and setting. The coma sidelobes seestat/ely lower in HES than

for the 2020d22425 observationand alsowith fewer instances of sidelobes approaching

the height of the main beam peak. The coma di@slalso only appeared at the higher
elevations for Jupiter setting. Although difficult to determine due to the noisy data, the
coma sidelobes seemingly remained higher for Jupiter on setting. Sidelobes merging with
the main beam also remained prevalete HPS gain was higher than the HPN gain in
both rising and setting, indicating that the average pointing was off towards the south. In
further comparison with the 2020d2225 observations, HPN gain for the 2021d117
observations seemed lower while HPShgs¢éemed higher, also indicative of the pointing
difference between the two sets of observations. Due to the noisy data it was not possible
to deduce an optimal focus setting for the 2021d117 observations.
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Flot of JUPITER observation 2021d117_01h00m43s at { 22040,0 MHz)

L — raw data

06 4

044

0z -

Ta [K)

00 4

024

0.4 1

0,15 0,10 0.0% non 0.08 a1a 01s
Scandist [Deg)

Plot of JUPITER observation 2021d117_01h00m43s at { 22040.0 MHz)

0. 1 — raw data

[ TR

0

Ta [K]

L

0,15 0,10 0.05 L) 0.05 a1 nls
scandist [Deg]

Plot of JUPITER observation 2021d117_01h00m43s at { 22040.0 MHz)

201 — raw data

0S5 4

0

Ta k)
B &

0,15 010 0.0% 000 0.05 a10 0nls
scandist [Deg]

Plot of JUPITER observation 20214117_01h00m43s at { 22040.0 MHz)

244 — raw data

o 4

Ta [¥]
= [ =
1] (-3 [}

0,15 0,10 0.05 n.o0 0.08 a1a wls
Scardist [Deg)

Plot of JUPITER observation 2021d117_09h26m50s at ( 22040.0 MHz)

— W data
L0
08
= 06
4
a
0.4
0.2
0.0
-0.15 -0.10 -0.05 000 005 0.10 Q15

Scandist [Deg)

Plot of JUPITER ohservation 2021d117_09h26m50s at [ 22040.0 MHz)

10 — raw data

[:F.]

a6

a 1K)

[E]

az

ag

0.2

0.15 0,10 0,05 0,00 005 0.10 (313
scandist [Deg)

Plot of JUPITER observation 2021d117_09h26m50s at ( 22040.0 MHz)

20 — raw data
15
= 10
=
I
as
a0
0.15 0,10 0.05 00D a.0s 0.10 (31

Scandist [Deg)

Plot of JUPITER ohservation 2021d117_09h26m50s at [ 22040.0 MHz)

—— raw data
2.0
15
E
£ 10
o5
oo
0.15 0,10 0,05 0,00 005 0.10 (313

scandist [Deg)

Figure 5.11 Raw plotsi 2021d117i focus setting = +0.0" left, top to bottom: HPN
L&RCP and HPS L&RCP scans at elevation of 21° with Jupiter rising; right, top to
bottom: HPN L&RCP and HPS L&RCP scans at elevation of 38f Jupiter setting.
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Figure 5.12 Raw plotsi 2021d117i focus setting = +0.5 left, top to bottom: HPN

L&RCP and HPS L&RCP scans at elevation of 33° with Jupiter rising; right, top to
bottom: HPN L&RCP and HPS L&RCP scans at elevation of 35° with Jupiter setting.
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Plots of the Dec pointing correction and antenna temperaturethfr onsource

observations (T@®n), before and after the pointing correction had been applied, against

HA for both LCP and RCP for the varying suéflector focus settings also showed the

data to be poo(seeFigure5.13, Figure 5.14 and Figure 5.15). The pointing correction

could be consiered reliable onlyrbm HAs 0° to +45. It was therefore not possible to

determine an optimal focus setting nor any possible gain asymmetry from the antenna

temperature plots. It would be necessary to repeat this set of observations
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Figure 5.132021d117 Plots of antenna temperature for-source scans (Ta On) before

Dec pointing correction for LCP and RCRgainst HA for the varying sulseflector focus

settings.
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Figure 5.14 2021d117 Plots of Dec pointing corrections for LCP and RG@®ainst HA
for the varying sulyeflector focus settings.
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- Focus offset
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Figure 5.15 2021d117 Plots of antenna temperature for-source scans (Ta On) after
the Dec pointing correction for LCP and RCP has been apphgdinst HA for the
varying subreflector focus settings.

Second set fogain curve observations at 23Hz to second nulls with10 mdeg
declinationpointing offseti 2021d134135 (1415 May 2021):

Prior to the second set of gain curve observations &H2, test observations revealed
that the Dec pointing offset had changed onceenaoid the offset was reducedlidmdeg
north. Longertriple drift scanobservationdo the second nullef Jupiter from rising to

setting and wh Jupiter at a declination el2° were conducted betwe®&831 UT and
10:33 UT on the #/15" of May 2021

Raw plots of the longeriple drift scas displayed coma sidelobes for both Jupitemg

and settingand also at high elevations (segure5.16). The data were noisy again and,
with the range of PWV values (17 mm) similar to that for the 2020d13310 gain curve
observations (113 mm), the suspicion is fatlg increasingly on 22 GHz receiver not
operating optimally since the focus curve observations of 20202224 in
November2020. ®ma sidelobesvere again stronger for HPS, sometimes exceeding the
height of the main beam peak. The HPS scans sometimesnig@swith two coma

sidelobes. There were still several instances of sidelobes blending into the main beam,
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preventing a proper baseline fit even with the longer drift scans. Strong coma sidelobes at

high elevations persisted.

The plots of the Dec pointin correction and antenna temperature tloe onsource
observations (T&®n), before and after the pointing correction had been applied, against
HA for both LCP and RCPegm to indicate thahe longer drift scanBave contributed to
improving the baselinét with significantly reduced scatter in the Dec pointing correction
on rising in the east for HAs from90° to -40° in comparison with that of the
2020d1391400bservations (seigure5.17). The scatter in the pointing corremti in the

west fromapproximately 10° to 50t HA remains however. The Dec pointing correction

in the west does not smooth out the elevation dependence but rather exacerbates it.

The plots of the antenna temperature again display a maximum gain eastidian

transit A significant reduction in gain (T@n) compared to the2020d139140
observationds of particular concern and might be due to a faulty receiiee Dec
pointing correction outliers in both the east and especially the west would retaritel
reprocessing to identify the cause and whether these outliers should be removed. It can
then be decided whether even longer drift scans are required to further improve the
baseline fitting The longer drift scan observations should be repeated @H¥2with

Jupiter at a similar declination in order to determine the effect of a change in observing

frequency on the coma sidelobes.
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Figure 5.16 Raw plotsi 2021d13413571 scans at a elevation of 29° left, top to bottom:
HPN L&RCPand HPS L&RCP scans for Jupiter rising with coma sidelobes visible on
left; right, top to bottom: HPN L&RCRnd HPS L&RCP scans for Jupiter setting with
coma sidelobesisible on right.
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Figure5.172021d1341357 Plots of Dec pointing correction and antenna temperature for
ontsource scans (Ta On) before and after Dec pointing correction for LCP and RCP
against HA.

The use of the correct HPBWY the observing program for Z2Hz was confirmed by

plots of the ratio (T&l + TaS)/ TaOn for both LCP and RCP for the range of reasonable
pointing, i.e. for HAs of betweerf0° and +10{seeFigure5.18, bottom plots) Although

the ratio is again :05,more scatter appears than for the ZI39140 observations. The

gain ratio (Ta) of HPN to HP scans has also increased 105~which indicated average
pointing to be off to the north (sdégure 5.18, top plots) Both the scatter and the
imbalance in HPN and HPS gain could possibly be ascribed to the Dec pointing offset of
+10mdeg to the north applied at the start of observations

92

Department of Geology, Geoinformatics and Meteorology
University of Pretoria



CHAPTER 5 ANTENNA CALIBRATION AND POINTING
4.5 4.5
e LCP RCP
4.0 < 4.0
Q. ° 83
a 351 W o 3.5
= 3.0 ® e 2 3.0
= E . ° 3.
P 2.5+ . > a 2.5
= g
o .
32.0< . > 2.0 P
= ) - M ..o .... ® 5 ﬁ | . . .
& 154 ¢ -.. ':..o'...v ¢ 'o..:-.ﬁh..- o 151 % ...-' 1 i :;‘ e
1.0 4 5 e ;&,’ 104 .
0,59 0.5
0.0 +— - - - - - - ; 0.0 +— : : . . : : : :
-80 -60 -—-40 -20 0 20 40 80 -80 -60 -—-40 -20 0 20 40 60 80
Hour angle (°) Hour angle (°)
e LCP RCP
1.6 1 1.6 1
= =
(@] s o
© 1.4 © 1.4
= . [
S . o ~
— ® oo ° _ -~
~ & -. 2 2 .o e ~ . D
F: " ""o’.": ot * . T o
Z1.0 4 :Q.“. : ..' . ° Z 1.0 ";, e N
£ ew® %o° o lE
0.8 A . 0.8
®
0.6 0.6

-80 -60 -40 -20 O 20 40
Hour angle (°)

80

-80 -60 -40 -20 O 20 40 60
Hour angle (°)

80

Figure 5.18 2021dL.34-13571 Plots of the antenna temperature (Ta) for North, South and

On ratios in both LCP and RCRgainst HA.

Third set d gain curve observations at 13Hz tosecond nulls with 1@ndegdeclination

pointing offseti 2021d138139 (1819 May 2021):

Testobservations conducted prior to the third set of gain curve observationgGiz12

showed that the Dec pointing offset of #hdeg north should be retainethe longer

triple drift scan observationsith a Dec pointing offsedf +10mdeg and with Jupiteat a

declination of -12° were repeated at X2Hz a few days after the 2021341135

observations at 2&Hz. Observations at 1&Hz would allow for disentangling the various
effects. With the larger beam and HPBWO59°)at 12GHz, the coma sidelobes shobie
reduced and the pointing offset should be smaller than @-H2with a HPBW of 0.031

The 12GHz observations to determine a comparative relative gain curve were conducted

between 06:1UT and 10:20JT on the 18/19 of May 2021.
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Raw plots of the loger triple drift scans displayezbma sidelobeor both Jupiter rising

and settingeducedto the expected level for the sidelobes (Bepire5.19). The reduced

coma sidelobes remained stronger for HPS in both rising and settish@or Jupiter setting

in generalput with a much decreased height in comparison to the main Ppeate were

very few instances of sidelobes blending with the main beam and degrading the baseline or
strong coma sidelobes at higher elevations. The @ah in HPS and HPN scans was

again similar.

The plots of the Dec pointing correction and antenna temperaturéhdoonrsource
observations (T@&n), before and after the pointing correction had been applied, against
HA for both LCP and RCPshow the 1Z5Hz results to baimilar to the corresponding

22 GHz results of 2021d13435 but with a smaller and more smoothly varying Dec
pointing correction due to the larger beam atGt2z (seeFigure 5.20). There is still
unexplained scdter in the Dec pointing correction in the west below an HA of
approximately +40° ard outliers requiring further investigation. The Dec pointing
correction again does not improve the gain curve. The gain asymmetry remains, which,
with the 12GHz being a dferent feed, indicates feed axis skew to be an unlikely cause of

the asymmetry.

Plots of the ratio (T&l + TaS)/ TaOn for both LCP and RCP for thentire range show
the ratio to be ~1.1, which would indicate that the HPBW assumed bgbiserving
progam is slightlytoo small at 1Z5Hz compared to the actual beam widgeeFigure
5.21, bottom plots) As displayed in the anteantemperature ratio plots of TaL/RCP
divided by TaSL/RCP (top plots), the gain ratio (Ta) of HRBI HPS scans islose to 1
again indicating that the pointing was soljséeFigure5.21, top plots)
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Figure 5.19 Raw plotsi 2021d138139 i left, top to ttom: HPN L&RCPand HPS
L&RCP scans at an elevation of 32° for Jupiter rising with coma sidelobes visible on left;
right, top to bottom: HPN L&RCRnd HPS L&RCP scans at an elevation of 29° for
Jupiter setting.
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Figure 5.202021d138139i Plots of Dec pointing correction and antenna temperature for
onsource scans (Ta On) before and after Dec pointing correction for LCP and RCP
against HA.
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Figure 5.21 2021d138 139 Plots of the antenna temperature (Ta) for North, South and
On ratios in both LCP and RGRgainst HA.
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Gravitational distortion of the dish introduces dish surface errors which lead to frequency
dependent phase errors. The higher thewirsg frequency, the larger these phase errors.
Dish surface accuracy therefore places an upper limit on observing frequency. The much
reduced coma sidelobes atGPiz indicate the phase errors to be insignificant at the lower
frequency. The strong comalslobes observed at ZZHz are due to astigmatism caused

by gravitational deformation of the dish from tbiecularly symmetricdesignparaboloid

which introduces large phase errors. Inability to achieve the required dish surface accuracy
at 22GHz is enphasized by the strong coma sidelobes appearing even at high elevations
where gravitational distortion of the dish surface should be reduced and also by the
appearance of a second coma sidelobe in the 20224kBE4gain curve observations. Sub
reflector in&@curacy and misalignment of the primary reflector,-seftector and feed may

al | be contributory factors t dGHzamdkreqgairet enn a

holography to disentangle.

The reason for Dec pointing correction outliers and scatteuldhbe investigated by
manual inspection of the raw plots and examination of the results tables. Fitted plots
should be inspected to ensure that all peaks and baselines have been fitted correctly. The
results table should also be scrutinised for unusda#yantenna temperature values for

the HPN, HPS and On scans. Data should be flagged for instances where such values are
missing from the results tables. Manual reprocessing would be required for scans where the
fitting has failed. Noisy data and lowergdin during the 2021 obseti@s are of concern

and the22GHzr ecei ver 0 s p esfuftherrinvestgatien, as docthe iinfluence

of atmospheric attenuation and GB&ived PWV values (as opposed to PWV derived
from surface measurementsThe apparance of a secdn coma sidelobe in the
2021d134135 observations necessitates even longer drift scan gain curve absereat

22 GHz to ensure a proper fit of the baseline. The focus curve observations should also be
repeatedmaking use oflonger drift scans.In order to further determine the frequency
dependence of the coma sidelobes, gairve observations will be conducted at the top

and bottom othe 22 GHz receiver bandSmaltarea beam maps at various HAs will also

be produced to investigate remiaig pointing problems. Further observations will be
conducted when Jupiter is up all night and pointing is staslea possible correlation

exists between the degraded pointing and sunrise (discussed in following section)
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5.2 POINTING CORRECTION AND DIFFERENTIAL HEATING OF SUP PORT
STRUCTURE

The polarmounted26mant ennads st eel support structur
south andis thus subjected to strong temperature gradients. Temperature variation of
different parts of the antenna structure inflaes pointing. A diurnal pointing variation,

mainly in declination is caused by diurnal temperature changeswinmnter, a large

day/night temperature change and the low angle of thecausing it to shine directly in

under the dishlead to significant ifferential heating of the support beams, causing Dec
pointing to differ by 20 to 3@ndeg fromnight to day, with the Dec pointing offset at its

maximum on clear sunny days winter. A smaller day/night temperature change and

indirect heating by air isummer lead to more even heating of the support beams with a
correspondingly smaller Dec pointing offsdthe diurnal effecton the HA pointing is

smaller than for the Dec pointing.

The Dec pointing offset is caused by differential heating of four belmmndonger beams

on the north side of the antenna and two shorter beams on the sousupjt®ting the

Dec shaft bearing housings on the polar shaft bearing hou@eg$igure 5.22). The

platform to which the Dec shatft is fixad suspected to tilt and the Dec shaft to rotate
relative to the HA wheel due to the differential heating, which then introduces a false shift
into the encoderA smaller HA pointing offset is caused by differential heating of two
beams on the south sidé the antenna supporting the south polar shaft bearing housing,
with one beam located towards the east side of the antenna and the other towards the west
side (sed-igure5.22).
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Figure 5.22 Left and middle: The two longer beams on the north and south sides
supporting the Dec shaft. Right: The two beams on the east and west side supporting the

south polar shatft.

A diurnal model, added as a separdtsrof-year OOY) dependentomponent of the
pointing model, is applied to compensate forfedseshift introduced into the encoder and

the corresponding offset in the pointir@eparatediurnalmodels forDec and HA pointing

exist. For the Dec pointing is necessary to distingsh between seasqmngith a model for
summer and winter and an interpolation between the summer and winter models used for
autumn and sprind-he diurnal model comprisea fixed list of buikin pointing diurnals in

milli degee as a function of UT times foeach of the hours-R4UT with interpolation
between the hourly values of the curve, relevant for the particular DOY. The pointing
offsets were determined in a pointing measurement campaign several years ago. Any
pointing model observations have to beetalat night between the hours of U8 and

4 UT when the additive diurnal term ism and therefore not applied.

The Dec pointing seasonal diurnal model applied during the 2039 and May021

Jupiter gain curve observations would have been that fommmitgr, and with the varying

times of sunrise/sunset, it is therefore possible that unsuitable Dec pointing offset diurnals
had been applied during the gain curve observations at sunrise. It was decided to
investigate gossible correlation between thegdeded pointing in the Jupiter gain curve
observations and preferential warming of the northern and eastern sides of the support

structure with sunrise
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